UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Analytical ultracentrifugation
Patel, Trushar R.; Winzor, Donald J.; Scott, D

DOI:
10.1016/j.ymeth.2015.11.006

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version _
Peer reviewed version

Citation for published version (Harvard):
Patel, TR, Winzor, DJ & Scott, D 2016, 'Analytical ultracentrifugation: a versatile tool for the characterisation of
macromolecular complexes in solution’, Methods, vol. 95, pp. 55-61. https://doi.org/10.1016/j.ymeth.2015.11.006

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository: checked 10/02/16

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 10. Apr. 2024


https://doi.org/10.1016/j.ymeth.2015.11.006
https://doi.org/10.1016/j.ymeth.2015.11.006
https://birmingham.elsevierpure.com/en/publications/4c27cad8-8db2-41be-a2df-34f1bd83e19b

|||||||||||||

Accepted Manuscript

ELSEVIER

Analytical ultracentrifugation: A versatile tool for the characterisation of mac- M E TH O DS

romolecular complexes in solution e o arc o Antbody,T
Trushar R. Patel, Donald J. Winzor, David J. Scott Pagoucr PronLE QU R
PII: S1046-2023(15)30145-6 =, g = |
DOI: http://dx.doi.org/10.1016/j.ymeth.2015.11.006
Reference: YMETH 3838

To appear in: Methods

Received Date: 17 September 2015

Revised Date: 5 November 2015

Accepted Date: 7 November 2015

Please cite this article as: T.R. Patel, D.J. Winzor, D.J. Scott, Analytical ultracentrifugation: A versatile tool for the
characterisation of macromolecular complexes in solution, Methods (2015), doi: http://dx.doi.org/10.1016/j.ymeth.
2015.11.006

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ymeth.2015.11.006
http://dx.doi.org/http://dx.doi.org/10.1016/j.ymeth.2015.11.006
http://dx.doi.org/http://dx.doi.org/10.1016/j.ymeth.2015.11.006

METHODS-D-15-00214R1

Analytical ultracentrifugation: A versatile tool for the characterisation of

macromolecular complexes in solution

Trushar R. Patel*", Donald J. Winzor® and David J. Scott™®”

“School of Biosciences, University of Birmingham, Edgbaston, B15 2TT United Kingdom
bSchool of Chemistry and Molecular Biosciences, University of Queensland, Brisbane,
Queensland 4072, Australia

“National Centre for Macromolecular Hydrodynamics, School of Biosciences, University of
Nottingham, Sutton Bonington Campus, LE12 5RD, United Kingdom

SIS Spallation Neutron and Muon Source and Research Complex at Harwell, Rutherford

Appleton Laboratory, Oxfordshire OXI1 OFA, United Kingdom

*Corresponding authors.

Trushar R. Patel (trushar7 @hotmail.com), David J. Scott, (David.Scott@nottingham.ac.uk)

Highlights:
= Application of analytical ultracentrifuge to study macromolecular assemblies
= Sedimentation velocity analysis to assess quality of reconstituted cytoplasmic dynein
(CyDn) complex
= Sedimentation velocity and equilibrium analysis to justify monomeric nature of activated
ERK2
=  Comparison of crystal structure of tRNAS“~SepSecS complex with its solution state

using sedimentation velocity analysis
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Abstract

Analytical ultracentrifugation, an early technique developed for characterizing quantitatively the
solution properties of macromolecules, remains a powerful aid to structural biologists in their
quest to understand the formation of biologically important protein complexes at the molecular
level. Treatment of the basic tenets of the sedimentation velocity and sedimentation equilibrium
variants of analytical ultracentrifugation is followed by considerations of the roles that it, in
conjunction with other physicochemical procedures, has played in-resolving problems
encountered in the delineation of complex formation for three biological systems — the
cytoplasmic dynein complex, mitogen-activated protein kinase (ERK2) self-interaction, and the

terminal catalytic complex in selenocysteine synthesis.
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1. Introduction

Although proteins can be isolated from biological extracts, their roles in vivo usually
entail involvement in larger complexes and/or networks of proteins that interact with each other.
There is therefore great interest in the characterization of these complexes and interactions. that
is essential to a complete understanding of their biological function at the molecular level.
Quantitative studies of proteins and their interactions stem from the development of an
ultracentrifuge [1,2] to examine the size of macromolecules. In this technique macromolecules
are subjected to a sufficiently high centrifugal force (up to 250,000x g) to effect their separation
on the basis of size and shape, a process monitored by means of an optical system. A major
outcome of this pioneering work for which Svedberg<was awarded a Nobel Prize in 1926 was
the demonstration that protein molecules were discrete entities rather than polymers with
random chain length and sequence — the prevailing viewpoint at that time. The use of analytical
ultracentrifugation for characterizing macromolecular assemblies has certainly been the subject
of past reviews [3—5]; but a return to the topic is timely in view of developments in the field
over the last decade.

A major focus of early ultracentrifugal studies was the characterization of protein
migration in terms of a sedimentation coefficient (s), the ratio of the rate of migration (dr/df) to
the applied centrifugal field, the product of the square of angular velocity and radial distance
from the centre of rotation (a)2 r). Although information on the translational diffusion coefficient
(D) was potentially available from the extent of spreading of the migrating protein boundary, the
determination of D from sedimentation velocity patterns had to await the development of an
analysis that takes into account the boundary sharpening arising from negative concentration
dependence of the sedimentation coefficient [6,7]. Attention was therefore directed towards the
determination of sedimentation coefficient distributions from which the effects of diffusion were

eliminated by their extrapolation to infinite time on the basis that spreading arising from
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differences in s varies linearly with time whereas diffusional spreading is proportional to i
[8,9].

The need for separate evaluation of s and D to determine molecular mass via the
Svedberg equation can be avoided by operating the ultracentrifuge at lower speed to allow
equilibrium attainment between centrifugal migration and the opposing diffusion phenomenon.
However, its application to protein solutions was effectively precluded for thirty years by the
length of time (weeks) required for equilibrium attainment. Fortunately, the realization that the
duration of these sedimentation equilibrium experiments could be decreased to about 24 hours
by shortening the length of the liquid column subjected to centrifugation from 1 cm to 3 mm or
less [10] rendered practicable the assessment of molecular mass by this simpler and more
accurate sedimentation equilibrium procedure.

During the course of these ultracentrifuge studies designed to characterize proteins in
terms of size and homogeneity it became apparent that some protein solutions comprised a series
of oligomeric states in rapid association equilibrium. Instead of exhibiting the negative s—c
dependence observed for.a single protein entity, these self-associating proteins were
characterized by positive s—c dependence [11]. Because quantitative interpretation of this s—c
dependence requires the assignment of magnitudes to the sedimentation coefficients of all
participating oligomeric states [12], attention was diverted to the characterization of protein self-
association by the emerging sedimentation equilibrium technique on the grounds of an integer
relationship between the molecular masses of successive oligomeric states [13,14].

Interest in the use of analytical ultracentrifugation for the physicochemical
characterization of proteins declined soon thereafter, but was rekindled by the production of
new-generation analytical ultracentrifuges (the Beckman XL-A and XL-I instruments) towards
the end of last century. By then the massive advances in computer technology had opened up the

possibility of employing numerical simulation to solve the problems addressed by the earlier
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analyses of sedimentation distributions. These developments led to a dramatic resurgence of
activity in the analytical ultracentrifugation field that has entailed revitalization of the research
endeavours begun some fifty years earlier. Unfortunately, the prerequisite for undertaking such
studies of macromolecular interactions seems to have switched from a detailed understanding of
the underlying thermodynamic and biophysical principles to a more technical requirement of
knowledge and dexterity in the uploading and operation of readily available computer programs.
Although sedimentation velocity may seem to be a more accurate procedure than sedimentation
equilibrium [15] such a conclusion disregards the fact that the quantitative characterization of an
interacting system is conditional upon the validity of assumptions about the magnitudes of
sedimentation coefficients for putative product species as well the rates of species
interconversion. The corresponding prerequisite for quantitative interpretation of sedimentation
equilibrium distributions is knowledge of the molecular masses of the two reactants, which then
allows the unequivocal assignment of a molecular mass to any putative product of the reversible
interaction.

The resurgence of interest in the use of analytical ultracentrifugation for studying
macromolecular complex formation has heralded a marked change in the reason for their study.
Whereas interactions had previously been selected on the basis of their ability to exploit the
virtues of ultracentrifugation for their investigation, studies have begun to emerge in which the
actual biological system is the focus of interest. The major purpose of this review is to provide

illustrations of the progress being made in the latter endeavour.

2. Quantitative description of sedimentation distributions

The migration of a single, noninteracting solute under the influence of a centrifugal field

is described by the Lamm equation:
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where c is the weight concentration of solute at radial distance r, ¢ is the time of centrifugation at
angular velocity @: s denotes the sedimentation coefficient and D the translational diffusion
coefficient. Operation of an ultracentrifuge at high rotor speed leads to a situation wherein
domination of the sedimentation term (csar) gives rise to a migrating boundary that spreads
with time because of an opposing diffusional flow in response to the resulting concentration
gradient [the —D(dc/dr), term]. Development of the typical S-shaped sedimentation velocity
distributions is illustrated in Fig. 1. Although an exact analytical solution to this equation has not
been found, it is amenable to numerical solutionby freely available programs such as
ULTRASCAN, SEDANAL, SEDFIT and SVEDBERG.

By diminishing the dominance of the sedimentation term a decrease in rotor speed
increases the relative influence of the diffusion term — a situation of which advantage is taken in
the sedimentation equilibrium variant of analytical ultracentrifugation. The selection of @ such
that the opposing flows of comparable magnitude gives rise to distributions of the form shown
in Fig. 2. Initially there is time dependence of the c—r distribution as the effects of sedimentation
and diffusion’come into play; but eventually the distribution becomes time-independent as the
opposing flows self-cancel at all radial positions within the liquid column being subjected to
ultracentrifugation. The effective attainment of sedimentation equilibrium is recognized by the
essential overlay of distributions recorded (say) 4 hours apart in an experiment of 24 hours
duration. Sedimentation equilibrium distributions assume one of two forms, depending on the
rotor speed selected. In low-speed sedimentation equilibrium experiments [10] the speed is
selected to generate a distribution in which the concentration is finite across the entire column

length, whereas adoption of the high-speed sedimentation equilibrium option [17] gives rise to a
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distribution containing a region with ¢ essentially zero (Fig. 2). Analysis of sedimentation

equilibrium distributions for an ideal, noninteracting solute is based on the expression

c(r) = c(r, ) exp[M (1-vp)@* (r* = r}) I(2RT)] )

which describes the radial dependence of solute concentration in terms of that, c(rp), at a
selected reference radial distance (rr) and the buoyant molecular mass, M (1—;,0), where v is

the solute partial specific volume and p the solvent density: R is the universal gas constant and T
the absolute temperature. Although a low-speed experiment has the potential to provide a larger
[, c(r)] data set than the corresponding experiment of meniscus-depletion design, that advantage
is offset in Rayleigh interference records of the distribution by the fact that the concentration
parameter monitored is the difference between ‘¢(r) and the concentration at the air—liquid
meniscus, c(r,): a means of ascertaining the solute concentration at the meniscus is thus required
in low-speed runs in order to obtain a distribution in terms of absolute concentration. Programs
such as ORIGIN, ULTRASCAN AND SEDFIT provide estimates of the buoyant molecular
mass from sedimentation equilibrium distributions; and the program SEDNTERP affords a
means of calculating the solute partial specific volume and buffer density — the parameters

required for its'conversion to a molecular mass.
3. Ultracentrifugal studies of macromolecular complex formation

As noted in the Introduction, most attention has been given to the development of
methodology for the characterization of proteins and protein—protein interactions [18-21] as
well as their protein—nucleic acid counterparts [22—25] by analytical ultracentrifugation.
However attention has recently turned to the use of the technique as an analytical tool to assist
with characterizing the complex assemblies that abound in biological systems. We now employ

three such studies to illustrate the progress being made in those endeavours.
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3.1. The cytoplasmic dynein complex

The dynein family of microtubule associated cytoskeletal motor proteins comprises
axonemal dynein and cytoplasmic dynein (CyDn). Both dynein proteins contain one to three
heavy chains with a molecular mass of about 530 kDa that consist of a 160 kDa N-terminal
domain within which a number of accessory domains interact, and a 380 kDa motor domain at
the C-terminus [26]. The cytoplasmic dynein can be further subdivided into CyDnl, a
component of all cells containing microtubules, and CyDn2, which is only present around cilia
and flagella. The CyDnl (~1.4 MDa) is a homodimer composed of two heavy chains (~530 kDa,
containing three AAA+ ATPase domains) as well as a number of associated domains including
an intermediate chain (~75 kDa), a light intermediate chain (~55 kDa), a T-complex testis-
specific protein 1 (Tctex1, ~13 kDa), Roadblock protein (~11 kDa), and three light chains (~8
kDa) [27-30]. CyDnl is a major player affecting vital cellular activities such as a molecular
motor involved in transportation of cellular components (e.g. Golgi, peroxisomes, endosomes),
chromosomal segregation, mitosis as well as viral infection [31-35].

In order to investigate the assembly of CyDnl in solution, Trokter and colleagues [36]
expressed dynein proteins and their interacting partners in bacteria (light chain 8§ — LC8, light
chain - LC, light intermediate chain — LIC2, RB1 and TcTex1) and insect (heavy chain - CDHC
and intermediate chain — IC1) hosts, after which affinity and size exclusion chromatography
were used as purification steps. A complex of heavy chain, LIC2 and IC1 was first purified by
means of an affinity tag attached to heavy chain — a step followed by the formulation of CyDnl
assembly and its purification by size exclusion chromatography. The 380 kDa motor region of
heavy chain was also purified by affinity and size exclusion chromatography. Individual

proteins as well as their complexes were then subjected to ultracentrifugation at 30,000 to
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40,000 rpm and 20 °C; and the resulting sedimentation velocity distributions were analysed by
means of the g*(s) method implemented in the DCDT+ program (Version 2.3.2) [37,38].

The entire CyDnl complex containing heavy chain, LC1, LIC2, Tctex1, LC8 and RB1
components yielded a sedimentation coefficient of 22 S. A molecular mass estimate was.then
determined by combining this value for s with the hydrodynamic radius (R;) of 16 nm [36]

obtained by size exclusion chromatography in the expression [39]

M = 67N ,nR,s/(1-vp) [3]

where N4 is Avogadro’s number and 77 the solvent viscosity. The ‘relatively good agreement
between the resulting estimate of 1.56 MDa and the sequence molecular mass of 1.4 MDa was
taken to signify the successful reconstitution of the human CyDnl complex — a stance reinforced
by the use of SDS-PAGE to detect the presence of all components in the complex.

In order to establish whether the dimeric nature of the heavy chain in the dyneinl
complex (a feature confirmed by electron microscopy) was an intrinsic property of the heavy
chain itself or a consequence of its-interacting partners, attempts were made to purify the heavy
chain alone; but this endeavour was plagued by aggregation/insolubility problems. An increase
in buffer ionic strength to 0.3 M increased the solubility sufficiently to allow investigation of the
solution characteristics by sedimentation velocity and size-exclusion chromatography.
Combination of the sedimentation coefficient of 16 S for the major peak of a distribution
exhibiting a broad faster-migrating tail with the corresponding estimate of 10.1 nm for R,
yielded a molecular mass of 705 kDa, which is considerably higher than the sequence value of
563 kDa. Whereas Trokter et al. [36] considered the heavy chain alone to be monomeric, the
high estimate of M and the asymmetric form of the sedimentation coefficient distribution leave

open the possibility of the coexistence of monomer in association equilibrium with higher
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oligomeric states that exhibit lower solubility. Further comment on this possibility is precluded
by an absence of sedimentation velocity distributions for a range of heavy chain concentrations.
Corresponding studies of the 380 kDa motor domain of the heavy chain yielded a highly
soluble protein with a sedimentation coefficient of 12 S and a hydrodynamic radius of 8.6 nm,
and hence an estimate of 456 kDa for M that was considered to signify a monomeric state for
this C-terminal domain of dynein. The lower solubility of the entire heavy chain must therefore
be attributed to the N-terminal region of dyneinl. Although more studies are required, the
application of analytical ultracentrifugation in conjunction with other-solution procedures clearly
has the potential to provide information on the macromolecular nature of cytoplasmic dynein in

its native state.

3.2. ERK? self-interaction

ERK?2, also known as mitogen-activated protein kinase 1 (MAPK1) is a Ser/Thr kinase that is
involved in Ras-Raf-MEK-ERK signal transduction pathways [40]. These pathways further
regulate a number of cellular processes such as cell adhesion, differentiation, migration,
survival, cell cycle progression and transcription [41]. The MKK1 and MKK2 proteins
(mitogen-activated protein kinase kinases 1 and 2) are activated by Raf kinases, which further
activate the ERK1 and ERK2 that target downstream signalling proteins to mediate a variety of
cellular functions [42,43]. There has been conflicting evidence in the literature about whether
ERK2 is monomeric or dimeric in solution. Although the high-resolution structure of His-tagged
ERK?2 was monomeric, a potential site for dimerization was identified on its surface [44]; and
His-tagged ERK2 was also demonstrated to self-associate in solution regardless of its
phosphorylation state [44] — a finding in conflict with an earlier study that demonstrated

phosphorylation-dependent self-association [45]. This dimerization of His-tagged ERK2 was
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considered to require the presence of MgCl, and CaCl, because of its monomeric nature in the
presence of EDTA/EGTA [46,47].

To investigate whether the His-tag could be responsible for the self-association, Kaoud
et al. [48] prepared ERK2 with the His-tag removed. His-tagged ERK2 was again expressed in
bacterial cells and purified by affinity chromatography on a N-chelated Sepharose column: After
removal of the His-tag by enzymatic cleavage, the ERK2 was subjected to anion exchange
chromatography and then activated using MKKI1 before final purification by hydrophobic
interaction chromatography [48]. SEC-MALLS experiments were performed on ERK?2 in the
presence and absence of MgCl, (10 mM). The same conditions were also used to determine the
translational diffusion coefficient by dynamic light scattering; and also to characterize ERK?2 by
sedimentation velocity and equilibrium experiments, the concentration distributions from which
were analysed with the UltraScan 9.9 software [49].

SEC-MALLS experiments on activated ERK2 (~ 9.0 uM) yielded a molecular mass of
42 kDa, which matches the sequence molecular weight of 41.71 kDa and was unaffected by the
presence of divalent cations. A similar conclusion emerged from the dynamic light scattering
studies in that the diffusion coefficient obtained at multiple concentrations was unaffected by the
presence of MgCl, or CaCl,. On the other hand a light scattering study confirmed the earlier
finding [44] that activated (phosphorylated) His-tagged ERK2 undergoes dimerization —
irrespective of the presence or absence of MgClo.

The same conclusions emerged from studies of the activated ERK2 by analytical
ultracentrifugation. Analysis of the concentration distributions from a sedimentation velocity
experiment on a 0.63 mg/mL solution by the Van Holde and Weischet procedure [50] as
upgraded by Demeler and Van Holde [51] and implemented in ULTRASCAN [49] yielded a
single peak with sedimentation coefficient (sy9w) of 3.2 S. Combination of this value and the

calculated partial specific volume of 0.743 mg/mL with the hydrodynamic radius of 2.8 nm [48]
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in Equation (3) also signifies a molecular mass of 40 kDa and hence a monomeric state for
activated ERK?2. Finally, the global application of Equation (2) to sedimentation equilibrium
distributions obtained by centrifuging three ERK2 solutions (initial concentrations between 4.8
and 11.2 uM) at two rotor speeds yielded a molecular mass estimate of 40.18 (+ 0.2) kDa — a
value unaffected by the presence of MgCl,. Although it could be argued that a larger
concentration range could have been used to eliminate completely the possibility of weak
dimerization, those sedimentation equilibrium results provide unequivocal evidence for the
existence of activated ERK2 as a monomer in its native (unmodified) state.

In summary, Kaoud et al [48] have employed a variety of physicochemical techniques to
show convincingly that the earlier reports of ERK2 dimerization in solution [44—47] were
misleading in that the results referred to the self-association of a chemically modified (His-
tagged) form of the enzyme. Inasmuch as the reported high-resolution structure [44] also refers
to the His-tagged enzyme its relevance to that of unmodified ERK2 may well require further
scrutiny. However, there is now agreement between solution and crystallographic studies about

the oligomeric state of ERK2.
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3.3. The terminal catalytic complex in selenocysteine synthesis

O-phosphoseryl-tRNA:selenocysteinyl-tRNA synthase (SepSecS) is a pyridoxal 5-
phosphate (PLP) dependent enzyme that converts O—phospho—L—selryl—tRNASeC and
selenophosphate into L-selenocysteinyl-tRNAS® in the second step of a pathway involving the
formation of selenocysteinyl-tRNA% from L-seryl-tRNAS substrate in eukaryotes and archea
[52]. The SepSecS enzyme has been shown to form a stable tetramer; and the high-resolution
structure of SepSecS in complex with tRNAS has signified that only two of the four binding
sites of the tetrameric enzyme are occupied by molecules of tRNA [53].

In order to examine whether the solution conformation and interactions of SepSecS with
tRNAS parallel those observed in the high-resolution structure, French and co-workers [54]
performed a series of sedimentation velocity, SEC-MALLS (size exclusion chromatography
coupled with multiangle laser light scattering) and SAXS (small angle X-ray scattering)
experiments. The SepSecS protein was expressed in a bacterial host and purified using affinity
tag followed by analytical SEC. The tRNAS was prepared using in vitro transcription followed
by purification to homogeneity using analytical SEC. Sedimentation velocity experiments were
performed at 35,000 rpm and 20 °C; and the concentration distributions were analysed with the
Ultrascan III software [49]. In experiments on the individual reactants the concentrations of
tRNA>* and SepSecS were 0.28 mg/mL and 1.5 mg/mL respectively, whereas experiments on
mixtures contained a fixed concentration (23 pg/mL of tRNA> and a range of SepSecS
concentrations to give molar ratios (total ligand/total enzyme) of 2:1, 4:1, 6:1 and 8:1. The SEC-
MALLS and SAXS experiments also used similar concentrations for individual species and the
same molar ratios for mixtures thereof. These experiments were interpreted in terms of
stoichiometric interaction between tRNA>* and SepSecS on the grounds that the intrinsic
dissociation constant (Kd) of 0.078 uM obtained from fluorescence quenching measurements

under similar conditions ensured stability of the complexes [54]. However, substitution of a
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value of 0.9 for the fractional saturation f in the expression f = [tRNAS/(Kq + [tRNA%])
reveals that a free ligand concentration of 0.7 uM would be required to achieve 90% saturation
of the SepSecS sites in the sedimentation velocity experiments with a total tRNAS
concentration of about 0.8 uM. A mixture of reactants and complexes in association equilibrium
is thus the predicted situation.

The Van Holde—Weischet distributions for the two individual reactants exhibited the
step-function increase in concentration indicative of single species and respective sedimentation
coefficients of 4.3 and about 9 S for tRNA and SepSecS (Fig. 3). For the mixture with a 2:1
molar excess of tRNASec the major feature of the concentration distribution is a spread
boundary with a pronounced concentration increase at 10 S (Fig. 3). Although the latter
sedimentation coefficient was identified with that of a stable complex [54], the form of the
distribution renders more appropriate its interpretation in terms of a reaction boundary across
which the concentrations of the two reactants as well as the complex(es) vary [55]. Indeed, an
early goal of determining the form of diffusion-free sedimentation profiles [56] was the
conversion of experimental -distributions into forms commensurate with their Gilbert
counterparts. The fact that increasing the molar ratio of tRNA% to SepSecS increased the
proportion of the slow boundary relative to that of the faster-migrating reaction boundary (Fig.
3) merely reflects the fact that the molar ratio increase was effected at the expense of enzyme
concentration. Finally, the termination of the reaction boundary at about 10 S is consistent with
the binding of tRNAS to two equivalent and independent sites on SepSecS inasmuch as that
sedimentation coefficient is smaller than the value of 11.8 S that we have calculated from the
crystal structure of the complex by means of the HYDROPRO program [57].

Such interpretation of the sedimentation velocity results is completely consistent with the
SEC-MALLS elution profiles (Fig. 2A of [54]); and also accounts for the fact that molecular

mass measurements across the eluted reaction zone yield values that are intermediate between
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those of the 1:1 and 1:2 SepSecS—tRNASeC complexes (Fig. 2B of [54]). Failure to observe a
molecular mass increase in elution profiles reflecting higher molar tRNASCC:SepSecS ratios
precludes the attempted rationalization in terms of an apparent proportion of stable 1:1 and 2:1
complexes [54].

The results obtained from size-exclusion chromatography experiments in which the
eluate was monitored by SAXS measurements [54] provide additional support for consideration
of the solution behaviour of tRNAS“—SepSecS mixtures in terms of equivalent and independent
binding to two sites on the tetrameric protein. Complex formation was indicated by the increase
in the radius of gyration (R,) from 4.3 nm for SepSecS to 4.8—4.9 nm in the faster-eluting zone
for tRNASCC—SepSecS mixtures; and a reaction stoichiometry greater than 2 was rendered
unlikely by the use of the CRYSOL program [58] to calculate a value of 5.16 nm for R, from the
crystal structure coordinates for the 2:1 tRNAS*~SepSecS complex.

In summary, the physicochemical procedures adopted by French et al. [54] to examine
complex formation between tRNA® and SepSecS have yielded no evidence that questions the
existence of only two binding sites for ligand on the terameric SepSecS protein — the situation
deduced from X-ray crystallographic studies [53]. It would therefore appear that the solution
behaviour of this system is also consistent with the binding of a tRNA* molecule across two

protein subunits that is observed in the high resolution crystal structure.

4. Concluding remarks

The three illustrative examples of the use of ultracentrifugation to examine the solution
properties of biologically important protein complexes have served to demonstrate different

ways in which the technique can contribute to our understanding of macromolecular assemblies.
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(i) In the first a combination of sedimentation velocity and size-exclusion
chromatography experiments was used to establish the successful reconstitution of the CyDnl
complex; and also to decipher whether the dimeric nature of the heavy chain component within
that complex was a intrinsic property of the heavy chain or a consequence of its prior interaction
with other components of the complex — a question that remains unresolved by the information
currently available.

(i) The role of physicochemical characterization in studies of the mitogen-activated
protein kinase system (ERK?2) was to settle a dispute about its oligomeric state. Whereas X-ray
crystallography had yielded a monomeric structure, the ERK2 preparation underwent self-
association in solution. However, this self-association reflected the use of a His-tagged ERK2
preparation rather than the native enzyme with. the His-tag removed. This example again
highlights the dangers of disregarding the possible consequences of even slight chemical
modification on the physicochemical properties of a protein — a problem to which attention was
drawn many years ago in a comparable situation where a fluorescein probe was used to facilitate
the detection of interactions: between glycolytic enzymes by fluorescence polarization
measurements [59,60].

(iii) In the third example sedimentation velocity experiments were again used in
conjunction with size-exclusion chromatography to determine the compatibility of the solution
behaviour of tRNASCC—SepSecS mixtures with the crystal structure of the saturated enzyme-
ligand complex, which only contained two tRNAS molecules on the tetrameric enzyme.
Whereas the original interpretation of the results was based on stoichiometric complex
formation, the results are considered to find more logical rationalization in terms of reversible
interaction between tRNA>“ and two equivalent and independent sites on the tetrameric
SepSecS. As well as establishing consistency of the solution behaviour with the basic tenets of

the crystal structure, this reinterpretation of the data has stressed the valuable role that solution
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studies can offer as a means of establishing whether interactions are stoichiometric or in a state

of reversible association equilibrium.

In conclusion, the ultimate goal of structural biologists is to determine a high-resolution three-
dimensional structure of a protein complex in order to identify the contributing interactions at a
submolecular level: X-ray crystallography and NMR undoubtedly reign supreme for that
purpose. Nevertheless, physicochemical procedures such as analytical ultracentrifugation, size-
exclusion chromatography, and light scattering (static, dynamic and small-angle) have vital roles
to play before the availability of a detailed three-dimensional structure, as well as in the
identification of conditions conducive to crystallization. Their role is not terminated by the
availability of that structure because they then afford the means of verifying its relevance to the
situation prevailing in solution. In that regard the sedimentation equilibrium and sedimentation
velocity variants of analytical ultracentrifugation provide powerful methods for characterizing
protein—protein interactions, not only in terms of reaction stoichiometry (information also
provided by the high-resolution  structure) but also the equilibrium constant(s) governing the
interaction(s). In other words, solution methods afford a potential means of characterizing the
composition of an interacting mixture and hence the extent to which reaction occurs under the
prevailing conditions (pH, ionic strength, and total reactant concentrations) — an important

consideration from the physiological/pharmacological viewpoint.
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LEGENDS TO FIGURES

Fig. 1. Concentration distributions recorded by the Rayleigh interference optical
system in a sedimentation velocity experiment on a macromolecular solute. The solid
vertical line denotes the radial position of the air—sample meniscus, and the dashed
line the corresponding position of the air—solvent meniscus in the reference channel
of the double-sector cell. Accumulation of solute at the cell base accounts for the
dramatic concentration increases at the right-hand extreme of the distributions. (Data

taken from Fig. 2 of [16].)

Fig. 2. Illustrative sedimentation equilibrium distributions for a 3-mm liquid column
(r = 6.85-7.15 cm) of a 45 kDa protein subjected to centrifugation at 10,000 and
30,000 rpm: the horizontal data reflect the initial distribution for the low speed (LS)
run, and the other (HS) a distribution reflecting meniscus depletion at the higher rotor

speed.

Fig. 3. Asymptotic (diffusion-free) sedimentation velocity distributions for tRNAS
and SepSecS as well as for mixtures thereof in the indicated tRNASCC:SepSecS molar
ratios. The stepwise forms of the distributions for the individual reactants signify their
existence as stable species in solution, whereas the spread forms of those for mixtures
indicate the existence of reversible complex formation between the two reactants.

(Data taken from Fig. 1A of [54].)
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