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Abstract Analytical ultracentrifugation (AUC) has re-
emerged as a powerful technique for protein characterisa-
tion. We report the pivotal role sedimentation equilibrium
AUC has played in the development of macrophage in-
flammatory protein-1a (MIP-1a) as a protein therapeutic.
MIP-1a haspotential clinical applicationsin cancer but its
clinical useislimited, since it associates to form large in-
soluble aggregatesin physiological buffers. Using AUC as
ascreening technique, we have produced abiologically ac-
tive variant of MIP-1a, BB-10010, which has a reduced
tendency to aggregatein physiological buffers. The aggre-
gation of protein based pharmaceuticalsis routinely mon-
itored by size exclusion chromatography (SEC). Compar-
ison of the data acquired by SEC and AUC, demonstrates
that owing to the complexity of BB-10010, AUC analysis
isrequired in addition to SEC to provide arigorous char-
acterisation of molecular association. This work has been
extended to include the use of AUC as an analytical tool
tomonitor the quality of BB-10010 during formulation and
stability studies.
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Introduction

The re-emergence of analytical ultracentrifugation (AUC)
asatechniquefor the characterisation of protein size, shape
and interactions is a well documented phenomenon (see
e.g. Hensely 1996). This been driven by advancesin in-
strumentation and data analysis and by the interest of us-
ing proteins derived from biotechnology as pharmaceuti-
cal products. At British Biotech we use AUC during man-
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ufacture, formulation and quality control to provideinfor-
mation concerning aggregation and biol ogically important
molecular interactions. This paper illustrates some of our
work in the application of modern AUC in protein phar-
maceutical development by highlighting the key roleit has
played in the development of BB-10010, a variant of the
protein macrophage inflammatory protein-1a (MIP-1q).

Macrophage inflammatory protein-la (MIP-1a,
7700 g-mol™ molecular weight) is a member of the
B-chemokine family. Its ability to act as an inhibitor of
haematopoietic stem cell cycling (Lord et al. 1992) hasled
tointerestinthe potential clinical use of the product in pro-
tecting stem cells against the deleterious effects of cancer
chemotherapy. More recently the discovery that MIP-1a
preventsHIV proliferation (Cocchi et al. 1996) has height-
ened expectations for the molecule. The clinical use of
MIP-1a, is compromised however, because at psycholog-
ical ionic strength the monomeric molecule associates to
form heterogeneous, multimeric complexes of mass rang-
ing from 100,000 to more than 250,000 g-mol™ (Patel
etal. 1993; Graham etal. 1994). Characterisation of
MIP-1a including sedimentation equilibrium AUC analy-
sis showed that high ionic strength buffers or low pH sub-
stantially reduced association (Patel et al. 1993). Thisin-
dicated that electrostatic interactions are important for the
association of higher molecular weight complexes. To
avoid the production and formulation problems associated
with the aggregation of MIP-1a, alibrary of mutants were
produced with the aim of improving the solution charac-
teristics of the protein whilst retaining its biological activ-
ity. All mutants were screened for biological function and
association properties. From this work a variant of MIP-
la termed BB-10010, which contains the single amino
acid substitution of Asp26>Ala was identified as having
significant changes in solution properties whilst retaining
biological activity indistinguishable from that of the wild
type (Hunter et al. 1995). The study presented here exem-
plifiesthe use of AUC inthe development of protein based
drugs from early experimental studies through to support-
ing the development and product characterisation required
for clinical evaluation.
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Experimental

Materials

All proteins were purified from culture supernatants de-
rived from recombinant yeast strainsexpressinga69 amino
acid protein based upon MIP-1a (Hunter et a. 1995).
Variantsof MIP-1a were prepared according to the method
of Patel et al. (1993). Theidentity and purity of all protein
samples used in this work was confirmed by matrix as-
sisted | aser desorptiontimeof flight massspectroscopy and
N-terminal sequencing. All solvents and other chemicals
used in thiswork were of HPL C grade or equivalent. Sam-
ples were stored in phosphate buffered saline (PBS) at
—70°C or freeze dried from ammonium bicarbonate and
stored at —20°C prior to use.

Analytical ultracentrifugation

Sedimentation equilibrium AUC measurements were per-
formed using a Beckman XLA analytical ultracentrifuge
(Beckman Instrumentsinc, Palo Alto CA, USA). All meas-
urementswere performed on protein in phosphate buffered
saline unless stated. Details of rotor cells, rotor speeds,
scanning parameters and protein concentrations are de-
scribed in the figure legends. To ensure equilibrium had
been achieved all scanswererepeated 3 hoursafter thefirst
scan. All data were analysed using MicroCal Origin soft-
ware for the XLA ultracentrifuge (MicroCal Software Inc,
Northampton MA, USA). A value for partial specific vol-
ume of 0.725 ml -g~* was used in all calculations which
was derived from the amino acid sequence of BB-10010
(Laue et a. 1992). The apparent weight average molecu-
lar weight (M,,) was determined from the equilibrium dis-
tribution using a least squares fitting procedure IDEAL 1
(Beckman I nstruments) that assumes the presence of asin-
gleideally behaving species and that the region of data se-
lected for analysis represents the entire macromolecular
distribution in the ultracentrifuge cell (Colfen and Hard-
ing 1997). The software was also used to plot In concen-
tration vsradius shared (In A vsr?) and the apparent point
weight average molecular weight [M (nN] vs concen-
tration [A(r)].

w, app

Size exclusion chromatography (SEC)

SEC analysis was performed using a Pharmacia Superdex
G-75 HR 10/30 column (Pharmacia, Uppsala, Sweden)
pre-equilibrated in phosphate buffered saline (PBS). 50 pl
of sample was loaded onto the column and eluted at
1 mL/minin PBS. The absorbance of the eluate was mon-
itored at 280 nm. Where required molecular weight was
estimated by comparison of the elution position to those
of molecular weight markers (BioRad Laboratories, Her-
cules CA, USA).

Results

Variant selection

Mutagenesis of MIP-1a was initially directed at the neu-
tralisation of charged groups on the surface of the mole-
cule. Thiswasfollowed by amoreextensivestrategy which
made no assumptions as to the residues which were in-
volved in polymerisation. These mutantswere screened by
avariety of techniques to identify variants with desirable
solution properties which retained biological activity.

We first assessed molecular size using size exclusion
chromatography (SEC, Fig. 1). The MIP-1a peak isasym-
metric with the bulk of the protein excluded from the col-
umn (limit 75,000 g - mol™) and the remainder trailing to
positions equivalent to lower molecular masses. This elu-
tion profiles indicates a heterogeneous mixture of soluble
multimeric complexesrangingin massfrom approximately
20,000 to >75,000 g - mol~. A number of mutants includ-
ing BB-10010 (Fig. 1) were observed to elute later than
MIP-1a, indicating that they are dissociated relativeto the
wildtypeprotein. Most of these mutants el uted asan asym-
metric peak indicating that although smaller than the wild
type, these proteins also consist of a heterogeneous mix-

—
o~

Absorbance at 280nm

I )
158 44 17 1.3

Elution Volume

Fig. 1A—C Size exclusion chromatography analysis of MIP-1a
and BB-10010. Elution profiles of (A) 2.0mg-mL™t MIP-1aq,
(B) 2.0 mg-mL™ BB-10010. (C) 10 mg-mL™ BB-10010. The elu-
tion positions of molecular weight standards with individual molec-
ular weights (in kDaltons) marked are shown on chromatogram (C)
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Fig. 2A—C Sedimentation equilibrium AUC of 0.1mg-mL7!
MIP-1a and 0.1 mg-mL™ and 1.0 mg-mL™ BB-10010. Equilib-
rium profiles of (A) 0.1mg-mL™* MIP-1a, (B) 0.1mg-mL™!
BB-10010. (C) 1.0 mg-mL™ BB-10010 with single component
(Ideal 1) fits. Differences between data and the IDEAL 1 fit are pre-
sented as residuals. L, absorbance vs. radius squared and apparent
point weight average molecular weight [M,, .o(r)] Vs. concentration
[A(n)] plots are also shown for each set of data. BB-10010 in PBS
was spun at 15,000 rpm for 20 hto attain equilibrium. The cellswere
scanned in increments of 0.001 cm at 225 nm (0.1 mg-mL™) or
290 nm (1.0 mg - mL ™). Each data set is an average of 4 scans

ture of sizes. This work demonstrates the utility of using
SEC in the screen of mutants, sinceit isrelatively fast and
is able to provide an estimation of molecular size and de-
gree of heterogeneity. Comparison of the SEC profiles of
disaggregated mutants showed clearly that their associa-
tion properties were not all the same. Sedimentation equi-

A(r)

librium AUC was therefore used to analyse all the mutants
with the aim of defining the association properties of these
molecules in more detail. The results of sedimentation
equilibrium analysis of wild type MIP-1a and BB-10010
areshowninFig. 2. Eachexampleisfittedtoamodel which
assumes an ideally behaving single component (Ideal 1).
The differences between the dataand the best fit model are
shown as residuals. Diagnostic plots of log concentration
vsradius shared (In A vsr?) and apparent point weight av-
erage molecular weight [M,, ,or(r)] vsconcentration [A(r)]
are also shown for each sample. The wild type sample is
a poor fit to the model and has residuals and aln A vsr?
plot that are consistent with a high degree of self-
association (McRorie and Voelker 1993). The molecular
weight versus concentration plot is indicative of the pres-
ence of arange of molecular sizesfrom 20,000 g-mol~ to
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>100,000 g - mol~. The weight average molecular weight
(M,,) of wildtypeMIP-1a isinexcessof 100,000 g - mol .
The MIP-1a variant BB-10010 at the same concentration
(0.1 mg -mL™) has random residuals and alinear In A vs
r? plot demonstrating adistinct lack of self association. At
this concentration the M, of the system is approximately
20,000 g-mol~. At 1 mg-mL™ BB-10010 has an M,, of
approximately 40,000 g - mol™ and displaysthe character-
istics of a self-associating system. The degree of self as-
sociation in this sample as estimated from both diagnostic
plots appears dramatically less than that of the wild type
protein: for example the apparent weight average molecu-
lar weightsvs concentration vary only between 15,000 and
40,000 g - mol™. The concentration dependent association
of BB-10010 is confirmed by SEC analysisat 2 mg-mL™
and 10 mg-mL~! indicating that molecular weight in-
creases with concentration.

Assaciation properties of BB-10010

Using SEC and sedimentation equilibrium AUC, mutants
of MIP-1a were identified which had a reduced tendency
to associate. This data together with an assessment of
biological activity and other analytical techniques lead to
the selection of BB-10010 as the molecule most suitable
for clinical development. Part of thiswork entailed amore
detailed analysis of the association properties of the mole-
cule.

Thedataacquiredintheinitial screening of the mutants
(Figs. 1 and 2) indicate that BB-10010 in PBS is a self-
associating system. At concentrationsabove 0.1 mg - mL ™
the protein associates in a concentration dependent way to
give a mixture of sizes. The lack of discrete peaks in the
SEC indicates that the species present are interchanging at
arate significantly faster than the time period of an SEC
experiment (30 min). Figure 3 compares the molecular
weights estimated from SEC and AUC. Thereisadiscrep-
ancy between the molecular weight estimations from the
two techniques that is more pronounced at higher concen-
trations. This is due to the dilution that occurs during the
SEC process which causes the BB-10010 to dissociate
leading to an underestimation molecular weight. SEC is
therefore unable to give adirect estimate of the molecular
weight. Thisis one of the key reasons we choose AUC as
the principal technique for the investigation of the associ-
ation properties of the molecule. This was done by deter-
mining the weight average molecular weight of BB-10010
at arange of protein concentrations and rotor speeds. The
results of one of these experiments are shown in Fig. 4. At
each of the three rotor speeds the apparent weight average
molecular weight isdependent upon protein concentration.
At higher rotor speeds. the concentration dependence of
M, app IS |€SS pronounced so that curves at different rotor
speeds are not superimposable, thisis aresult of different
associ ation states sedimenting to different equilibrium dis-
tributions as the rotor speed is varied and as such reflects
the heterogeneity of the system. At low concentrations the
curves converge at an apparent molecular weight of
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Fig. 3 Comparison of molecular weights of BB-10010 estimated
from sedimentation equilibrium AUC and SEC. Molecular weight
was estimated at a range of BB-10010 concentrations by compari-
son with molecular weight standards in SEC analysis and by AUC
using a single component fit (IDEAL 1)
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Fig. 4 TheAssociation propertiesof BB-10010. Sedimentation equi-
librium analysis of BB-10010 in PBS as a function of concentration
and rotor speed. BB-10010 was spun at (<) 15k rpm, (H) 25k rpm
and (A) 35k rpm. Weight average molecular weight was calculated
by fitting the datato a single component fit (IDEAL 1). BB-10010in
PBS was spun at 15,000 rpm for 20 h to attain equilibrium. The cell
was scanned in increments of 0.001 cm. Each data set is an average
of 4 scans

15,000 g - mol~ which is the expected molecular weight
for adimer. Thisconvergence confirmsthat dimersare key
unitsin the association pathway of the molecule. We have
also attempted to model the association pathway of BB-
10010 using thisdata. This has provided difficult owing to



the complexity of the system at high concentrations. At
low concentrations (<0.2 mg - mL™) however, the dataare
best fitted to a model that assumes that only dimers and
tetramers are present. This assumption is consistent with
the distribution of sizes estimated from aM,, 4,0(r) VSA(r)
plot. The dissociation constant for the dimer 2 tetramer
interaction obtained fromthisfitisof theorder of 5+2 uM.
In a separate experiment based upon high sensitivity SEC
we estimate that the dimer to monomer dissociation con-
stant is of the order of 10 nM (results not shown).

Pharmaceutical development

The results described above demonstrate the usefulness of
AUC in the characterisation of the association properties
of BB-10010. We have aso used AUC to provide key in-
formation during the production, formulation and stability
testing of the molecule. Examples of this are detailed be-
low.

To optimise a filtration step of the BB-10010 produc-
tion process the molecular size as afunction of NaCl con-
centration was investigated. Theresults (Fig. 5) show that
at concentrations of >0.2 M NaCl BB-10010 is primarily
dimeric. Thisinformation has enabled process parameters
such as type of filter and ionic strength of the product
stream to be designed to optimise product recovery and
quality.

AUC has al'so been used to assess the suitability of can-
didate formulations of BB-10010. In certain formulations
the time dependent generation of an apparent higher mo-
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Fig. 5 Sedimentation AUC analysis of BB-10010 at increasing
NaCl concentrations. All sasmpleswerein 50 mM phosphate, pH 7.4.
Weight average molecular weight was estimated by fitting the data
to asingle component fit (IDEAL 1). BB-10010 in PBS was spun at
15,000 rpm for 20 h to attain equilibrium. The cell was scanned in
increments of 0.001 cm at 230 nm. Each data set is an average of
4 scans
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lecular weight species was observed by SEC analysis
(Fig. 6). The additional higher molecular weight species
(designated M’} is not excluded from the column (limit
75,000 g - mol™) and appears to consist of more than one
species. M' could be related to larger species from the
BB-10010 association pathway. To investigateif thisisthe
case M' was purified to homogeneity by preparative SEC
and analysed by sedimentation equilibrium AUC. Figure 7
shows the apparent weight average molecular weight of
purified M' compared to unaffected BB-10010 as a func-
tion of protein concentration. The molecular weight of
M' appears to be less dependent upon concentration than
normal BB-10010. Molecular weight estimates from the
SEC and AUC indicate that M" has a molecular weight of
around 60,000—100,000 g-mol~* which is equivalent to
8—12 monomer units (or to 2—3 tetramer units). AUC anal-
ysis of unaffected BB-10010 confirms that species of this
Size are present at the high product concentrations which
giveriseto M'. M' istherefore probably not aresult of ag-
gregation in the sense normally applied to proteins but is
a species that cannot dissociate as it is diluted. BB-10010
has therefore undergone some alteration that causes higher
affinity interactions between molecules of BB-10010 so
that they become effectively irreversibly associated.

Discussion

The increased use of sedimentation equilibrium AUC for
the characterisation of protein interactions has been stim-

L

Absorbance at 280nm

Elution Volume

Fig. 6 SEC analysisof aBB-10010 Formulation. Elution profile of
a sample of BB-10010 after storage at 25°C for 9 months (bottom).
The chromatogram is compared to molecular weight markers with
molecular weights marked in kDaltons (top)
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Fig. 7 Sedimentation equilibrium AUC analysis of BB-10010 and
purified M" (BB-10010) degradation product. (¢) normal BB-10010
and (M), M’ derived from BB-10010. Weight average molecular
weight was estimated by fitting the data to a single component fit
(IDEAL 1). BB-10010 in PBS was spun at 15,000 rpm for 20 h to
attain equilibrium. The cell was scanned in increments of 0.001 cm
at 230 nm. Each data set is an average of 4 scans

ulated by the advent of modern instrumentation. In addi-
tion, the Regulatory Authorities stipulate the quality of re-
combinant protein based pharmaceuticals must be ensured
by the provision of ahighly detailed description of all struc-
tural aspectsof themolecul eincludingitsassociation prop-
erties (Richardson 1996). Thisrequirement hasresulted in
AUC increasing in significance as our BB-10010 project
has progressed in to clinical trials. AUC has been particu-
larly important for this project because of therelative com-
plexity of the association properties of the product. The
work presented in this paper demonstrates that this tech-
nique can be applied to the characterisation of biotechnol-
ogy products in general.

Important issues in the evaluation and devel opment of
any analytical method must include: 1) What new or addi-
tional information does the technique provide?; 2) Is the
technique suited for routine analysis?; 3) How can the data
be analysed and interpreted to provide meaningful infor-
mation? These issues have been considered during the de-
velopment of BB-10010 and have been used to demon-
strate the utility of AUC as an analytical tool for all stages
of protein pharmaceutical development.

Traditionally SEC is the technique of choice for the
analysisof theassociation propertiesof protein based phar-
maceutical products. Thisisparticularly truein the screen-
ing for unwanted aggregation and the relative quantitation
of association states e.g. dimer vs. monomer. In this pro-
ject SEC proved particularly useful in screening mutants
for lack of aggregation. SEC was, however, unable to pro-
vide more detailed information because of the kinetics of
the association pathway of the molecule. The dynamic

equilibriumthat existsbetween variousspeciesat high con-
centrations is perturbed by the dilution that occurs during
SEC analysis. This makes precise estimates of molecular
sizeimpossible. Since AUC does not involve dilution this
is not a problem. Furthermore AUC is able to provide a
semi-quantitative description of the heterogeneity of the
system. Although AUC is particularly useful in this pro-
ject we believe that it has a role to play in the character-
isation of most recombinant biopharmaceuticals. This is
especially true when used to expand upon or supplement
SEC analysis, which has advantages over AUC in terms
of resolution and sensitivity. For example analysis of the
BB-10010 degradation product M’ by AUC and SEC was
ableto yield moreinformation than either technigque could
doif used solely.

The ability of analytical ultracentrifugation to provide
arigorous description of the association properties of pro-
teins and their interactionsis the key strength of the tech-
nigue. The complexity of AUC relativeto other techniques
has however meant that in the past it has not been well
suited to routine analysis. With modern instrumentation
there are several reasons why this is no longer the case.
Firstly, the experiments are easy to perform and the results
are reproducible. Secondly, the use of rotor cell with six
sectorsallowsthe simultaneous analysis of up to nine sam-
plesin afour cell rotor. This provides the ability to per-
form analysis with arelatively high throughput. Data are
typically collected overnight which further reduces the
time required to analyse a sample. This has proved useful
when screening large numbers of mutants for their as-
sociation properties or for investigating the behaviour of
BB-10010 in awide range of formulations and processing
conditions. Thirdly, dataanalysisisrelatively ssmple. The
work presented here mainly deals with fitting data with a
single component. This is normally considered to be only
the preliminary stage of adetail ed hydrodynamic evaluation
of a self associating system (McRorie and Voelker, 1994).
It does however provide a simple way of indicating molec-
ular size and heterogeneity. Although thisanalysis provides
information that may not be considered rigorous compared
to what is achievable with the AUC, the dataisinformative
particularly when combined with SEC analysis.

When applying the use of AUC asaroutinetool to com-
pare consistency between batches, formulations etc., the
definition of what constitutes a significant change is crit-
ical. To be of any use any analytical technique must have
meaningful acceptance or pass/fail limits. For analysis of
proteins by AUC this is a challenging question which is
made even more difficult in our case by the complexity of
the system under study. On aroutine basis we simplify the
analysis by diluting to a uniform low concentration where
self associationislessprevalent. Analysisunder these con-
ditions has been used to evaluate the repeatability of the
analytical method and to set limits on the results. The pa-
rameters we routinely evaluate are M, and deviation from
linearity of the In A vsr? plot. These are simple to deter-
mine and interpret but are able to detect relatively small
changes in the association properties of a molecule on a
routine basis. This approach is especially well suited to



comparative studies between closely related samples for
example mutants or different batches of product.

The results of the mutagenesis program demonstrate
that it is possible to manipul ate the self-association path-
way of MIP-1a. BB-10010 was chosen for clinical evalu-
ation on the basis of many parameters including biologi-
cal activity and association characteristics. AUC and SEC
played a key role in providing this information and have
been subsequently used to define the association behavi-
our of themolecule. The complexity of the system at higher
concentrations precludes a detailed description of the
larger associated species. At lower concentrations we are
using the technique in an ongoing effort to define the as-
sociation pathway and have already confirmed that dimers
and tetramers are key to the association process. AUC has
also been able to evaluate the strength of interaction
between these species. Finally, AUC has been able to pro-
vide valuable information concerning the behaviour of
BB-10010 during production and formulation which has
facilitated its development as a pharmaceutical product.
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