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ABSTRACT. In this work we describe the new concept of using fungal hydrophobins as efficient tags for
purification of recombinant fusion proteins by aqueous two-phase separation. Hydrophobins are a group
of small surface-active proteins produced by filamentous fungi. Some characteristics of hydrophobins are
that they are relatively small (approximately 100 amino acids), they contain eight disulfide-forming Cys
residues in a conserved pattern, and they self-assemble on interfaces. The aqueous two-phase systems
studied were based on nonionic surfactants that phase-separate at certain temperatures. We show that the
use of hydrophobins as tags has many advantages such as high selectivity and good yield and is technically
very simple to perform. Fusion proteins with target proteins of different molecular size were compared to
the corresponding free proteins using a set of different surfactants. This gave an understanding on which
factors influence the separation and what rationale should be used for optimization. This unusually strong
and specific interaction between polymeric surfactants and a soluble protein shows promise for new
developments in interfacing proteins and nonbiological materials for other applications as well.

For selective purification of proteins, affinity chromatog- starch are used. Recently, also thermoseparating polymers
raphy is one of the most efficient methods available. The and surfactants, which are especially suitable for protein
selectivity of this method can be based on, for example, purification, have been introduced. The partitioning of a
recognition of the target protein by specific antibodies or protein to one of the phases may depend on its surface charge
the use of various affinity tags fused to the target protein. or hydrophobicity, but the driving forces are not always well
Examples of such tags are, for instance, glutathi®e  understood. Obviously, the selectivity and overall efficiency
transferase or small peptides such as the His tag thatof the purification depend on how much the particular protein
selectively bind to purification columnsgl(2). If desired, of interest differs in these relevant properties as compared
the affinity tags can later be cleaved off from the target to the rest of the proteins in the mixture. To achieve selective
protein by specific proteases recognizing and cleaving at protein purification in ATPS, small hydrophobic tags con-
recognition sites that have been introduced to the fusion taining tryptophans have been fused to the protein to be
protein. Often affinity chromatography methods are only purified (7). The production of these fusion molecules has
suited for analytical purposes and for purification of products however not been efficient, possible reasons being problems
of high value and are too expensive for large-scale productsin secretion of the tagged proteins or proteolytic degradation
such as industrial enzymes. Furthermore, the methods areof the tag.

difficult to scale up for large-scale purificatiog)( We here describe a very efficient method for selective
Liquid—liquid extraction in an aqueous two-phase system protein purification in ATPS which is based on the use of
(ATPSY can offer an efficient technique for protein purifica- natural small hydrophobin purification tags in fusion proteins.
tion even in large scale4-6). Methods mainly based on  These unique proteins are produced by filamentous fungi
poly(ethylene glycol) (PEG)salt, PEG-dextran, and PEG and form layers, for instance, on fungal cell walls or spore
surfaces §—10). Hydrophobins of different classes do not
T This work was financially supported by the National Technology share mUCh. amino aCId. identity bUt. have. a characteristic
Agency of Finland (Tekes) and the European Union (BIO4-CT96-0435). Pattern of eight Cys residues. Despite their name they are
* Corresponding author. E-mail: markus.linder@vtt.fi. Tet358 only moderately hydrophobic but are special in being
94561, Fax: +358 9 4552103 _ amphiphilic and very surface active. The hydrophobins of
§Li?r?r?éﬁhzﬁieaﬁce?;ge of Finland. interest to us are the class 14) hydrophobins ofTricho-
1 Abbreviations: ATPS, aqueous two-phase system; PEG, poly- derma reeseiThe T. reeseihydrophobins that have been
(ethylene glycol); HPLC, high-performance liquid chromatography; maost extensively studied are HFRIZ) and HFBII (L3). Both
CBD, cellulose-binding domain; EGI, endoglucanase I, EGIc, the haye 3 size of about 7.5 kDa. They are, however, expressed
truncated EGI consisting only of a core domain; HFBI, hydrophobin . . . .
I; CBDcgi, CBD of the enzyme CBHI; CBEByi, CBD of the enzyme under different conditions, HFBII under cellulase-inducing

CBHII. conditions (such as cellulose or lactose as the carbon source)
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Ficure 1: Proteins and different fusion proteins used in this study. (A) Schematic representation of EGI native endoglucanase |, CBD,
cellulose-binding domain, DCBD double cellulose-binding domain, and the fusion proteins of these constructed with HFBI. (B) To support
the discussion on the effect of protein size for the purification, the three-dimensional structures of the proteins are shown [structures drawn
with the program Molscript40)]. The structure of the closely related HFBII is used to show the size of HFBI. No structure has been
determined for the linkers. HFBI has a mass of 7.5 kDa The two CBDs in the HFBI-DCBD fusion protein together with the linkers has a
mass of 11 kDa. EGlc has a mass of about 42 kDa including the linker. EGlc, HFBII, anddgBiave the PDB41) entries 1EG1,
1R2M, and 1CBH, respectively. The primary structures of the linkers are described in the Materials and Methods section.

and HFBI under cellulase-repressing conditions (such asethylene fatty alcohol type. Their structures are abbreviated
glucose as the carbon source). The exact role of hydrophobinSCxEOy, wherex denotes the length of the fatty alcohol and
in fungal physiology is not known, but HFBII is found on y the number of polyoxyethylene unitg1 22).

spores and is |IkE|y to be involved in spore formation. Both To determine the temperature dependency of the phase
proteins are very stable and show similar physicochemical separation, 2% (w/w) mixtures of surfactants in water were
properties. These properties are dominated by their surfacemade with all surfactants. Surfactants were mixed with water
activity (14, 15), and as a consequence they adhere well to jn a 10 mL glass test tube with volume indication. The tubes
several types of interface4€). The first atomic resolution  \vere placed in water baths with precise temperature control.
3D structure of a hydrophobin to be solved was of HFBII - After approximately 1 h, the volumes of the upper and lower

(17). These hydrophobins can be produced in gram per liter phases were measured. The two phases were mixed again
levels, either as secreted into the culture medium or asand incubated at a new temperature.

adhered to the fungal biomaskg( 19). Fungal StrainsThe T. reeseistrains QM9414 (VTT-D-
We demonstrate the usefulness of the approach for high74075), Rut-C30 (VTT-D-86271), and Rut-Ca0fb2(VTT-
levels of protein production and purification by using the D.99676; (.8)) were used as host strains. Hydrophobin fusion
filamentous fungud'. reesei(20). This host is widely used  protein producing transformants of the strains constructed
in industry for enzyme productioitn optimized conditions, n this study are VTT-D-98693 (EGI-HFBI, QM9414), VTT-
the fungus can secrete tens of grams per liter of a mixture p-98691 (EGIc-HFBI, QM9414), VTT-D-99702 (EGIc-
of extracellular hydrolytic enzymes. This culture medium HFB|, Rut-C30), and VTT-D-99727 (HFBI-DCBD, Rut-C30
contains typically tens of different enzymes that due to their Anfp2).
similar properties can be difficult to purify from each other. DNA ConstructsThe vectors pMQ103, pMQ113, and
We demonstrate the purification of two fusion proteins of ,rn\s30, which are the final expression vectors for produc-
different size, consisting of a target protein and HFBI. The i1, of the EGI-HFBI. EGlc-HFBI. and HFBI-DCBD fusion
target proteins were (i) the cellulase endoglucanase | (EGI) proteins, respectively, were constructed as follows.

and (i) a combination of two small cellulose-binding First a PCR f i lified with the pri .
domains from the cellobiohydrolases CBHI and CBHlII, fused _, Irst, a ragment was ampifiec wi € primer pair
" : . 5 TCGGGCACTACGTGCCAGTATAGCAACGACTACT
to the N- and C-termini of HFBI, respectively (Figure 1).
Selective purification of the fusion proteins was achieved ACTCGCAATGCCTTGTTCCGCGTGGCTCTAGTTCT -
from a mixture of extracellular enzymes. GGAACCGCACCAGGCGGCAGCAACGGLAACGGL 3
(sense) and '5TCGTACGGATCCTCAAGCACCGACG-
MATERIALS AND METHODS GCGGT 3 (antisense) that consists of the mature I_-ll_:BI (from
Ser-23 to STOP codon) preceded by an artificial linker
Surfactants.The technical grade surfactant C12-18EO5 peptide VPRGSSSGTAPGG. The fragment was digested
that has the commercial product name Agrimul NRE 1205 with Dralll and BanHI and used to replace the internal
was obtained from Cognis Chemicals;43eldorf, Germany.  Dralll and BanHI fragment of theegl1 cDNA in plasmid
The technical grade surfactant CL1EO2 was obtained frompPLE3 @3). The primer pair SACTACACGGAGAGCTC-
Akzo Nobel, Stenungsund, Sweden. The highly purified GACGACTTCGAGCAGCCCGAGCTGCACGCABGC-
homogeneous surfactants, CLOEO2, CI0EO3, C10EO4, andrACGGCAACGGC 3 (sense) and '5TCGTACGGATC-
C10EO5, were purchased from Nikko Chemicals, Tokyo, CTCAAGCACCGACGGCGGT 3(antisense) was used to
Japan. All of the surfactants used were of linear polyoxy- amplify a fragment consisting of the mature form of HFBI
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that was preceded by amino acids 4425 of EGI (coding
for the natural EGI linker). This fragment was cloned into
pPLE3 @3) as aSad andBanHI fragment by removing the
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40 g of lactose4 g of peptone, ad 1 g ofyeast extract per
liter at 28°C for 4—5 days. The mycelia and culture media
were separated by centrifugation after the runs, and the

CBD encoding sequences from the plasmid and by replacingclarified culture filtrates were used further in the ATPS

them with HFBI. The resulting plasmids pMQ103 and
pMQ113 carried the coding sequences for full-length EGI
linked to HFBI via an engineered peptide linker and for EGlc
linked to HFBI via the natural EGI linker, respectively, under
the control of 2.2 kb ofcbhl promoter and 0.7 kb of
terminator sequences.

To construct the expression cassette for the HFBI-DCBD
fusion, the primer pair 5GGAATTCCGCGGACTGCG-
CATCATGAAGTTCTTCGCCATCGCC 3(sense) and'5
TGAATTCCATATGTTAGGTACCACCGGGGCCCATG-
CCGGTAGAAGTAGAAGCCCCGGGAGCACCGACGG-
CGGTCTGGCAC 3 (antisense) was used to amplify the
full-length HFBI followed by a Met-containing linker peptide
PGASTSTGMGPGGT. The obtained PCR fragment was
cloned into the pAMH11034) expression vector as@ad|
and Kpnl fragment followed by removal of interfering
restriction enzyme cleavage sites from the vector polylinker
by digestion withSad and BanH! and blunt end ligation
after T4 DNA polymerase treatment. In the last step, the
primer pair 3 TGAATTCGGTACCCAGGCTTGCTCAAG-
CGTC 3 (sense) and '5TGAATTCCATATGTCACAG-
GCACTGAGAGTAGTA 3 (antisense) was used to amplify
the DCBD fragment using as a templatekarcoli expression
vector described in reR5. The amplified fragment was
cloned downstream of the Met-containing linker aspal —
Ndd fragment. The final expression plasmid, pTNS30,
carried the coding region for the fusion protein consisting
of HFBI and DCBD linked in frame via a Met-containing

experiments.

Surfactant Extraction Using the Technical Grade C12-
18EO5 and C11EOZIypically 2% (w/v) of surfactant was
added to samples of the culture supernatant. After careful
mixing, the samples were allowed to settle. When the solution
was kept at a temperature above the cloud point of the
surfactant, the system phase-separated forming an upper
surfactant phase and a lower aqueous phase. We used
temperatures between 20 and 0. The two phases were
separated from each other using a separation funnel or by
carefully drawing the lower, agueous, phase off with a pipet.

The protein from the surfactant phase was recovered by
adding isobutyl alcohol. When isobutyl alcohol was added
to the separated C12-18EO5 surfactant phase, the mixture
separated into two phases. The upper phase contained the
surfactant and isobutyl alcohol, and the lower phase con-
tained mainly the water that had been entrapped with the
surfactant. The aqueous phase of this isobutyl alcohol
recovery step also contained the hydrophobin fusion protein.
In the case of C11EO2 the initial surfactant phase contained
very little water. Therefore, water (or buffer) was added to
the recovered surfactant phase prior to addition of isobutyl
alcohol. Typically the volume of water that was added was
equal to that of the surfactant.

Determination of Partition Coefficient3he concentration
of the enzyme stock was determined by measuring the
absorbance at 280 nm usiag= 59400 for EGlc-HFBI and
EGIc and ¢ 70590 for full-length EGI (HFBI has

linker peptide. Expression of the fusion protein was regulated practically no effect on the extinction coefficient since it

by the samecbhl transcriptional control sequences as for
the other fusion proteins.

Fungal Transformations. T. reessirain QM9414 was
cotransformed essentially as describ26) (using the plas-
mids pMQ103 and pMQ113 and the selection plasmid
pToC202 containing thamdSgene ofAspergillus nidulans
(27, 28). The plasmid pTNS30 was transformed similarly
except that thd'. reeseistrain Rut-C30Ahfb2was used as

contains no Trp or Tyr residues). Dilutions were made to
obtain enzyme solutions of about »@/mL. The enzyme
solution (980 mg) was added to a glass test tube containing
20 mg of surfactant in order to get a 2% (w/w) mixture of
surfactant and enzyme solution. Enzyme solution and sur-
factant were mixed by vortexing. The tube was placed in a
water bath at a fixed temperature. After separation had taken
place (approximately 1 h), an aliquot of the lower phase was

the host. Plasmid pMQ113 was also cotransformed into the taken for analysis.

strain Rut-C30 together with pARO229) containing the
hph gene of Escherichia coli The transformants were

To determine the concentration EGlc(-HFBI) present after
separation and sample preparation, an enzyme activity assay

selected and purified to uninuclear clones on the selectivewas used. Four hundred microliters of 0.05 mM 2-chloro-
medium containing acetamide or hygromycin as described 4-nitrophenyl|s-p-cellobioside (CNP-G Sigma) was added

in ref 26.

to Eppendorf tubes containing 1@Q of the lower phase

Transformants producing fusion proteins were screenedfrom the sample separation. Enzymatic hydrolysis of CNP-

by growing the transformants on minimal mediur@6)
containing either (i) 34% Solka flock cellulose (James
River Corp., Berlin, NH), (i) 3-4% whey and 1.52%
complex grain-based nitrogen sour8€)( or (iii) 3% lactose
and 0.2% peptone in shake flasks at’@8for 4 days. Culture

G, yielded a yellow color that was measured. To stop the
reaction, 50QuL of 1 M Na,CO; was added after exactly 5
min. All of the samples were analyzed by adsorption at 600
nm using a microtiter plate absorbance reader. Controls
included buffer only, protein without surfactant, and surfac-

supernatants were collected on the last day of the cultivationtant without protein. To determine the concentration of HFBI,

and analyzed for fusion protein expression by measuring DCBD, and HFBI-DCBD present after separation and sample
endoglucanase activity using hydroxyethylcellulose (HEC) preparation, the lower phase was analyzed using analytical
as a substrate (IUPAC 1987) and/or by Western blotting with HPLC. Standard curves using weighed amounts of pure,

anti-EGI and anti-HFBI antibodies.

Bioreactor Cultvations.Host strains and selected trans-
formant strains were cultivated in a 10 L bioreactor on
minimal medium 81) containing 40 g of Solka floc cellulose
and 20 g of complex grain-derived nitrogen sour8é) (or

lyophilized protein were used for concentration determina-
tion. The column used was a 20 cm Vydac C4 (20 cm, i.d.
4.6 mm, Grace Vydac). A stepwise gradient was used
running from 20% B buffer to 60% B buffer at 1 mL/min at

the elution segment. The A buffer was 0.1% trifluoroacetic
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acid in water, and the B buffer was 0.1% trifluoroacetic acid
in acetonitrile.

The partition coefficientK) was calculated as a measure
of the distribution of protein between two immiscible phases.
It is the ratio of the protein concentration in the upper phase
to the concentration of protein in the lower phases (Cyppef
CIower)-

Purification of EGIc-HFBI on a Preparatie Scale.For
more detailed studies of EGlc-HFBI, a preparative scale
purification was performed. Culture supernatant (500 mL) 1 2 3 4
was extracted with 2% C12-18EO5 at 22 for 1 h. The
surfactant phase was separated, and to this an equal volume B “«EGIc-HFBI
of isobutyl alcohol was added. The resulting lower aqueous
phase was desalted using Bio-Rad 10-DG (Bio-Rad) columnsFicure 2: Purification of EGlc-HFBI from culture supernatant.
and 10 mM acetate buffer, pH 5.0. The desalted sample was(A) Lane 1 is the culture supernatant before extraction. Lane 2 is
loaded on a Resource Q (Amersham Pharmacia) column andhe lower phase (residue) of the extraction. Lane 3 is the surfactant

; : : _ phase. Because lanes 1 and 2 are overloaded, 1:10 dilutions were
eluted with a linear gradient of NaCl up t0 0.2 M. The EGlc made of them (lanes 4 and 5). From the gel we can see that very

HFBI was identified by specific enzymatic activity on CNP- jitie of the protein in the lower phase is extracted to the surfactant

G, and Western blots using polyclonal anti-HFBI and anti- phase. Only one major band is seen in the surfactant phase. The

EGI. size of this band corresponds to the EGIc-HFBI protein and is
Cleavage of the Fusion ProteirdFBI can be removed indicated by an arrow on the right-hand side of the gel. From the

. . . . diluted samples it can be seen that there is a gap at the position of
from the fusion protein by cleaving the linker between HBFI 0 oyracted protein. (B) Western blot of a control strain not

and the target protein. In this work we achieved this using producing EGlc-HFBI (lane 1), supernatant before extraction (lane
cyanogen bromide that uniquely cleaves at Met residues at2), the extracted protein (lane 3), and lower phase after extraction
low pH. (lane 4). Detection was with anti-HFBI that does not react with

; ; i«_ any naturally occurring protein of the corresponding size in the
Approximately 0.25 mg of cyanogen bromide was dis supernatant of the parent strain. The gel is 10% homogeneous

solved in 50uL of water. To this was added 1@ of a 10 vertical SDS-PAGE. Molecular mass standards are indicated on
mg/mL solution of HFBI-DCBD, and HCI was added to a the left-hand side of the gel and are in units of kDa.

final concentration of 10 mM. After mixing, the tube was
wrapped in aluminum foil and stored overnight at room  T. reeseiwas shown to secrete catalytically active EGI-
temperature. The contents of the tube were then diluted with HFBI hydrophobin fusion proteins into the culture medium
1 mL of water and freeze-dried. The protein then was in the gram per liter level. The best QM9414-based produc-
dissolved in 1 mL of 0.1% TFA in water, and part of the tion strains VTT-D-98693 (EGI-HFBI) and VTT-D-98691
sample was analyzed using C4 HPLC as above. To separat¢EGIc-HFBI) and the Rut-C30-based strains VTT-D-99702
the cleaved DCBD from the fusion protein and the free (EGlc-HFBI) and VTT-D-99727 (HFBI-DCBD) were cul-
hydrophobin, 2% (w/w) C11EO2 was added to the rest of tivated in a bioreactor on cellulose- and lactose-containing
the sample. After separation, the sample was again analyzednedia as described in Materials and Methods. The amounts
using C4 HPLC. of EGI-HFBI and EGIc-HFBI produced by the transformants
RESULTS were estimated on the basis of endoglucanase activity
measurements using hydroxyethylcellulose as a substrate
Hydrophobin Fusion Proteins Are Efficiently Produced by (IUPAC, 1987). Production levels of the EGIc-HFBI fusion
T. reesei.Constructs for the expression of three different protein were 2-3-fold higher in comparison to the endog-
types of hydrophobin fusion proteins (Figure 1A) were made. enous EGI produced by the host strains. It was estimated
These were expressed in three different strain§.akesei that 1.7 g/L EGIc-HFBI fusion is produced while-B g of
under the strongbhl<cellulase promoterThis promoter is total protein/L was obtained. The production level of the
regulated by the carbon source and allows high production HFBI-DCBD fusion protein was estimated to be 1.35 g/L
of recombinant proteins on media containing, for example, on the basis of HPLC analysis. Although naturally most of
plant materials, cellulose, or lacto2). As target proteins,  HFBI hydrophobin is cell wall-bound, SDFPAGE analysis
domains of nativeT. reeseicellulases were usedrhe indicated that the fusion proteins were among the most
cellulases typically consist of a catalytic domain that is linked prominent bands in the culture supernatants (Figure 2, lane
to a cellulose-binding domain (CBD) through a linker region. 1; Figure 3 lane 1).
Two of the target proteins were fused to the N-terminus of  Properties of Technical Grade Surfactanks.this study
HFBI, namely, the wild-type EGI endoglucanase (giving we initially used two technical grade surfactants: C12-18EO5
EGI-HFBI) and the catalytic core domain of EGI (giving (Agrimul NRE 1205) and C11EO2 (Berol 532). The property
EGIc-HFBI). The third construct contained two cellulose- that we were primarily interested in was the ability of
binding domains (CDB) linked to the C-terminus of HFBI nonionic surfactants to separate into two phases above a
(giving HFBI-DCBD). These CBDs were from the twia certain temperature, called the cloud point. For all surfactants
reeseicellobiohydrolases, CBHII and CBHI. In the case of used in this work the surfactant phase was the upper phase.
CBHII the CBD segment consisted of the 41 amino acid The main difference between the two surfactants, C12-
residues from the N-terminus of the enzyme, and in the casel8EO5 and C11EQ?2, is in their degree of hydrophobicity.
of CBHI the CBD segment consisted of the 57 C-terminal In general terms this affects their properties in two ways:
residues of the enzyme. the temperature for phase separation (cloud point) and the
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b23 Table 1: Partitioning CoefficientK() and Yields for Purified
Fusion Proteins and the Respective Target Proteins with Two
Surfactants at 22C
3‘5‘— H i C12-18E05 C11EQO2
S e
30— protein K-value vyield (%) K-value yield (%)
20— W <« HFBI-DCBD EGlc 0.5+0.1 10+ 2 0 0
EGlc-HFBI 25+ 3 88+8 0 0
14— ~ DCBD ND? ND 0.74+0.2 7+3
HFBI-DCBD 13+2 79+ 8 139415 84+ 8
Ficure 3: Purification of HFBI-DCBD by extraction with C11EO2. aND = not determined.

Lane 1: The culture supernatant of the strain producing HFBI-
DCBD. Lane 2: The lower (residue) phase after extraction. Lane
3: The protein fraction after isobutyl alcohol back-extraction of activities of endogenous proteins in the culture supernatant
the surfactant phase. In this fraction the only major bands are thethat cause underestimation of coefficients. Nonetheless, it
HFBI-DCBD target protein and a smaller amount of free hydro- -5 e concluded that both fusion proteins partition similarly.
phobin. The position of the target protein is indicated by an arrow EGIlc-HFBI was chosen for further more detailed character-
on the right-hand side of the gel. The gel is a horizontal Phast ="
4—-20% gradient SDSPAGE. Molecular mass standards are Ization.
indicated on the left-hand side of the gel and are in units of kDa.  Extraction of HFBI-DCBD from the Culture Supernatant

) Using C11EO2.Figure 3 shows selective purification of
volume of the resulting surfactant phase. For C12-18EO5 {ER|-DCBD protein from the culture supernatant. This
the phase separation occurred at*C9 Slightly above this  experiment differs from the procedure described above
temperature the volume of the surfactant phase was very(rigure 2) in containing an additional step where the HFBI-
large, comprising about 80% of the totql volume. Increasing pceD protein was recovered from the surfactant phase by
the temperature further to 22C rapidly reduced the  aqding isobutyl alcohol and 50 mM sodium acetate buffer,
surfactant phase volume to about 20% of the total volume. pH 5 (Figure 3, lane 3). The volume of buffer was equal to
There was a second slight increase in surfactant volume atihe volume of the surfactant phase (see section on protein
30°C. Increasing the temperature further did not essentially recovery by isobutyl alcohol extraction). Isobutyl alcohol
change the volume ratio until above 40 when no phase  extraction from the surfactant phase prior to SFFAGE
separation was any longer observed. Because of the larggyas necessary when using C11E02, because loading this

protein partitioning at 22C and at a higher temperature, c12.18E05, SDSPAGE could be run directly on samples
namely, 30°C. C11EO2, on the other hand, is more fom the surfactant phase.

hydrophobic and formed a separate phase at the whole range

. The gel showed t teins in the isobutyl alcohol
studied from 9 to 40C. The C11EO2 phase was also more © gel showec PO Proteins in fhe 1Sobulyl aicono

o extracted fraction. When the fraction was loaded on a C4
concentrated, comprising less than 10% of the total V°|ume'HPLC column, the proteins could be separated. The band

All phase separations occurred readily and did not require migrating at close to the 20 kDa standard was identified as
centrifugation. Centrifugation at 509@vas tested and did the HFBI-DCBD using anti-HFBI and anti-CBfy, anti-

not affect. surfactant volumes or protein partitioning. bodies in Western blots. MALDI-TOF mass spectroscopy
Extraction of EGIc-HFBI and EGI-HFBI from Culture  showed that the protein was heterogeneously glycosylated.
Supernatant Using C12-18EOAs an example of a typical  The small protein migrating close to the front in SEBAGE
experiment, the extraction of the EGIc-HFBI protein is shown was identified as HFBI using antibodies (see38f. Wild-
in Figure 2. First 2% (w/v) C12-18EO5 was mixed with the  type HFBI should not have been produced under the applied
culture supernatant, and the resulting mixture was allowed (cellulase-inducing) growth conditions, so we conclude that
to settle (1 h, 22C). Two phases were formed, and aliquots some proteolytic cleavage of the fusion protein had likely
from both the upper (surfactant) and the lower (agqueous) occurred.
phases were taken and loaded on a SP8GE gel. As Partition Coefficients and Yields for EGlc-HFBI and
shown in Figure 2A, a protein with a size corresponding to HEBI-DCBD in C12-18E05 and C11EOPhe SDS-PAGE
EGlc-HFBI migrated to the surfactant phase. Western gnalysis of the extractions indicated a very high partitioning
blotting with anti-HFBI antibodies (Flgure 2B) verlfled. t_hat of hydrophobin fusion proteins in the surfactant system.
the band was EGIc-HFBI. The extraction was very efficient, peasurement of exact partitioning coefficienté-(alues)
since the protein |n|_t|aI_Iy present in the culture supernatant using culture supernatants was complicated by the fact that
was essentially missing from the aqueous phase aftery reesenlso produces native EGI and other endoglucanases
extraction. There is alsogclear increase in the concentrationyith similar enzymatic activities. These proteins cause
of the fusion protein during the extraction. background problems when attempting to determine the
Additionally, the partitioning of the EGI-HFBI fusion amount of EGlc-HFBI remaining in the lower phase by
protein was compared to that of EGIc-HFBI using crude quantification by enzymatic activity. Therefore, experiments
supernatants. Using C12-18E0O5 at W in initial experi- to determineK-values were performed using pure proteins.
ments both proteins showed similar apparent partitioning Quantification of EGIc and EGlc-HFB was done by their
coefficients, 4 for EGlc-HFBI and 3 for EGI-HFBI, com- enzymatic activity. When needed, protein concentrations
pared to 0.3 and 0.2 for the corresponding EGI and EGIc were obtained by comparing the activity of samples to
proteins, respectively. The values are lower than other enzyme of known concentration. For the HFBI-DCBD and
reported elsewhere in this paper, but this is due to interfering DCBD, analytical HPLC was used to quantify the protein
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concentration. The obtaind¢tvalues are shown in Table 1. w] A -
As expected from the SDFAGE analysis the hydrophobin »] =
fusion proteins showed a significantly higher partitioning than < «] -

the target proteins as such. The most surprising result was =1
however that EGIc-HFBI did not partition by any measurable m
extent to C11EO2. On the other hand, extraction of HFBI- ]
DCBD was more efficient into C11EO2 than C12-18EO5. 10,
Recaery of Proteins from Surfactarfor calculating the 1”
overall purification yield of the fusion proteins, one must ) = B B
take into account both the surfactant extraction step and the
subsequent isobutyl alcohol recovery step. The HFB fusion
proteins could be recovered from the surfactant phase by# |
adding isobutyl alcohol to it. The isobutyl alcohol addition
resulted in a two-phase system where the lower phase was
aqueous and the upper phase consisted of surfactant and
isobutyl alcohol. The volume of the lower phase compared
to that of the surfactant depended on how much water was
entrapped in the surfactant phase in the first extraction. The
quantity of water entrapped in C11EO2 was so low that water
or buffer had to be added in the isobutyl alcohol recovery
step for practical reasons. Therefore, it was not meaningful
to calculate the overall volume reduction factors for the
purification since it depended on practical rather than FiGUrRe 4: The low nonspecific extraction of proteins in the
theoretical limitations. However, as can be seen from Figure surfactant extraction makes it possible to selectively remove

. . o hydrophobin from a mixture. In (A) a chromatogram of the purified
3 the volume reduction (concentrating effect of the purifica- jzg1"0cBD is shown. In (B) the linker between the HFBI and

tion) is significant. Recovery yields for HFBI-DCBD in this  pcBD domains had been cleaved by cyanogen bromide. The
C11EO2 system were 92 5%. The amount of isobutyl  uncleaved fusion protein and the cleaved HFBI can be selectively
alcohol required for maximal recovery depended on the removed by a second extraction step (C).
surfactant. For HFBI-DCBD a 2.5 times excess of isobutyl ) o o
alcohol to that of the surfactant was sufficient using C11E02. figure; phase volume, yield, and partitioning coefficient. Two
However, for C12-18EO5 five times more isobutyl alcohol ©f these are independent, and the third is determined by the
than surfactant was required. The vyields of EGIc-HFBI other two. Yields _a_nd_volumes_ were measured and used to
recovery from C12-18EO5 were 94 10%. The measure- ~ calculate the partitioning coefficients.
ments of EGIc-HFBI yields were complicated by the
saturation of the water phase by isobutyl alcohol that DISCUSSION
disturbed the CNP-&Gactivity assay. This problem could In this work we have shown how hydrophobins can be
partially be overcome by comparing the extracted samplesused as tags for the purification of recombinant fusion
to control samples in isobutyl alcohol saturated water or by proteins by two-phase extraction with nonionic surfactants.
desalting of the sample by size exclusion chromatography As target proteins we chose two clearly different types of
prior to activity measurements. proteins and fused these to either the N- or C-terminus of
Cleavage of HFBI-DCBD and Recery of the Separated  the hydrophobin HFBI (Figure 1). One construct contained
Domains.The HFBI-DCBD fusion protein was designed to two small wedge-shaped binding domains (CBDs) from
contain a single Met residue in the linker region between cellulases fused to each other by a linker, forming a so-called
HFBI and CBDQxgni. The feasibility of cleaving the linker  double cellulase-binding domain (DCBD25). The CBDs
between the different proteins was tested by specific hy- have masses of 3.7 and 4 kDa, giving the total mass of 11
drolysis by cyanogen bromide. This method was possible to kDa including the linker segments for the DCBD. In this
use because the only Met residue in the fusion protein wasconstruct the target protein was in the C-terminus and the
in the linker region. Figure 4 shows how surfactant extraction hydrophobin in the N-terminus. In the second construct the
can be used to specifically reextract the uncleaved fusionenzyme EGIc was used. It is a relatively large (42 kDa),
protein and the cleaved hydrophobin while leaving the glycosylated globular core domain of a cellulase. In this
cleaved target protein (DCBD) as the final product in the construct the target protein was in the N-terminus and the
water phase. hydrophobin in the C-terminus. In a third construct, EGI-
Partitioning of Pure Proteins in Homogeneous Surfactants. HFBI, a variation of the EGlc-HFBI construct, was made
For a more detailed study of how the surfactant structure using the full-length cellulase instead of only the core
affects the separation, a series of highly purified homoge- domain. After initial characterization that showed that EGlc-
neous surfactants was used. The four surfactants C10EO2HFBI and EGI-HFBI functioned similarly, the more detailed
C10EOS3, C10EO4, and C10EOS5 were used. These experi-studies were made with only EGIc-HFBI. Despite the
ments were performed with pure proteins. The phase complex structures, the fusion proteins were produced very
separation of surfactants was studied in the rangég*C. well in T. reesei giving production yields of over 1 g/L in
The partitioning of EGlc-HFBI, EGIc, and HFBI was studied bioreactor cultivations.
up to 50°C. The results are shown in Figure 5. Three  The overall ATPS purification scheme involved two
parameters as functions of temperature are described in thesteps: the first was the extraction of the fusion protein into
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Ficure 5: A more detailed understanding of surfactahydrophobin interactions is gained from studying phase volumes and partitioning

of proteins at different temperatures using highly purified homogeneous surfactants. The volume of the surfactant phase is drawn as a
shaded area in the upper part of the diagram with the unit on the left side as percent of total volume. Yield is shown &3)ocinelése(

left side, and the partitioning coefficier) is shown on the right side with squaig)(symbols. Note that thK-values for HFBI are drawn

with a different scale. The combination of protein (EGlc-HFBI, EGIc, or HFBI) and surfactant (C10EO2, C10EO3, C10EO4, C10EOQO5) is
indicated above each plot.

the surfactant and separation of the surfactant phase. In theentrapped water in the first surfactant extraction. For the more
second step, the protein was recovered from the surfactantydrophobic surfactants the volume of entrapped water was
phase into buffer by addition of isobutyl alcohol. The main so low that buffer had to be added for the recovery step.
finding of this work is that the fusion proteins could be The surfactant extraction also provides a convenient way of
extracted with a very high yield and selectivity from culture removing the hydrophobin tag from the fusion protein after
supernatants that contained large amounts of other naturallyextraction, as demonstrated with the cyanogen bromide
secreted proteins (Figures 2 and 3). Recovery by isobutyl cleavage of the HFBI-DCBD fusion protein (Figure 4).
alcohol proceeded with good yields after optimization of the  Role of Surfactant Structur@f the two steps involved in
volume of isobutyl alcohol. The overall concentration effect the purification it was the initial surfactant extraction that
(volume reduction) obtained depended on the amount of required the most optimization. In the initial part of the study
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we used two readily available, inexpensive technical grade of the nonspecific protein (exemplified by EGIc) and fusion
surfactants, C11EO2 and C12-18E04. These experimentgrotein occurred at the highest temperature in this particular
showed surprisingly that the EGIc-HFBI fusion protein was case.

not extracted by C11EO2 although it was efficiently extracted  Next we examine how the partitioning of the different
by C12-18EO4. On the other hand, HFBI-DCBD was components changed as the hydrophilipophilic balance
efficiently extracted by both surfactants. This clearly sug- of the surfactant was varied. CLOEO2 was the most hydro-
gested that there exists a relationship between the size ofphobic surfactant and showed phase separation already below
the fusion partner, the composition of the surfactant, and thethe lowest temperature studied;®. As expected, the highest
partitioning of the proteins. It is likely that this relation partitioning value for HFBI was also noted for this hydro-
depends on an excluded volume effect. A dense hydrophobicphobic surfactant. The EGlc partitioning remained low, but
surfactant contains less water in the space between micellathe fusion protein showed some partitioning at low temper-
or lamellar structures and, therefore, excludes bulky hydro- atures where the surfactant volume was the largest; i.e., the
philic groups. The situation can be seen as analogous to sizesurfactant contained more water in its structure. Comparing
exclusion chromatography, where large molecules are ex-C10E3 and C10E4, we noticed that C10E4 initially forms a
cluded and thus elute first. The overall partitioning would second phase at a lower temperature despite its larger
then be a balance between the affinity between surfactanthydrophilic group. This complex behavior of a surfactant is
and hydrophobin on one hand and the size exclusion called “pivotal phase behavior” and is not very well
repulsion of the hydrophilic group on the other. Optimal understood (see réf2 for a more in-depth discussion). It is
balancing of these would give the best combination betweenclear, however, that C10E4 undergoes changes in phase
concentration, purity, and yield. structure in the studied temperature range. Interestingly, the
partitioning coefficient of HFBI follows this behavior.
Surprisingly, the partitioning of the fusion protein into the
high-temperature end (about 4C) of the first phase of
C10E4 was very low but increased drastically as the structure
of the phase changed above 43. At this higher temper-
ature, the phases of both the C10E3 and C10E4 behaved

Mass spectroscopy analysis of both C11EO2 and C12-
18E0O4 showed that both are complex mixtures containing
variable chain lengths of both the hydrophobic and hydro-
philic segments. Both surfactants also contained free poly-
ethoxy chains. To get a better understanding of the relation-
ship between partitioning of hydrophobins, fusion partners, ..
and fusion proteins, we decided to test their partitioning on Eg;:;?/réﬁ vceioi;\?nﬁztf;lr tetc(i) :ﬁazoé;nciogga:farztn thtgfgun d
a range of different surfactants. For this purpose we used 300 y y 9
series of highly purified homogeneous surfactants with an i

: ; - . The surfactant series C10E2 to C10E5 was selected
increasing length of the hydrophilic headgroups together with because it forms a long series with surfactants that have cloud
the fusion protein EGlc-HFBI and its constituent proteins

HEBI and EGIc points in the range 1050 °C that could be practical for

] purification purposes. Good selectivity (high fusion partition-
The series of homogeneous surfactants used was C10EOZng, |ow EGIc partitioning) was achieved at the high

C10EQ3, C10 EO4, and C10EOS. In this series the balancetemperature end of the surfactant phase C10E3 and the
between the hydrophobic and hydrophilic groups shifts middie part of the lower temperature phase of C10EA4.
toward more hydrophilic. This property of a surfactant is |ncreasing the temperature further in the C10E4 experiments
described as the hydrophitidipophilic balance (HLB) in  would probably have resulted in a similar good selectivity
the literature 21). On the basis of the result with the technical as seen for the surfactant phase of C10E3. A phase diagram
grade surfactants it would be expected that HFBI would have for C12-18E05 has been prepar&d)and is similar to that

the highest affinity toward the most hydrophobic surfactant of C10E4. We also noted a similar volume behavior with
while fusion protein would require a more hydrophilic similar (pivotal phase behavior) minima and maxima for
surfactant. The C10EO3 surfactant describes how the separac12-18E05 and C10E4 (data not shown). From the phase
tion of the fusion proteins depends on the surfactant diagram we can see that the separation described for C12-
properties (see Figure 5). The cloud point occurred at 30 18EQS in this paper was performed at the middle part of
°C, with an initially very large surfactant volume (C12- the first phase. We conclude that separation behavior of the
18EOS5 showed a similar behavior in this respect). The proteins seems to be dependent on the phase structure of
partitioning of the isolated fusion partner EGIc was low, the the surfactant, but for practical purposes different optimal
K-value was about 1 at maximum. However, because theconditions may be found at different temperatures. Espe-
volume of the surfactant was about 70% at its maximum, cially, it seems that robust separation temperatures could be
even this partitioning caused a significant part of the EGIc achieved using conditions corresponding to the phase of
to partition to the surfactant phase. When the temperatureC10E3. In practice, the thermal stability of the target protein
was increased, the partitioning remained low, and as themay determine the optimal conditions for separation.
surfactant volume decreased, so did the yield. The partition- Despite, or perhaps due to, its heterogeneous character the
ing of HFBI increased as the temperature increased. At thetechnical grade C12-18EO5 worked very well for the
same time the surfactant volume decreased, but the yieldpurification of the hydrophobin fusion proteins. The method
remained high because these factors compensated each othexas robust and repeatable. For preparative purification of
The behavior of the fusion protein was a combination of the fusion proteins, surfactant extractions must be performed with
properties of the two components. The partitioning of the technical grade surfactants because of the very high price
fusion protein was much lower than that for HFBI but still of homogeneous surfactants. This seems to pose no problems,
significantly higher than for the target protein. In an especially since the best yields were obtained with the
optimization of the temperature, the most efficient separation technical grade surfactants. It is even possible that the
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mixture including free polyoxyethylene and lipid alcohol
chains may improve the separation.

Remoal of Surfactant from the Extracted Protein by The described scheme for protein production fulfills most
Isobutyl Alcohol ExtractionFor the use of the surfactant réquirements for a good purification method. As long as the
extraction for preparative protein purification there must be temperature of the mixture can be controlled within a few
a practical way of recovering the protein from the surfactant degrees, the method is very robust. The extraction offers a
phase. Isobutyl alcohol extraction has been described previ-900d volume reduction in the sample and high yield and is
ously as a method of recovery in similar purification schemes Very selective. In practice, the only impurity is any free
(35). For purifying wild-type hydrophobins, isobutyl alcohol hydrophobin present in the qulture supernatant. The prob!em
proved to work well in a comparison to other similar ©f €ndogenous hydrophobin can be avoided by making
compounds in our earlier work3®). In the current work, strains where the hydrophobins have been knockedl@ut (

we found that the isobutyl alcohol extraction was very robust 1€ technical grade surfactants are not typically used
and gave good yields. We did not observe any denaturationPiochemical reagents but are, however, easily obtainable from

of any of the proteins in the presence of isobutyl alcohol, SUPPliers. The cost of the surfactant for purifyid L of
but this may be a concern for other more labile target culture supernatant is less than $1.00 [based of the cost of

proteins. It has been observed previously that branchedBerOI 532 (Ak_zo Nobel, _personal communication)]. The
alcohols, like isobutyl alcohol, are less denaturing than ATPS method is also easily scalable. Experiments could be

unbranched ones. Denaturation of proteins by alcohols is alsoeas'ly made in 10L scale in test tubes or at the scale of
dependent on pH, salts, and temperat8@).(Therefore,

part of the protein drives it back to the aqueous phase when
isobutyl alcohol is added.

tant and temperature carefully, the separation can be opti-

several liters without differences. If one chooses the surfac-
some target proteins may require optimization of these

parameters in the surfactant removal step. Another aIternativeT
e

to surfactant removal is the use of polymers, such as ethylen
oxide—propylene oxide copolymers, as described in3éf

Protein Structure-Function Aspects of Partitioninddy-
drophobins are very special among soluble proteins in their
partitioning into nonionic surfactants. High separation yields
have previously been observed mostly for membrane pro-
teins, such as cholesterol oxidase= 10) and bacterioro-
dopsin K = 51) 38, 39). The recently solved structure for
HFBII gives some clues to how the separation might function
(17). A striking structural feature of HFBII is that the
structure is highly stabilized by four disulfide bonds. In fact,
much of the protein’s interior is made up of Cys residues.
On the surface of the protein there is very clearly a
hydrophobic patch of aliphatic side chains. The residues are
highly conserved in hydrophobins belonging to the same
class and do not include any aromatic side chains. As water-
soluble proteins typically are thought of as having an internal
hydrophobic core that stabilizes the structure, the hydro-
phobin can be thought of as if it had been turned inside out.
It has a hydrophobic patch on the outside, and the core is
instead stabilized by the disulfides. In aqueous solutions,
hydrophobins apparently multimerize with their hydrophobic
patches toward each other. In this way they shield their
hydrophobic patches and become soluble. In our previous
experiments we have shown that both HFBI and HFBII are
soluble to at least 100 mg/mL (unpublished data). Energeti-
cally, the multimers are expected to be unstable, however.
This is seen as a general surface activity of the hydrophobins.
The strong partitioning of the hydrophobins with nonionic

surfactants must depend on how the surfactant structure can

lower the solubilization energy of the hydrophobin. Our
hypothesis is that the tetramer (or other multimer) structure
that forms in water is of intermediate energy. Hydrophobins
will migrate to interfaces that can lower the solubilization
energy of hydrophobins even further. It is interesting that
surfactants can do this, while the isobutyl alcohol phase in

the recovery step does not do this. The reason may be that
the isobutyl alcohol does not have a phase structure that

contains water and is thus not able to solubilize the
hydrophilic part of the protein. Therefore, the hydrophilic

mized for fusion proteins with different sized fusion partners.
his is nonetheless not always required as, for example, C12-
18EOS5 functioned well as an all-around surfactant.
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