Journal of Chromatography, 584 (1992) 59-67
Biomedical Applications
Elsevier Science Publishers B.V., Amsterdam

CHROMBIO. 6592

Immunoaffinity chromatography in biorecovery: an
application of recombinant DNA technology to generic

adsorption processes

Matthew Downham

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT (UK)

Stephen Busby

School of Biochemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT (UK)

Royston Jefferis

School of Medicine, University of Birmingham, Edgbaston, Birmingham BI5 2TT (UK)

Andrew Lyddiatt

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT (UK)

ABSTRACT

The constant region of human kappa light chain (C, ) was linked to Escherichia coli B-galactosidase, using standard molecular cloning
techniques. The binding of C,—f-galactosidase fusions to a number of different murine monoclonal antibodies, specific for C,, was
improved by the insertion of spacers between C, and f-galactosidase: a cleavable linker was then introduced. Over-expressed C —f-
galactosidase fusion protein was purified using monoclonal antibodies immobilised on Sepharose 4B. Elution conditions were found
that maintained f-galactosidase activity so purified enzyme could be released on breaking the cleavable linker. A number of practical
problems associated with maintaining stable fusion proteins and immunoaffinity column performance were identified.

INTRODUCTION

Affinity chromatography relies on the forma-
tion of specific, reversible interactions between
immobilised ligands and their complementary
bioproducts [1-3]. Although affinity chromatog-
raphy has considerable potential for the purifica-
tion of a wide range of protein products, a differ-
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ent affinity system needs to be developed for each
bioproduct. This problem can be eliminated by
the application of recombinant DNA technolo-
gy: by engineering a common characteristic to
different bioproducts, purification can be
achieved using a common matrix [4-6]. Immu-
noaffinity chromatography is a process to which
this generic concept can be applied [7-12]. An
antigenic determinant (epitope) may be em-
ployed as a molecular “hook” by which fusion
proteins can be immunoaffinity-purified using
antibody specific for the epitope. A cleavable
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linker can be introduced between the hook and
the bioproduct allowing, on treatment, release of
product.

In this paper we describe the use of the con-
stant region of human kappa light chain (Cy) as
the molecular hook and exploitation of murine
monoclonal antibodies (Mabs), directed against
Ck, to purify fusion proteins. Using recombinant
DNA techniques, we have constructed a tripar-
tite fusion protein comprised of Cy, a designed
cleavable linker (Clink) and p-galactosidase.
This fusion was expressed in a stable form in
Escherichia coli. A panel of Mabs specific for Cy
have been screened to identify candidates suit-
able for the development of an immunoaffinity
matrix. We describe the development of an im-
munoaffinity purification of the fusion protein
and a number of process problems.

EXPERIMENTAL

Plasmid manipulations

The E. coli Alac host strain M182 was used
throughout this work [13]. All plasmids were de-
rivatives of pBR322 [14] and were constructed
using standard recombinant DNA methodology
[15]. The fusion proteins constructed are illustrat-
ed in Fig. 1. The Cydomain had previously been
cloned downstream of the constitutive E. coli
galP2 promoter (M. Downham, unpublished ex-
periments). The gal~C ;fragment was then cloned
into pAA204 [16] to give pMRD1, which express-
es Cy—fP-galactosidase fusion protein from the
galP2 promoter (Fig. 1). Multiples of a 12-base
pair oligodeoxynucleotide were then ligated be-
tween Cp and lacZ in pMRDI1. The resulting
plasmids (pMRD2, -3, -4 and -5), expressed Cy
distanced from f-galactosidase domains. A 27-
base pair oligodeoxynucleotide linker encoding
two asparagine—glycine liaisons was designed and
also cloned into pMRD1 to give pMRD6 (Fig.
1). Recombinant plasmids were transformed into
M182.

Preparation and analysis of crude extracts
Overnight cultures (50 ml or 2 1) of strains were
prepared in Lennox broth containing 80 pg/ml
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Fig. 1. Diagrammatic representation of fusion proteins. Each
plasmid carried fusion protein with C, at the N-terminus (N')
and f-galactosidase at the C-terminus (C’). pMRD2-5 carry
multiples of a 12-base pair insert distancing linker. pMRDG6 car-
ries a nine-amino acid cleavable linker (Cl.Ink) introducing two
hydroxylamine-labile asparagine-glycine sites between the C_
and f-galactosidase domains.

ampicillin. Bacteria were harvested by centrifu-
gation and resuspended in 9 ml of sterile phos-
phate-buffered saline pH 7.3 (PBS:; 0.14 M NaCl,
1.47 mM KH2PO4, 7.96 mM NazHPO4 and 2.68
mAM KCl in distilled water), and 1 ml of 10 mM
dithiothreitol. After French pressing and recen-
trifuging, the supernatants were decanted and 0.1
ml of 9 uM phenylmethylsulfonyl fluoride was
added. Total protein was determined by the
Bradford method [17] using a bovine serum albu-
min standard. f-Galactosidase activity was deter-
mined by standard methods [18] and referenced
to the activity of purified E. coli -galactosidase
(Sigma). One activity unit was defined as ymol
hydrolysed per min per 0.1 ml of cell extract.

Proteins were analysed by sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS-
PAGE) run under reducing conditions [19]. Typ-
ically, 10 ug total protein were loaded per lane
and the gels were calibrated with molecular mass
markers (Sigma).
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Enzyme-linked immunosorbent assay (ELISA)

A capture ELISA was performed to screen a
panel of murine anti Cy Mabs for candidates to
establish immunoaffinity matrices. Microtitre
plate wells were sensitized with each candidate
Mab (approximately 5 ug/ml) in coupling buffer
pH 9.6 (CB: 15 mM Na,COj3 and 34.9 mM NaH-
CO3; in distilled water). Wells were washed with
PBS-Tween (0.05%, v/v) and 0.1-ml samples
containing C,—f-galactosidase fusions (100 ug
total protein) in PBS-Tween were added. Fol-
lowing incubation (37°C, 2 h), the plates were re-
washed and developed using the f-galactosidase
assay substrate, ONPG. Colour was read in an
ELISA plate recorder (Anthos) at 4405 nm.

In order to evaluate potential column elution
conditions, a Bence Jones kappa (BJK) protein
[20] was purified and used to sensitize the wells of
a microtitre plate in CB at 5 ug/mi. The plate was
washed in PBS-Tween and selected purified
Mabs were incubated in PBS—Tween at 10 ug/ml.
Different-potential eluting agents were then in-
cubated in the wells for 20 min at room temper-
ature, and the plates were rewashed with PBS—
Tween. Mabs remaining on the well walls were
quantified using polyclonal anti-mouse 1gG (Fc)
peroxidase conjugate (The Binding Site, Birming-
ham, UK). The plates were developed using o-
phenoldiamine and the absorbance read at 492
nm.

Adsorbent preparation, performance assay and use
Approximately 20 mg of selected murine Mabs
were purified from ascitic fluids by precipitation
with ammonium sulphate and DE-52 cellulose
anion-exchange chromatography (Whatman).
Five different matrices were prepared by reacting
15-20 mg of selected purified Mabs with 5-ml lots
of CNBr-activated Sepharose 4B (Pharmacia).
The remaining active groups were blocked with 1
M ethanolamine (pH 9). Mab binding to the ma-
trix was estimated from difference analysis of su-
pernatant A;go om readings before and after reac-
tion. Matrices were washed in 25 ml of PBS-
NaN3-KSCN (3 M) prior to use. Immunoaffinity
adsorbents were stored at 4°C in PBS-NaNs.
To estimate the immunoadsorbent perform-

61

ance characteristics, 1 ml of different purified
BJK concentrations (0.2, 0.15, 0.1 and 0.05 mg/
ml PBS-NaN3) were mixed with 0.1-ml batches
of settled immunoaffinity matrix. The mixture
was agitated for 16 h at 4°C. The amount of un-
complexed BJK was estimated from difference
analysis of supernatant 4,so nm readings before
and after incubation, and the quantity of BJK
bound by the Mabs was calculated. The Mab—
BJK complex dissociation constant (Kg) and
maximum adsorption capacity (¢.,) were estimat-
ed using the methods of Chase [21], as modified
by Desai and Lyddiatt [22]. Affinity matrices
were also tested as fixed beds (2 ml) with sat-
urating concentrations of BJK, recycling for 16 h
at 4°C. The column saturation capacity (C) and
productivity (P) were calculated from spectro-
photometric analysis at 280 nm.

Cell extracts (20 ml) from 2-1 cultures of M 182
pMRD6 were diluted to 400 ml in PBS-NalN;
and recycled (30 ml/h) through a 4-ml bed of
each immunoaffinity matrix for 16 h at 4°C. The
bed was washed in PBS-NalN; and then in the
same buffer supplemented with 1 M NaCl. Spe-
cifically bound protein was eluted from the ma-
trices in PBS-NaN3;-KSCN (3 M) or 50% ethyl-
ene glycol-0.1 M glycine—-NaOH (pH 10.5). The
elution flow-rate was 15 ml/h, and recovered
fractions were immediately desalted on 12 ml of
G-25 Sephadex (Pharmacia). Total protein and
p-galactosidase activity were determined (as al-
ready explained) of the recovered fractions.

Hydroxylamine treatment and analysis

Aliquots of pMRD6 fusion protein, which had
been eluted with 50% ethylene glycol-0.1 M gly-~
cine-NaOH (pH 10.5), were dialysed extensively
against distilled water and freeze-dried. One vial
of the freeze-dried protein was treated with 2 M
hydroxylamine in 0.2 M Tris-base (pH 9) for 4 h
at 45°C [23]. A second control vial was similarly
treated in buffer without hydroxylamine. Sam-
ples were desalted, freeze-dried and resuspended
in PBS-NaNj;. Resuspended material was trans-
ferred to nitrocellulose from an SDS-PAGE
(15%) gel by Western blotting. To detect released
Ck (12 kDa) from the fusion (130 kDa), blots
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were screened with polyclonal anti-human kappa
chain peroxidase conjugate (The Binding Site).

RESULTS AND DISCUSSION

Production and analysis of fusion proteins

The starting point of this work was plasmid
pAA204 which carries the first four amino acids
of galE fused to lacZ, the galE~lacZ fusion being
under control of the constitutive ga/lP2 promoter
[16]. This plasmid was exploited to clone a frag-
ment carrying a gal—Cy fusion. The gal-Cy frag-
ment was fused to lacZ to give the gal-Cy—lacZ
fusion in pMRDI. Cells carrying pMRDI1 ex-
press the Ci—f-galactosidase fusion protein, illus-
trated in Fig. 1, which is recognised with low af-
finity by the murine Mabs specific for Cy (see lat-
er).

During the construction of pMRD1 a unique
BamHI site was introduced at the Ci—lacZ junc-
tion. To attempt to increase Mab affinity for the
fusion protein, multiples of a 12-base pair poly-
linker were inserted at the BamHI site on
pMRDI to give pMRD2, -3, -4 and -5 (Fig. 1).
ELISAs were used to estimate recognition of the
fusions by selected Mabs demonstrated as specif-
ic for Cx by Lowe et al. [24]. The insertion of
linker sequences giving pMRD2-5 results in an
increased affinity for the Ci fusion proteins by
the Mabs (Fig. 2). In most cases the best recog-
nition was observed with pMRD4 which carries
the 24-base pair insert, resulting in the introduc-
tion of eight amino acids between Ci and f-ga-
lactosidase.

From the results in Fig. 2 we deduced that the
introduction of spacing between Ci—lacZ pro-
motes recognition by the Mabs. The best recog-
nition required insertion of 8-12 amino acids
(compare pMRD4 and pMRD5). A cleavable
nine-amino acid linker was, therefore, designed
carrying two hydroxylamine target sites. The 27-
base pair oligodeoxynucleotide was inserted be-
tween Ci and lacZ of pMRDI to give pMRD6
(Fig. 1). Fig. 3 shows the expression of C,—f-ga-
lactosidase fusion proteins in extracts from cells
carrying pMRD6, pMRDI1 or the starting plas-
mid pAA204. The gel shows the increased molec-
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Fig. 2. Screening of fusion proteins with different Mabs. Extracts
of cells carrying different plasmids were incubated in ELISA
wells sensitized with sixteen different Mabs. The different sam-
ples used with each Mab are as follows: Blank: PBS-Tween buff-
er only; pBR322: crude extracts of M182 expressing no lacZ;
PAA204: crude MI182 extracts expressing ga/E-lacZ fusion;
pMRD1: crude M182 extracts expressing gal-C,—lacZ fusion;
pMRD?2 and -3: derivatives of pMRD1 with 12 base pairs be-
tween C, and lacZ; pMRD4: derivative of pMRDI with 24 base
pairs between C, and lacZ; pMRDS: derivative of pMRD1 with
36 base pairs between C, and lacZ.

ular mass of the fusions compared to the galE—f-
galactosidase fusion expressed from pAA204
(130 kDa compared to 116 kDa). Insertion of the
cleavable linker in pMRD6 does not alter the ex-
pression of the fusion. Interestingly, S-galactosi-
dase expression in cell extracts carrying
pMRD1-6 (16 activity units per ml) was reduced
compared to extracts from cells containing
pAA204 (254 activity units per ml). Western blot
analysis demonstrated that the fusion proteins
were stable in the E. coli host. Further, since the
B-galactosidase fusions were active we deduced
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Fig. 3. SDS-PAGE analysis of fusion protein. Crude extracts of M182 carrying the following plasmids were analysed on a 7.5%
SDS-PAGE gel. Lane 1: pMRD6 carrying a gal-C,~lacZ fusion with a 27 base pair cleavable linker between C, and /acZ; lane 2:
PMRDI carrying a gal-C,~lacZ fusion; lane 3: pAA204 carrying galE-lacZ fusion; lane 4: pBR322 carrying no lacZ.

that natural tetrameric aggregation had occurred
[25]. Eight out of the sixteen Mabs used in the
experiment shown in Fig. 2 were selected and
tested in ELISAs with the pMRD6 fusion pro-
tein. The results (Fig. 4) show that two Mabs
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Fig. 4. ELISA of selected Mabs with pMRD6 fusion protein.
ELISA wells were sensitized with different Mabs, specific for C,,
and incubated with either PBS—-Tween (blank) or crude extracts
of M182 carrying pAA204 or pMRD6. Capture of C,—f-galac-
tosidase protein was revealed using the f-galactosidase assay.

B3B4 and KAl are particularly active in captur-
ing the C,—p-galactosidase fusion. From these re-
sults the two strongest candidates (B3B4 and
KAl)and 6el, QEl1 and R11 Mabs were select-
ed for development of immunoaffinity adsor-
bents. The latter three Mabs, undistinguished by
performance, were selected on grounds of avail-
ability.

Performance assay of columns

Immunoaffinity adsorbents were prepared
with five selected Mabs, and purified BJIK was
incubated with each matrix to permit the estima-
tion of their performance characteristics. From
the data in Table I, the potential maximum ca-
pacity of the immunoaffinity matrices can be cal-
culated using the average ligand concentration
(2.6 mg Mab per ml matrix) and the stoichiom-
etry of binding. With ideal Mab orientation on
the Sepharose matrix, variable regions of 1 mol
of Mab (150 kDa) are free to interact with 2 mol
of BJK (24 kDa). The average concentration of
immobilised Mab is approximately 17 nmol/ml
(2.55 mg), and this potentially will bind, and
yield, a maximum ¢, of 34 nmol/ml of BJK (0.8
mg), if quantitative recovery is assumed. Specific
binding activity (SBA), the maximum possible
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TABLE I
PERFORMANCE CHARACTERISTCS OF IMMUNOADSORBENTS.

Performance of the immunoadsorbents was assessed by maintaining each as batch or fixed beds with saturating concentrations of BIK
protein. Ligand concentration (L. = mg Mab per ml matrix) was estimated from spectrophotometric difference analysis at 4,4, .
From batch analyses, the maximum adsorption capacity (¢,, = mg BJK per ml matrix), dissociation constant (K, = nM) and specific
binding activities (SBA = ¢, /L = mg BJK per mg Mab) were determined. From fixed-bed analyses, column saturation capacity (C =

mg BJK per ml matrix) and productivity (P = C/L = mg BJK per mg Mab) were calculated.

Matrix L 4 K, SBA C P
(mg/m)) (mg/ml) (M) (am/l) (mg/ml) ©/L)
6el 2.3 1.04 1.2 0.45 0.18 0.08
QEI1 2.6 0.75 1.49 0.29 0.11 0.04
KA1 2.6 0.83 1.42 0.32 0.28 0.11
B3B4 2.7 0.93 2.17 0.35 0.25 0.09
R11 27 0.98 1.9 0.36 0.22 0.08

mass ratio of BJK/Mab per ml of matrix at sat-
uration, is therefore 0.3.

From batch performance analysis, the g, and
SBA values approximate to the ideal calculated
above (0.8 and 0.3, respectively). The low dis-
sociation constants (Kj) demonstrate that the
Mabs have strong affinity for Ci. In contrast
fixed bed operations provide C and P values re-

12345 6789

kDa 200 B

duced by three- to eight-fold from the values cal-
culated using the imunoadsorbent ligand density.
Consistently though two Mabs (KA1 and B3B4)
bound antigen more strongly both in ELISA and
fixed-bed characterizations. However, since C
and P values relate to the performance of fixed
beds, they are most useful when considering the
adsorbent matrices operated in this study.
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Fig. 5. Immunoaffinity purification of pMRD6 fusion protein. Cell extracts of M182 containing pMRID6 were adsorbed onto, and
eluted from, each prepared adsorbent (labelled below the gel). Samples were analysed by SDS-PAGE. Lane 1: starting protein; lanes 2,
4, 6, 8 and 10: unbound protein; lanes 3, 5, 7, 9 and 11: eluted protein.
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Use of immunoaffinity columns

The immunoaffinity adsorbents were tested in
4 ml of fixed bed with extracts of M 182 contain-
ing excess pMRD6 fusion protein, recycling
overnight at 4°C. Once unbound and non-specifi-
cally bound protein had been displaced, specifi-
cally bound protein was eluted with 3 M KSCN,
desalted and analysed by SDS-PAGE. The re-
sults in Fig. 5 show that, surprisingly, the best
yields of purified fusion were obtained using
QE11 and R11. Unfortunately lower molecular
mass contaminants are also present. The total
eluted protein from the QEI11 fixed bed was 0.11
mg and from the R11 adsorbent, 0.16 mg of pro-
tein was prepared. Since the expected capacity of
the matrices was approximately 34 nmol of prod-
uct per ml, the ideal maximum yield of fusion
(520 kDa) would have been 17.68 mg/ml. Even
accounting for the capacity reduction (three- to
eight-fold) for fixed beds observed with pure
BJIK, these adsorbents apparently under perform
by at least 50-fold. Clearly the fusion/Mab stoi-
chiometry is far from ideal and is probably com-
plicated by the molecular mass and shape of the
tetrameric native Cy—f-galactosidase fusion pro-
tein expressed from pMRD®6.

Evaluation of elution conditions

During testing of selected immunoadsorbents
we found that the 3 M KSCN used for elution of
fusion protein led to loss of f-galactosidase activ-
ity. We tested sixteen alternative potential elution
conditions for effects on f-galactosidase activity
and destabilisation of Mab-epitope complexes.
Purified S-galactosidase, rather than pMRD6 fu-
sion protein, was used to screen the alternative
elution conditions to eliminate complications
arising from other proteins present in the crude
extract. Hence purified f-galactosidase was incu-
bated in the sixteen different conditions and, fol-
lowing dialysis, the remaining activity was quan-
tified (see bottom of Fig. 6). In order to test the
effects of the sixteen conditions on the stability of
Mab-epitope complexes, each of the five selected,
purified Mabs were immobilized on ELISA plate
well walls that had been sensitized with BIK. The
five Mab—-BJK complexes were then incubated
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Fig. 6. Elution of different Mabs from immobilised BJK. Sixteen
different potential elution conditions (labelled A-P) were tested
for their effect on Mab-BJK complexes and on f-galactosidase
activity. Potential eluting agents screened are: (A) 0.1 M potassi-
um acetate—HCl pH 4; (B) 1 M acetic acid-ammonium acetate
pH 2.6; (C) 0.1 M NaHCO,-1 M NaCl pH 10.8; (D) 0.1 M
sodium acetate-1 M KCl pH 4; (E) 0.1 M glycine-HCI pH 2.5;
(F) 4 M MgCl, pH 7; (G) 0.15 M NH,OH pH 10.8; (H) 1 M
NH,OH; (I) 50% ethylene glycol-NaOH pH 10.5; (J) 50%
ethylene glycol-0.1 M glycine—NaOH pH 10.5; (K} 0.5 M acetic
acid-ammonium acetate pH 3.5; (L) 0.01 M EDTA; (M) 0.1 M
Na,CO, pH 10.6; (N) 0.1 M glycine-HCl pH 3.3 and 0.5 M
NaCl; (O) 0.02 M K,HPO,-KH,PO, buffer pH 7 and 0.75 M
NaCl; (P) 0.25 M NH,OH pH 11.2 and 0.15 M NaCl; (+) posi-
tive controls, no elution condition was incubated; (—) negative
controls.

with each of the sixteen potential elution condi-
tions. The wells were washed and remaining mu-
rine Mabs were measured using polyclonal anti-
mouse IgG (Fc) peroxidase conjugate (see top of
Fig. 6). The 50% ethylene glycol-0.1 M glycine—
NaOH (pH 10.5) eluting conditon (J), led to re-
tention of 50% f-galactosidase activity and dis-
sociated three Mabs (QEll, B3B4 and KAl
from the BJK immobilised on ELISA well walls.
Purification of pMRD®6 fusion protein was then
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Fig. 7. Western blot of purified pMRD®6 fusion protein. pMRD6 fusion protein, eluted with condition J (see Fig. 6) from the QE11
adsorbent, was treated with hydroxylamine and analysed by Western blot using polyclonal anti-C, peroxidase conjugate. Lane 1: eluted
pMRD6 fusion protein; lane 2: pMRD6 fusion protein treated in buffer without hydroxylamine; lane 3: pMRD®6 fusion protein treated

in buffer with hydroxylamine.

repeated with the QE11 column using condition J
for elution.

Use of QF11 and hydroxylamine treatment

The C,—ClInk—p-galactosidase fusion protein
was purified from extracts of cells carrying
PMRD6 on 4 ml of the QE11 affinity matrix. Un-
bound and non-specifically bound protein was
washed away. Specifically bound protein was
eluted under condition J, no f-galactosidase ac-
tivity was detected. Fig. 7 shows a Western blot
analysis of the eluted products using a polyclonal
anti-Cy peroxidase conjugate. Lane 1 shows the
presence of a 130 kDa protein corresponding to
the fusion protein, but also some lower molecular
mass contaminants. From control Western blots
(data not shown) the lower-molecular-mass spe-
cies appear to result from fusion breakdown and
cross-reacted E. coli proteins. Significant con-
taminating proteins were co-purified from crude
extracts despite washing with 1 M salt prior to
elution. Recovered product, treated with hy-
droxylamine, is shown in lane 3 whilst lane 2 has
the same eluted product treated with cleavage
conditions in the absence of hydroxylamine.
Lanes 1 and 2 reveal the Ci fusion protein at 130
kDa. Lane 3 shows the pMRD6 fusion protein is
completely cleaved by hydroxylamine as the 130

kDa band disappears and a unique band of Cy
appears at 12 kDa, compared to lanes 1 and 2.

CONCLUSIONS

It is possible to establish constructs which fa-
cilitate the selective isolation of a wide range of
elusive bioproducts using techniques of molecu-
lar biology and protein engineering. However,
this approach when applied to affinity chroma-
tography is not without its problems. In this ex-
ample, p-galactosidase expression is reduced
when C is fused to the N-terminus. The protein
fusion can lose stability under the particular con-
ditions of elution and cleavage. The distancing
experiment demonstrated that Mab—Cy interac-
tions could be increased by the inclusion of
spacers, but spacer length was not the sole deter-
minant: positioning of Cx domains clearly has an
additional, significant role. In future work atten-
tion should be concerned with optimising column
adsorbent capacity and minimising non-specific
binding. Upstream processes of ion-exchange ad-
sorption of (NH,)»,SOy4 precipitation prior to im-
munoadsorption may reduce product contami-
nation, but would inevitably diminish overall
yields. The measured recovery of fusion protein
from each adsorbent was over 50-fold less than
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theoretical values calculated for fixed beds. This
reflected the problem of relating matrix perform-
ances, established with purified proteins (i.e.
BJK), to complex crude extracts containing a
large tetrameric fusion protein. If this technique
is to succeed as a general approach to purifica-
tion of the widest range of biopharmaceuticals,
then detailed optimisation is clearly required.
Maintaining the activity of large proteins is clear-
Iy problematic even through single-step purifica-
tion processes.
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