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ABSTRACT

The scale-up of hydrophobic interaction chromatography is described. Human recombinant superoxide dismutase was used as a
model. The scale-up was performed by keeping the height to diameter (H/D) ratio of the column constant. The success of scale-up was
evaluated by reversed-phase high-performance liquid chromatography of the eluted material. The wrong H/D ratio causes decreased

resolution.

INTRODUCTION

There are several strategies for scaling up prepar-
ative and process chromatography. Gareil et al. [1]
reported increasing the throughput by overloading
the column. Both volume and concentration over-
load are applicable. Changing the column geometry
is another approach, which is often used in pilot-
scale and industrial chromatography [2]. The guide-
lines for the scale-up of chromatography are rela-
tively simple. The bed height, linear flow-rate, sam-
ple concentration, ratio of gradient volume and to-
tal column volume are held constant and only the
column diameter is increased. The sample load and
the volumetric flow-rate must be increased by the
factor (D,/Do)?, where Dy is the original diameter
and D, is the diameter of the larger column. How-
ever, some chromatographic rules must be consid-
ered to ensure that the entire process is scaled up
efficiently. The sample distribution system at the
column inlet and the bottom of the column and the
plumbing of the entire system are important fea-
tures. Care must be taken to ensure that laminar
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flow is achieved throughout the system to avoid ad-
ditional band spreading by turbulent flow. Another
approach involves a complete change of the chro-
matographic system. The fluid stream is changed
from axial flow to radial flow [3].

In the early days of preparative chromatography
for protein purification, scale-up was achieved by
enlarging the column with a constant height-to-di-
ameter ratio [4]. Many complicated equations have
been advocated for this type of scale-up of process
chromatography. However, for gel filtration a sim-
ple means of obtaining the same elution pattern
with increasing scale of operations was found to
depend on maintaining dynamic similarity. Dynam-
ic similarity is obtained by arranging both large and
small columns to be the same with respect to H/D
and HVp/u, where H = column height, D = col-
umn diameter, V' = velocity (flow-rate/cross-sec-
tional area of the column), p = liquid density and u
= viscosity.

In this paper scale-up of hydrophobic interaction
chromatography (HIC) is described following the
concept of constant H/D ratio, but without main-
taining dynamic similarity. Human recombinant
superoxide dismutase was used as a model. The pre-
purified protein was subjected to HIC on Phenyl
Sepharose Fast Flow, using a linear descending salt
gradient. The purification was monitored by re-
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versed-phase high-performance liqu
raphy (RP-HPLC).
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EXPERIMENTAL

Starting material

Escherichia coli broth [JM 105, expressing recom-
binant human copper—zinc superoxide dismutase
(SOD)] according to Bayer et al. [S] was used. In the
laboratory-scale experiments 10-1 fermenters were
used, whereas in the pilot-scale work the material
was produced in a 100-1 fermenter in the fully auto-

ated n1]r\t n]onf of the Tnchh-fn of Annhnﬂ 1010
matled pu It G A8 1ISULULIC O APDiICG Micro-

biology. No drﬂ"erence was observed in the compo-
sition of the harvested culture broth between the
laboratory- and pilot-scale experiments.

Homogenization

The chilled E. coli cells were homogenized using a
two-valve high-pressure homogenizer (SHL 05)
from Brahn and Liibbe (Hamburg, Germany). The
homogenization valve was diamond coated. The
pressure drop at the first valve was from 1000 to 150
bar and at the second valve from 150 bar to atmo-
spheric pressure. The flux was 50 1/b. The culture
broth was delivered to the homogenizer under a 4-
bar pressure. Cell breakage was between 95% and
99%. Less than 0.001% of viable cells could be de-

tected after homogenization.

Flocculation

Flocculation was carried out as described previ-
ously [6] with charged pellicular flocculents (BPA
1050; Rohm and Haas, Philadelphia, PA, USA).
Flocculent was added to the E. coli homogenate.
The final flocculent concentration was 3000 ppm.
After flocculation, the clarified supernatant was fil-
tered through 0.8- and 0.2-um filters connected in
Chromatographic media for hydrophobic interaction
chromatography

Phenyl Sepharose Fast Flow High Sub from
Pharmacia-LKB (Uppsala, Sweden) was used for
HIC. The degree of substitution is ca. 40 pmol of
phenyl groups per millilitre of swollen gel. The
mean particle size is 90 um and the bead-size range
is 45-165 um. The gel is incompressible over a wide
pressure (flow-rate) range. These data were ob-
tained from the manufacturer.
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Chromatographic columns

Two different types of columns, a 0.7-1 column (P
90 X 250) from Amicon (Stonehouse, UK) and a
20-1 column (BPG 200) from Pharmacia—LKB were
used. The columns were connected to either a Biopi-
lot or a Bioprocess system from Pharmacia—LKB.
Instead of the original 0.8 mm I.D. tubing of the
Biopilot system, 2.0 mm I.D. tubing was used. The
Bioprocess system was equipped with 1/4-in. tub-
ing.

Packing of columns

Dacling of cah ad At in o mannar
raCking Oi CO1UMminsS was Carrica oul i a4 mannet

slightly different to the manufacturer’s recommen-
dation. About 250 ml (P 90 X 250 column) and 1 1
(BPG 200 column) of 20% ethanol were poured in-
to the column, followed by the gel slurry. The gel
was allowed to settle, then the adaptor was fitted to
the column and 20% ethanol was percolated
through the column at a flow-rate of 250 cm/h. The
adaptor was lowered stepwise and fixed in a posi-
tion 1-2 mm above the packed gel. The packed col-
umn was stored in 20% ethanol at room temper-
ature.

Chromatographic conditions

The column was operated in an upward direc-
tion. As equilibration buffer, 25 mM Tris buffer
(pH 7.5) (titrated with 25% HCI) treated with am-
monium sulphate to 60% saturation was used. The
starting material was a prepurified protein solution
(E. coli homogenate was flocculated), which was
treated with solid ammonium sulphate to 60% sat-
uration. The filtered solution was applied to the col-
umn. The unbound material was washed out with
equilibration buffer. A linear descending ammoni-
um sulphate gradient was used for elution. The gra-

dient was formed by mixing 60% saturated ammo-
nium sulnhate solution which was diluted with 25

I Stapligie SO0 j33192 4 as QUL J 15 8 s

mM Tris buffer (pH 7.5) to a conductivity of 200
mS/cm at 20°C and 25 mM Tris buffer titrated with
ammonium sulphate to a conductivity of 120 mS/
cm at 20°C. The gradient volume corresponded to

ten LULd.l L«UluIIlIl VUIUIIICD \Vt) lllC LUlulll‘Il was 1c-
generated with 25 mAM Tris buffer (pH 7.5), cleaned
with 0.1 M NaOH and stored in 20% ethanol.
Loading and washing were carried out at a flow-
rate of 200 cm/h and elution at a flow-rate of 40
cm/h.
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Metal chelate chromatography (MCC)

Final purification was performed by copper-che-
late chromatography, using Chelating Sepharose
Fast Flow, as described by Bayer et al. [5]. Briefly,
the column was activated with 50 mM CuSO,. Af-
ter activation, unbound copper was washed out
with 20 mM potassium phosphate buffer (pH 6.4).
After loading, unbound proteins were washed out
with equilibration buffer. SOD was eluted with 100
mM citric acid buffer, made up by titrating trisodi-
um citrate to pH 5.0 with 25% HCI. After elution,
the column was stripped with one column volume
each of 25 mM EDTA and 1 M acetic acid. The
column was operated at a flow-rate of 40 cm/h. Ac-
tivation and stripping were performed at a flow-rate
of 90 cm/h.

Superoxide dismutase

SOD was determined by enzyme-linked immuno-
sorbent assay (ELISA) according to the method of
Porstmann et al. [7] and by the activity assay of
Steindl ef al. [8].

Protein and purity

Protein was determined according to Bradford
[9]. The method was modified for microtitre plates
and carried out according to the supplier’s instruc-
tions (Bio-Rad Labs., Richmond, CA, USA).

Purity was monitored by RP-HPLC on a 5-um,
300-A C,g, column (125 mm X 4.6 mm LD.).
Eluent A was 0.1% aqueous trifluoroacetic acid
(TFA); Eluent B was 0.1% TFA in acetonitrile. The
UV absorbance was monitored at 214 nm.

TABLE I
PROTEIN LOAD OF PHENYL SEPHAROSE FAST FLOW
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RESULTS

Binding capacity and elution conditions

After prepurification of the starting material, the
protein solution was filtered through 0.8- and
0.2-um filters. The maximum loading capacity was
determined with a 75-ml column. An excess of pro-
tein solution was pumped through the column and
the breakthrough of SOD was determined. The
maximum load capacity without any loss of the ma-
terial in the breakthrough was 30 mg of SOD per
millilitre of gel (Table I). Elution was optimized,
but complete elution with sufficient purity at a de-
fined single step could not be obtained (Table II).
The problem was circumvented by applying a linear
gradient for elution. Under these conditions (10 v,
gradient volume), SOD was always eluted in a con-
ductivity window of 170 and 150 mS/cm with a
yield higher than 80% (Fig. 1A and B).

Resolution

Resolution was improved by varying the height
of the laboratory-scale column. At maximum load
capacity the minimum H/D ratio for obtaining suf-
ficient resolution is 5. This is a prerequisite for the
next step of obtaining 99.9% pure SOD in the final
purification step by metal chelate chromatography.
This unconventional approach was used because
the aim of the purification process was to obtain
pure protein, and in order to construct an optimum
continuous process from several individual steps, it
is necessary for each step to fit in with the previous
one.

Column Protein Protein per ml Specific Volume Ccl
size (ml) load (g) of gel (mg) load (v) (ml) (ng/ml)
75¢ 2.25 30 36 2700 0.83
700 17.71 25.3 30 21 000 0.84

20 000 263 13.15 13.25 265 000 0.99

4 The 75-ml column was used only for determining the dynamic capacity.
b C, is the protein concentration of the material loaded on to the column.
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TABLE 11

SUMMARY OF RECOVERY OF SOD BY STEPWISE ELU-
TION FROM PHENYL SEPHAROSE FAST FLOW
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In Fig. 2 the effects of sub-optimum and opti-
mum H/D ratios on the purification are compared.
RP-HPLC of the eluted peaks shows more hydro-
phobic proteins in relation to SOD under sub-opti-
mum conditions. The resolving power of the next

Experiment Conductivity of Yield of SOD
No. elution buffer at per elution step (%) step was too ‘low to remove'the bulk of t.he hydro-
20°C (mS/cm) phobic proteins. Under optimum conditions (H/D
= 5), the final purification (MCC) yields a pure
I }28 ‘3‘8 protein. The two peaks in RP-HPL.C, the small one
in front of the large one, are characteristic of human
2 160 5 copper—zinc superoxide dismutase, depending on
130 3 the buffer system used. This is because SOD shows
3 160 5 some microheterogeneity [10]. Under optimum con-
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Fig. 1. HIC of SOD with a descending linear salt gradient. The gradient was prepared from (A) an ammonium sulphate buffer of 200
mS/cm at 20°C and (B) an ammonium sulphate buffer of 120 mS/cm. (A) Laboratory-scale experiment; (B) pilot-scale experiment. In

both instances, the gradient volume corresponded to 10 v,.
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Fig. 2. RP-HPLC of the eluted fraction from Pheny! Sepharose
Fast Flow with different H/D ratios. H/D = (A) 1.1; (B) 2.1; (&)
5.7.

SOD in excess. A small fraction of hydrophobic
proteins can still be detected. The resolving power
of MCC is strong enough to remove these substanc-
es (Fig. 3A and B).

Scale-up of HIC

The 0.7-1 column was enlarged by a factor of 28.
A 20-1 Phenyl Sepharose Fast Flow column was
used. A protein solution which corresponds to 1001
of E. coli broth could be processed in a single run.
In Fig. 4 the RP-HPLC traces for the 0.7- and the
20-1 column eluates are shown. For both column
sizes the ratios of SOD and hydrophobic proteins
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Fig. 3. RP-HPLC of final purified SOD (pretreated E. coli broth,
HIC and MCC) with (A) a sub-optimum H/D column at the
HIC step and (B) an optimum H/D column at the HIC step.
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Fig. 4. RP-HPLC of pretreated E. coli homogenate eluate from
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were in the same range. The final purification yield-
ed homogeneous material. In Table II the protein
load and volumetric load of the scales studied are
summarized.

DISCUSSION

The objective of this work was to investigate the
scale-up of a purification process. The process con-
sisted of flocculation, HIC and MCC. The critical
step in the scale-up was the HIC.

As shown in Fig. 4, the chromatographic puri-
fication of HIC could be scaled up successfully. Ex-
periments were performed to find an optimum sys-
tem (Table II and Figs. 2 and 3).

To reduce the column size and mobile phase vol-
ume for large-scale work, maximally loaded col-
umns are desirable. The dynamic capacity is not
completely used in order to save material. Sample
application is stopped when product (SOD) can be
detected in the flow-through. After optimization of
the load capacity, the elution conditions were opti-
mized.

According to theory, elution should be carried
out at the minimum mobile phase modifier (MPM)
concentration where elution is accomplished. The
MPM concept, described by Velayudhan and Hor-
vath [11], generalizes the mobile phase composition
(acetonitrile, salts, etc.) that promotes elution. At
higher MPM concentrations more tightly bound
proteins are also desorbed. This material contam-
inates the product. Optimum elution is obtained
only with a small window of MPM concentration.
We could not find an MPM concentration at which
SOD was quantitatively eluted in a single step in
appropriate purity. To avoid losses of product by
incomplete desorption, a descending linear gradient
[12] was used for the subsequent experiments in
stead of a descending step gradient [13]. To make
the elution conditions as reproducible as possible,
the ammonium sulphate concentration was con-
trolled by conductivity at a given temperature
(20°C). The Tris buffer was titrated with ammoni-
um sulphate to give a defined conductivity. This ap-
proach led to very reproducible elution. Small vari-
ations in temperature, load, etc., led only to a shift
in the peak position, but complete elution was stili
obtained. The large buffer volumes necessary to
produce a linear gradient compared with stepwise
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elution are regarded as a disadvantage in process
chromatography. In our opinion, this disadvantage
1s compensated by complete elution.

An incomplete distribution over the gel surface at
the column inlet may also contribute to losses in
resolution. The effects of both perturbation propa-
gated by centres of disturbances and incomplete
distribution of fluid may be one explanation why
scale-up at constant H/D is necessary. HIC in gen-
eral is more sensitive than ion-exchange chromatog-
raphy or affinity chromatography to external
changes. Several workers have described a partial
unfolding during adsorption [14]. Unfolding in-
creases with increasing residence time of the protein
in a column [15]. By the scale-up concept of keeping
H/D constant, unfolding of proteins could be likely,
because the residence time of a protein in the col-
umn also increases with increasing size. Therefore,
band spreading should occur. This event causes de-
creases in resolution. Nevertheless, we did not ob-
serve significant decreases in resolution in the large-
scale experiments (Fig. 4). Hjertén et al. [16] could
not find an influence of residence time on resolu-
tion. They pointed out that “‘the residence time of
proteins on the column has no observable influence
on the appearance of the chromatograms”. Faus-
naugh and Regnier [17] assumed that the alteration
of the retention behaviour of proteins may be
caused in some instances by the salt composition,
which is responsible for the alteration of protein
structure. SOD is regarded as one of the most stable
proteins described so far. This unusual high stabil-
ity may explain why the resolution does not de-
crease when the residence time is increased.

In our particular case, separation of SOD from
hydrophobic proteins is of great importance for ob-
taining a pure product. We assume that these pro-
teins are heat-shock proteins from E. coli. Some
representatives of the ca. 40 heat-shock proteins
have accessible histidines on the surface. They are
able to interact with the chelated copper in the col-
umn. If these proteins are present in excess, they
cannot be separated from SOD by subsequent
MCC.

Scale-up of process chromatography cannot be
performed apart from the other purification steps.
Scale-up of HIC by keeping H/D constant led to the
same product purity as observed in the laboratory-

" scale experiments.
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