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Abstract: Recombinant human serum albumin (rHSA) was produced by
genetically transformed Pichia pastoris yeast. The cell-culture supernatant
(CCS) contained 8–12 g=l rHSA that was purified in a three-step procedure
involving (1) a capture step using the newly developed cation exchanger CaptoTM

MMC; (2) an intermediate step using Phenyl SepharoseTM and, (3) a polishing
step using Aminobutyl SepharoseTM 6 FF. The total recovery was 25–35% and
the product fulfils the purity criteria of the European Pharmacopeia.

Purified rHSA and plasma-derived HSA were essentially identical judging by
SDS- or native-PAGE, and the pigment level (expressed as A350=A280) in the
rHSA was 0.03 or less and was strongly dependent on the quality of the CCS.
Dimers and polymers in the final product were less than that found in purified
plasma-derived HSA. The molar mass of the purified rHSA, as well as of its
natural counterpart, is 67 000 Daltons by MALDI-ToF mass spectrometry, while
the iso-electric points of both recombinant and natural HSA ranged between pH
5.42–5.55 when determined in 8 M urea. The stability profiles of both proteins
after heat treatment were identical as determined by differential scanning
calorimetry (DSC). The results obtained here suggest the purified rHSA to be a
homogeneous protein identical to its natural counterpart.
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INTRODUCTION

Human serum albumin (HSA) is by far the most abundant protein in the
circulatory system of human blood accounting for at least 50% of the
proteins in human blood plasma. This corresponds to a concentration
of approximately 35–40 g HSA=L of blood. HSA has a variety of physio-
logical functions the most important of which are the following:

1. maintenance of the normal osmotic pressure of blood (homeostasis)
(1,2);

2. transport of a variety of substances such as vitamins and hormones
(1), fatty acids, bilirubins, various drugs, etc. (3) and several divalent
metal ions such as Zn, Co, (4) and Cu (5,6), etc. It has 3 binding
domains, each of which is specific for distinct classes of organic mole-
cules such as BILIRUBIN (representing pigments), WARFARIN
(representing drugs) and LAURIC ACID (representing fatty acids);

3. it is a source of easily available reserve protein, e.g. in hypoproteine-
mia, starvation, etc.

HSA is frequently used in biochemical research, e.g. as a ‘‘protein
diluent’’ (7), to coat hydrophobic surfaces, or to stabilize dilute vaccine
preparations, etc. Indeed, both HSA and its bovine analog BSA are
among the most characterized of proteins partly because of their abun-
dance and availability in large quantities. HSA is a single-chain mono-
meric protein with a MW of approx. 67 000 dalton (some 3–6% can be
in a dimeric form). It has an iso-electric point of approx. 4.7–5.5 (native
form), and approx. 5.9–6.0 (in 8 M urea), and it is composed of 585
amino acid residues of which approximately 200 are charged groups
(1,8). It contains: 35 half-cystines of which 17 are in disulphide form;
17–18 His residues (one of the few proteins that contains so much His);
156 residues of hydrophobic amino acids (Val, Leu, Ile, Phe, and Tyr)
and 1 residue of Trp.

Traditionally, HSA has been purified from pooled human blood
obtained from donors. Various separation methods have been used for
its purification (e.g. ammonium sulphate fractionation, precipitation with
cold ethanol or high molecular weight polymers, and a variety of chroma-
tographic methods). Of these, only two proved to be suitable for indus-
trial-scale purification, viz. Cohn’s cold ethanol fractionation method
(9), and column chromatography (10,11). However, due to the high cost
of blood and the increasing risks for viral infections (e.g. HIV, hepatitis,
etc.), recombinant DNA technology is increasingly used to produce
rHSA in bacteria, yeast , and transgenic milk.
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It is the purpose of this report to outline a new, optimized
downstream purification protocol for rHSA in the CCS of the high-
yielding, methylotrophic Pichia pastoris yeast grown in a fermentor.
The main characteristics of the purified rHSA will also be presented.

MATERIALS AND METHODS

Sodium caprylate (octanoic acid, Na salt), and L-cysteine were bought
from SIGMA chemical Co. Chromatographically purified HSA was
kindly provided by I. Andersson at the plasma processing unit of GE
Healthcare Bio-Sciences. The concentration of proteins in various
samples was determined using a Bio-Rad Protein Assay kit (BCA,
Bio-Rad Laboratories). Purified bovine serum albumin (BSA) was used
to construct the standard curve. UV=Vis absorption measurements were
made using a Shimadzu UV-160A recording spectrophotometer
(Shimadzu Corporation, Japan). All other chemicals used were of
analytical or reagent grade.

Cell Culture Supernatant (CCS)

The CCS was obtained from North China Pharmaceutical Group
Corporation (NCPC). The genetically modified P. pastoris cells were
fermented for 2 weeks or more, followed by separation of the cells by
filtration. The CCS was stored in a frozen state (�70�C) and sent to
Uppsala, Sweden, for processing. The frozen sample was thawed, divided
into 200 mL aliquots, and then stored at �20�C for future use. The crude
CCS was green to dark green in color.

The quality of the CCS was determined by gel filtration on an
analytical column of SuperdexTM 200 HR 10=30 (Vt ¼ 23.6 mL) run
on ÄKTAexplorerTM 100 System. The column was equilibrated with
50 mM sodium phosphate, 0.15 M NaCl, pH 7.0. The crude CCS was
found to contain 8–12 g=l of HSA and albumin-derived products and
was diluted 1þ 1 with the equilibration buffer. An aliquot of 0.5 mL
was applied to the column followed by elution with the equilibration
buffer at a flow rate of 0.4 mL=min (30 cm=h). The area under each
of the eluted peaks (representing polymers, dimer, and monomer forms
of rHSA as well as low molecular weight impurities) was calculated
using the integration program of the UNICORN 3.2.1 software, from
which the concentration of rHSA was determined using a standard
curve. Such an analysis also gives a good estimate of the concentration
of the LMW impurities in the product and thereby the quality of
the CCS.
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Analytical Gel Electrophoresis

This was performed using a PhastGelTM electrophoresis system and
appropriate media. The electrophoretic analyses were performed using
native-PAGE (8–25%) or SDS-PAGE (non-reduced, 10–15%) gels
according to the manufacturer’s recommendations. The amount of
sample applied per spot was approx. 3.3 mg for the native samples and
2 mg for the SDS-treated samples. Both types of gels were stained with
the Silver Staining Kit (GE Healthcare Bio-Sciences). For the
SDS-treated samples that were stained with Coomassie Brilliant Blue
(CBB), the amount of sample applied was 10 mg.

Iso-Electric Focusing

This analysis was performed on ImmobilineTM Dry Strips 4–7 and 3–10 iso-
electric focusing gel using an IPGphorTM apparatus (GE Healthcare Bio-
Sciences). Each sample was treated with 8 M urea and suitable aliquots
were applied to the gel. The focusing of the gel and subsequent staining were
performed according to procedures recommended by the manufacturer.

Mass Spectrometry

Mass spectrometric analyses (aimed at determining the mass of purified
rHSA and plasma-derived HSA) were performed by Dr. J. Flensburg at
GE Healthcare Bio-Sciences using the MALDI-ToF technique. Peptide
mapping of the tryptic digests of native and recombinant HSA was also per-
formed using this technique. The results obtained served as the basis for
establishing the most probable primary sequence of the rHSA with reference
to the known sequences of tryptic peptides generated from native HSA.

High Performance Reversed Phase Chromatography (HP-RPC)

HP-RPC of purified rHSA and HSA was performed on an analytical
column (4.6 i.d.� 150 mm, Vt ¼ 2.49 mL) of SOURCETM 5 RPC (GE
Healthcare Bio-Sciences) using elution conditions that were specifically
optimized for this analysis.

EXPERIMENTAL

Media and Chromatography System

All chromatographic experiments were performed at room temperature
(approximately 22�C) using an ÄKTAexplorer 100 system. The following
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chromatographic media were used in this investigation: CaptoTM MMC (a
newly introduced multi-modal, high salt tolerant cation-exchanger based
on SepharoseTM 6 Fast Flow base matrix), lot 297815; Phenyl SepharoseTM

6 Fast Flow (high sub), lot 297109 and Aminobutyl SepharoseTM 6 Fast
Flow, lot 297868. Its adsorption characteristics are similar to DEAE
SepharoseTM Fast Flow but it is much more effective in removing the
LMW impurities.

The media were packed in glass columns according to standardized
procedures. A linear flow rate of 300 cm=h was used throughout. Each
packed column was washed with 2 bed volumes of de-ionized water to
elute most of the ethanol used as a preservative and then equilibrated
with the appropriate buffer solution prior to sample application. The
amount of buffer required for each of the chromatographic steps is
described under the appropriate sections.

Buffer Solutions

Buffer A

25 mM sodium acetate, pH 4.5 (Conductivity ¼ 2 mS=cm at 22�C).

Buffer B

50 mM sodium phosphate, 0.1 M NaCl, 10 mM sodium caprylate, pH 7.0.
(Conductivity ¼ 16 mS=cm at 22�C).

Buffer C

50 mM sodium phosphate, 0.1 M NaCl, pH 6.0. (Conductivity ¼
14 mS=cm at 22�C).

Buffer D

50 mM sodium phosphate, 0.2 M NaCl, pH 6.0. (Conductivity ¼
22 mS=cm at 22�C).

Buffer E

30% iso-propanol dissolved in 1 M NaOH solution (for cleaning in place).

Heat Treatment of the CCS

This operation is performed mainly to inactivate proteolytic enzymes
produced by the P. pastoris cells during fermentation. The frozen CCS

3138 M. Belew et al.
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was thawed and 10 mM Na-caprylate was dissolved in it. Its pH was
adjusted to 6.0 and the flask container was immersed in a thermostated
water bath (maintained at 68�C) for 30 min. The sample was then cooled
to room temperature and its pH adjusted to 4.5. In most instances, the
CCS was clear after the heat treatment and a further centrifugation step
was not necessary. The conductivity of this solution was approximately
16 mS=cm at 22�C, and further dilution of the sample was not necessary
for the initial capture step as long as the conductivity of the sample was
less than approximately 30 mS=cm.

Chromatography

The Capture Step

The Capto MMC medium was packed in an XK16=20 column (bed volu-
me ¼ 20 mL) and washed with 4 column volumes (CV) of Buffer A to
equilibrate the column. Approximately 150 mL of the heat-treated CCS
(total protein content ¼ 1 g) was applied to the column at a flow rate
of 300 mL=h (150 cm=h). The amount of rHSA applied corresponds to
50 mg rHSA=mL of packed medium. After sample application, the
unbound material was eluted with 3 CV of Buffer A followed by elution
of the bound rHSA with 5 CV of Buffer B. The two fractions were pooled
separately and the pH of the bound fraction was adjusted to 6.0 with 1 M
NaOH. It was then heated for 60 min at 60�C in the presence of 10 mM
each of cysteine and Na-caprylate and cooled to room temperature prior
to further purification on a HIC column as described in section 3.4.2. The
main purpose of this operation was to facilitate the removal of colored
substances by the HIC adsorbent.

The Capto MMC medium was regenerated by a wash with 2 CV of
Buffer E and storing the column overnight in this solution. It was then
washed with 4 CV of de-ionised water to elute most of the NaOH=
iso-propanol solution followed by equilibration with Buffer A (4 CV)
for the next cycle of operation.

The Intermediate Purification Step

The heat-treated fraction was applied to an XK26=20 column packed
with Phenyl Sepharose 6 Fast Flow (high sub) to a bed volume of
40 mL. The column was equilibrated with 3 CV of Buffer C. After sample
application, the column was washed with 2 CV of Buffer C to elute the
unbound fraction which contained the rHSA. The bound fraction which
contained mainly the 45 kDa degraded form of rHSA, was eluted with
2 CV of de-ionised water. The flow rate was maintained at 150 cm=h
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throughout. After this operation, the column was regenerated by a wash
with 2 CV of Buffer E followed by 4 CV of de-ionized water.

The Polishing Step

A column (XK26=20) was packed with Aminobutyl Sepharose 6 Fast
Flow to yield a bed volume of 40 mL. The column was then washed with
2 CV of de-ionized water followed by equilibration with 6 CV of Buffer C.
To this column was applied 60 mL of pooled fraction 2 A (defined in
Fig. 2) followed by a wash with 2 CV of Buffer C to elute the unbound
fraction 3 A (defined in Fig. 3). The bound fraction was then eluted with
5 CV of Buffer D. The medium was regenerated by washing with 2 CV of
Buffer E followed by 4 CV of de-ionized water. It was then equilibrated
by passing 6 CV of Buffer C in preparation for the next cycle of oper-
ation. The flow rate was maintained at 150 cm=h throughout.

The elution protocols were optimized for each of the media used above
and are summarised in Table 1. This table is useful when scaling up the
process to pilot- or production-scale operations (to be discussed elsewhere).

CRITERIA FOR ACCEPTANCE

A general requirement for proteins produced by recombinant DNA
technology is their identity with their natural counterparts. Other mini-
mum requirements include tests for purity, potency, toxicity, pyrogenicity
etc. (12), which are necessary to assure the safety of the product as a bio-
pharmaceutical. Further considerations such as stability (13) and binding
characteristics (14,15) might be added to the list. Here follows a tentative
list of criteria for acceptance of a purified rHSA.

1. The level of pigments in a 25% solution of purified rHSA may be in
the range of 0.01–0.05 in terms of an A350=A280 ratio (2).

Table 1. The number of CV of equilibration, elution and re-generation solutions
required for each of the three chromatographic steps outlined above

Medium Equilibrate Wash Elute CIP Wash with�

Capto MMC� 4 [A] 3 [A] 5 [B] 2 [E] 4
Phenyl Sepharose (hs) 3 [C] 2 [C] 2 [�] 2 [E] 4
Aminobutyl Sepharose 6 [C] 2 [C] 5 [D] 2 [E] 4

Letters in brackets refer to the buffer list presented above.
�¼ de-ionized water.
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2. The electrophoretic homogeneity should be greater than 99.99% as
determined by gradient SDS-PAGE performed under reducing and
non-reducing conditions. In those instances where bands other than
the monomer and dimer forms of rHSA are observed on the gel,
Western blot analysis should be performed using appropriate
antibodies to identify which band(s) are extraneous protein impuri-
ties.

3. The content of dimer and polymers of rHSA should be significantly
less than 2% as determined by non-reducing, gradient SDS-PAGE
analysis or by gel filtration.

4. The content of yeast-derived proteins and polysaccharides (as
determined by total ELISA) at a sample concentration of 25%
should both be less than 0.1 ng=mL (3).

5. The amount of contaminating DNA, as determined by the total
threshold method, should be less than 1 pg=mL in a 25% solution
of purified rHSA.

6. The purified rHSA should be free from degradation products of
rHSA.

7. Test for pyrogen content should be negative at a dose of 0.75 g of
purified rHSA per kg of rabbit.

8. Test for sterility should satisfy the requirements of the European
Pharmacoepia (1997) and its 1998 Supplement.

9. Test for stability: The sample of purified rHSA, appropriately for-
mulated by including stabilisers (e.g. sodium caprylate), is heated
in a water bath for 50 h at 57�C. No visible change should be
observed relative to a control sample.

10. Free fatty acid content should correspond to that in plasma-derived
HSA.

RESULTS AND DISCUSSION

As a consequence of this investigation, two new chromatographic media (i.e.
Capto MMC and Aminobutyl Sepharose ) have been introduced. Their use
has resulted in improved recovery, purity, and homogeneity of the rHSA
and has simplified the downstream purification process, as detailed in Table
2. Each chromatographic step has also been optimized in detail with respect
to recovery, electrophoretic homogeneity, level of rHSA dimer, and
reduction in the level of pigments (expressed as the A350=A280 ratio).

The batch to batch variation of the CCS with respect to pigments,
protein content, and LMW degradation products was found to be
significant. Consequently, the quality of the CCS was checked by gel fil-
tration on a column of Superdex HR 10=30 as outlined above. Only those
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batches of CCS that had relatively low levels of LMW degradation
products and pigments were chosen for this investigation.

The Cell Culture Supernatant (CCS)

The major impurities in the CCS are LMW substances which are
negatively charged over a wide range of pH values. On the other hand,
rHSA is positively charged at pH values lower than its pI (approximately
pH 5). This difference in surface charge of the major components of the
CCS has been exploited when devising the initial purification step for
rHSA. At the capture step, the rHSA is bound to the Capto MMC cation
exchanger at pH 4.5 while most of the LMW impurities are eluted
without retardation. This approach has the added advantage that the
Capto MMC medium can easily be regenerated. It is also conceivable
that one can use an anion-exchanger instead of the Capto MMC at this
capture step. In such a case, the LMW impurities would be bound while
the rHSA would be eluted in the unbound fraction. However, when
tested, this approach proved to be unsuccessful since the LMW pigments
were bound to the anion exchanger so strongly that regeneration of the
medium was rendered very difficult. On the basis of these findings, Capto
MMC was used as the chromatographic medium of choice at the
capture step. In the following paragraphs, the salient features of the three
downstream purification steps for rHSA are summarised.

The Capture Step

The elution pattern obtained after chromatography of 147 mL of the
heat-treated CCS (containing approximately 1 g of rHSA) on a 20 mL

Table 2. Summary of the analyses performed on the main fractions obtained in
Figs. 1–3

Pool
Volume

(mL) A280

Total
A280

% of
applied A350

A350=
A280

protein conc.
(mg=mL)

Total
Protein

(mg)
Recovery

(%)

CCS 147 16.94 2490 100.0 2.645 0.156 6.45 948 100
1A 188 12.18 2289 92 2.265 0.186 0.81 152 16
1B 43 11.07 476 19 1.833 0.166 15.22 654 69
2A 61 4.84 297 69 0.418 0.086 7.58 466 80
2B 27 2.12 57 13 0.599 0.283 0.54 14 3
3A 76 0.16 12 4 0.019 0.118 0.00 0.0 0
3B 83 1.88 155 54 0.060 0.032 3.55 295 65
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packed column of Capto MMC is shown in Fig. 1. Details of the experi-
mental set up are described in section 3.4.1. The two pooled fractions (1A
and 1B) were analysed with respect to A280, protein content, A350=A280 ratio
(which is a rough estimate of the level of pigments) and the recovery of
applied material in terms of protein content (total A280) of each pooled frac-
tion relative to the material applied on the column. The results obtained are
compiled in Table 2. The electrophoresis patterns of the CCS and pooled
fractions 1 A and 1B (under reduced and non-reduced conditions) are shown
in Fig. 4. The results obtained show that Fraction 1A accounts for 92% of
the A280 and only 16% of the protein applied to the column. This discrepancy
is most likely due to the high A280 absorbance of the impurities which, to a
large extent, are not proteins. This is clearly seen on the SDS-PAGE patterns
of fractions 1A and 1B after staining with Coomassie Brilliant Blue (see Lane
2 in Fig. 4) where the protein bands are barely visible. However, due to the
high sensitivity of the silver staining method, several bands are seen in Lane 2.

Figure 1. Chromatography of 147 mL of heat-treated CCS (containing 1 g of total
protein) on a 20 ml column of CaptoTM MMC equilibrated with Buffer A. After
sample application, the unbound fraction (1A) was eluted with 3 CV of Buffer A
followed by elution of the bound fraction (1B) with 5 CV of Buffer B. This latter
fraction contains the partially purified rHSA. The linear flow rate was maintained
at 150 cm=h throughout. For more experimental details, see text. The content of
proteins, pigments (A350=A280), and recovery of applied material are summarized
in Table 2. Results of the electrophoretic analyses of the 2 fractions obtained here
are shown in Fig. 4.
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As will be shown further on, these bands are effectively removed after the
ensuing two chromatographic steps.

Capto MMC is a new cation-exchanger designed for binding proteins
at relatively high concentrations of salts (up-to 30 mS=cm) without
significantly affecting its adsorption characteristics. This obviates the need
for dilution of the CCS prior to application to the packed medium. In the
present case, the adsorption capacity of the Capto MMC medium was in
the range of 50 mg of rHSA=mL of packed medium. Under the same experi-
mental conditions, SP Sepharose Big Beads bind a mere 2–4 mg=mL of
rHSA. However, these two media have almost the same adsorption capaci-
ties for rHSA of approximately 50 mg=mL when the conductivity of the
CCS is approximately 10 mS=cm or less. It is thus apparent that the salt-
tolerant Capto MMC medium can simplify and improve the initial capture
step for purifying rHSA and thereby significantly reduce the cost for
operating the entire purification process on a large-scale.

The Intermediate Purification Step

A further purification of the rHSA in pooled fraction 1B was achieved by
HIC on a 40 mL column of Phenyl Sepharose 6 Fast Flow (high sub). The
column was equilibrated with Buffer C and 40 mL of fraction 1B
(containing approx. 580 mg of protein) was applied to it followed by
elution with Buffer C to wash out the unbound fraction 2A. The bound
fraction 2B was eluted with de-ionised water. For further experimental
details, see section 3.4.2.

The elution profile obtained after this chromatographic step is shown
in Fig. 2. The results of the analyses performed on each of the fractions 2A
and 2B with respect to A350=A280 ratio, total protein content, recovery,
etc. are summarized in Table 2. The native=SDS PAGE analyses of
fractions 2A and 2B are shown in Fig. 4 (Lanes 4 and 5). These results
indicate that the rHSA is not bound to the HIC column while the impurities
are bound. This result is interesting by itself and is a rare finding in HIC of
macromolecules since the adsorption occurs in very low salt concentration
(in this case 0.1 M NaCl). Normally, significantly higher salt concentra-
tions (0.5 M and more) are required for the adsorption step in HIC. The
successful outcome obtained here is due to a combination of high ligand
concentration of the HIC medium, low concentration of salt in the mobile
phase, and high hydrophobiciy of the solute in the bound fraction 2B.
According to the electrophoretic patterns shown in Fig. 4 (lane 5), the
main band is the 45 kDa proteolytic degradation product of rHSA).

The volume of the HIC medium used in this step (40 mL) is twice
that used at the capture step (20 mL) which reflects the relatively low
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Figure 2. Chromatography of 40 mL of heat-treated fraction 1B on a 40 ml
column of Phenyl SepharoseTM 6 Fast Flow (high sub) equilibrated with Buffer
C. The unbound fraction (2A), which contains the partially purified rHSA, was
eluted with 2 CV of Buffer C. The bound fraction (2B) was eluted with de-ionized
water. For more experimental detail, see text.

Figure 3. Elution profile obtained after chromatography of 60 mL of pooled
fraction 2A on a 40 mL column of Aminobutyl SepharoseTM 6 FF equilibrated
with Buffer C. For experimental details, see text.
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adsorption capacity of HIC media relative to IEC media. To compensate
for this, one can conceivably increase the salt concentration used in the
equilibration buffer C. However, this approach leads to a gradual
increase in the amount of rHSA bound to the column, in turn resulting
in a loss of the target product. It is also worth noting that this step leads
to a significant decrease in the content of coloured pigments in the par-
tially purified rHSA (down from 0.142 to 0.086). The recovery of the tar-
get protein (almost exclusively rHSA in fraction 3A) was 80% (see Table
2). The impurities in fraction 3B accounted for a mere 2.5% of the total
protein applied to the column. The total recovery in this step is thus
approx. 83% and the loss of material (10–15%) is most likely due to a
very strong binding of the impurities to the HIC medium to the extent
that they could not be eluted by de-ionised water.

The Polishing Step

This is the last step in the chromatographic purification of rHSA and
involves the removal of traces of the LMW impurities in pooled fraction

Figure 4. Native PAGE (8–25%) and SDS-PAGE (10–15%) analyses of the main
fractions obtained after each of the three purification steps for rHSA. For the
native-PAGE gel visualized by silver staining (Plate A), ca. 3.3mg of protein
per spot was applied. For the SDS-PAGE gels visualized by silver staining (Plate
B), ca. 2mg of protein per spot was applied. For the SDS-PAGE gel visualized by
Coomassie staining (Plate C), ca. 10mg of protein per spot was applied.
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2A. The elution profile obtained after chromatography of 60 mL of
fraction 2A on a 40 mL column of Aminobutyl Sepharose is shown in
Fig. 3. The results of the analyses performed on pooled fractions 3A
and 3B with respect to several parameters are presented in Table 2.
The native=SDS PAGE analyses of fractions 3A and 3B after silver=
Coomassie staining are shown in fig. 4. On the basis of these results,
the following general conclusions are made.

The small amount of remaining LMW impurities in the applied sam-
ple (2A) is effectively removed after this step as shown by SDS-PAGE
analysis (see Lane 6 in Fig. 4). The level of protein in this fraction is also
very low, or virtually zero, as shown in Table 2. On the other hand, the
A350=A280 of this fraction is very high (0.118) indicating that the Aminobu-
tyl Sepharose medium is very effective in removing pigments as well. The
level of pigments in the bound fraction (3B) is quite low (0.032) and is close
to the level that is acceptable for purified HSA. The native=SDS PAGE
patterns of the purified rHSA indicate the presence of a single, major band
(Fig. 4, Lane 7) that migrates to the same position as a highly purified,
plasma-derived HSA. As a matter of fact, the rHSA purified by the process
outlined here is more homogeneous than its natural counterpart, as judged
by the absence of the dimer form of rHSA in Fig. 4.

SOME CHARACTERISTICS OF THE PURIFIED rHSA

In the following sections, the main molecular and physical characteris-
tics of purified rHSA will be outlined. The list is by no means exhaus-
tive and is intended mainly to provide further evidence as to the identity
of the purified rHSA vis �aa vis its natural counterpart, i.e. plasma-
derived HSA.

Purity and Identity

The gel filtration patterns of purified rHSA and of three highly purified
commercial preparations of plasma-derived HSA were analyzed on a col-
umn of Superdex 200 HR 10=30. (For experimental details, see section
2.1.) The results obtained indicated that all 4 preparations of HSA eluted
at the same position as single, symmetrical peaks. Furthermore, the con-
tent of the dimer form of the rHSA, if any, is significantly lower than that
of the other 3 preparations. The results obtained here are in agreement
with those obtained from SDS-PAGE on 10–15% gradient gels, thereby
confirming the conclusions reached earlier that the rHSA purified from
the CCS of P. pastoris is of the highest purity.
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The iso-electric points of purified rHSA and a commercially purified
HSA were determined as described in section 2.3. The results obtained
indicate that both proteins are focused into 5 main bands to the same
positions in the pH range of 5.42–5.55. This small difference in the focus-
ing range (0.13 pH units) of both proteins suggests that the various bands
arise from micro-heterogeneities in the surface charges of both albumin
species. Iso-electric focusing in the pH range of 3–10 was also performed
mainly to check the presence of any protein impurity that has a pI outside
the range of the pH 4.0–7.0 focusing gel. The results obtained clearly
show the absence of any protein impurity in the purified rHSA sample.
They also indicate that purified HSA and rHSA are, for all practical
purposes, identical proteins.

Figure 5. HP-RPC analysis of purified rHSA & plasma-derived HSA on a col-
umn (4.6� 150 mm, Vt ¼ 2.49 mL) packed with SOURCETM 5 RPC. The follow-
ing buffers were used: [A]: 0.065 TFA in water and, [B]: 0.05% TFA in 100%
acetonitrile. The column was equilibrated with a mixture of 96.5% Buffer
Aþ 3.5% Buffer B. After application of 10 mL of a 2 mg=mL solution of each
sample (20mg each), the column was eluted with a linear gradient from 3.5% to
49% Buffer B in 5 CV. The flow rate was 360 cm=h throughout the experiment.
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The elution patterns obtained after chromatography of purified
rHSA and plasma-derived HSA on an analytical column of SOURCE
5 RPC were identical in the smallest of details (data not shown)
(Fig. 5). The results obtained thus provide convincing evidence that these
two proteins are identical, at least with respect to their surface hydropho-
bicities and possibly also their structures.

Structural and Molecular Characteristics

The molecular masses of purified HSA, and 2 batches of purified rHSA,
were determined by mass spectrometry using a MALDI-ToF instrument
operating in a linear mode. The intensities and m=z (mass vs. charge)
profiles for both proteins were identical indicating a close relationship in
the mass of HSA and rHSA (Fig. 6). Purified HSA and rHSA were also
subjected to digestion with trypsin and the peptides so generated were ana-
lysed directly by a MALDI-ToF instrument operating in a reflection
mode. The m=z (mass=charge) values obtained for each digest were trans-
ferred to a search engine (ProFound) which resulted in 40% coverage of
the proteins and which assigned HSA as the highest rated candidate.
Taken together, the results from determinations of full length proteins
and peptide mass finger printing by MALDI-ToF clearly demonstrated
that the natural and recombinant forms of HSA have identical amino acid
compositions (a total of 585 residues for each protein).

The amino acid sequences of 2 of the peptide fragments generated
from rHSA were also determined by MALDI-ToF and post source
dissociation (PSD) after chemical derivatization. One such peptide was
situated at position 403–410 and had the sequence: Phe-Gln-Asn-Ala-
Leu-Leu-Val-Arg. A second fragment was situated at position 42–47
and had the sequence: Leu-Ile-Val-Asn-Glu-Val. The sequences and
positions of these 2 peptide fragments were identical to those of their
natural counterparts offering further evidence that the natural and
recombinant forms of HSA are identical proteins.

Stability

The CCS of P. pastoris contains proteolytic enzymes that digest rHSA to
LMW degradation products. In order to limit the extent of proteolysis of
rHSA during the downstream purification process, it is a routine pro-
cedure to adjust the pH of the CCS to 6.0, followed by a heat treatment
for 30 min at 68�C in the presence of 10 mM sodium caprylate as a stabil-
iser. In order to appreciate the extent of protection such a treatment
affords to purified HSA, as well as to investigate the effects of exposing
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HSA to other types of treatments, a series of experiments were per-
formed. The results obtained indicate that:

1. Na-caprylate protects purified HSA from aggregation during a 30 min
heat treatment at 68�C.

2. Purified HSA forms aggregate when heated for 30 min at 68�C in
the presence of 10 mM Cys, probably as a result of the reduction of

Figure 6. Intensity vs. m=z spectra of purified HSA and rHSA obtained after
running each full-length protein on an Ettan MALDI-ToF mass spectrometer.
The numbers on top of each peak represent the molecular mass of: peak I (dou-
ble-charged monomeric HSA); peak II (monomeric HSA) and peak III (dimeric
HSA). For purified HSA, the molecular mass of peak I ¼ 33 541; that of peak
II ¼ 66 989 and that of peak III ¼ 133 644. The corresponding masses obtained
for rHSA are: peak I ¼ 33 848; peak II ¼ 67033 and peak III ¼ 133 949.
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disulphide bonds followed by disulphide exchange reactions. Heating
purified HSA for 30 min at 68�C in the presence of 10 mM each of Cys
and Na-caprylate stabilises its structure and markedly reduces the
level of dimer. At the same time, some LMW material is also formed.

3. Purified rHSA heated for 5 min at 100�C in the presence of 1% SDS
forms detectable amounts of LMW bands. This finding has direct rel-
evance when establishing the electrophoretic homogeneity of purified
rHSA preparations.

The stability of purified rHSA towards high temperatures has also
been established using differential scanning calorimetric (DSC) analysis.
The thermal stability of a protein is readily determined by this method
which records the excess heat capacity of a protein solution as a function
of temperature. This record, or ‘‘thermogram,’’ is linear for temperatures
where no unfolding takes place but departs from linearity when the pro-
tein undergoes unfolding, aggregation, or any other chemical or physical
process. The melting point (Tm) is defined as that temperature for which
the excess heat capacity is at its maximum.

Melting points were recorded for purified rHSA and for six commercial
HSA products. All were dissolved in a phosphate buffer (10 mM) containing
10 mM sodium caprylate. A comparison between these samples showed
identical stability for the control HSA and the rHSA purified in this work.
The remaining five HSA samples were similar to one another, but showed a
somewhat lower melting temperature than the rHSA. Removal of caprylate
(by gel filtration on a PD10 column) resulted in a significant destabilization
of the plasma-derived, commercial HSA. The purified rHSA appeared to be
somewhat less affected by this operation.

CONCLUSIONS

A three step chromatographic procedure has been devised for purifying
rHSA from the CCS of genetically transformed P. pastoris cells grown
in a fermentor. The downstream purification process is reproducible,
robust and well suited for scaling-up to a large scale operation. The
characteristics of the three chromatographic media are easily restored
by a standard CIP procedure making it possible to use these media
for several cycles of adsorption and de-sorption processes, thereby
reducing significantly the material and operational costs for the entire
downstream purification process. The structural and molecular charac-
teristics of the purified rHSA, as well as its stability, are indistinguish-
able from its natural counterpart, i.e. human plasma-derived HSA by
the criteria used here.
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