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A novel strategy for the purification of recombinantly expressed
unstructured protein domains
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Abstract

We recently found that the larger parts of the endocytic proteins epsin 1 and AP180 consist of an unstructured polypeptide
chain. As a result these segments are completely heat-stable without loss of their functional properties. We have taken
advantage of this fact and developed a combined heat lysis and pre-purification procedure after expressing the disordered
domains inE. coli. This results in the irreversible denaturation and precipitation of the majority of bacterial proteins. The
bacteria are resuspended in a non-denaturing buffer, heated in a boiling water bath and shock-cooled. We demonstrate that
this procedure compared to conventional lysis improves both yield and quality of the purified protein.
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1 . Introduction mediated endocytosis or the recycling of synaptic
vesicles (recently reviewed in Ref. [1]). Epsin 1 and

Most standard procedures for the purification of AP180 are homologous at their amino termini where
recombinantly expressed proteins from bacteria are they have tightly folded globulara-helical epsin
designed to meet the demands of well-structured N-terminal homology (ENTH-) domains. They are
polypeptides. Conditions are kept as physiological as connected to long, flexible polypeptide chains, which
possible in order not to compromise the native fold encompass about 75% of the amino acids and lack a
and function of the desired product. After all, regular secondary or tertiary structure under physio-
proteins are generally assumed to be structured logical conditions [2].
entities even when no information about their sec- A literature search reveals that epsin 1 and AP180
ondary and tertiary structure is available. are in good company. A growing number of publi-

Recently, we found that segments encompassing cations reports the identification of intrinsically
about 75% of the endocytic proteins epsin 1 and unstructured proteins and protein segments especially
AP180 are intrinsically disordered. Both are impli- in higher eukaryotes (reviewed in Refs. [3–5]). Most
cated in the formation of plasma membrane-derived of them are characterized by a combination of low
clathrin-coated vesicles, which play important roles hydrophobicity and high net charge [6]. The follow-
in membrane trafficking events such as receptor- ing examples show the variety of cellular functions

that such proteins are involved in.
First of all, apart from epsin 1 and AP180 other*Tel.: 149-511-532-3912; fax:149-511-532-3903.

proteins involved in endocytic processes have dis-E-mail address: christoph.kalthoff@zellbiologie.mh-han-
nover.de(C. Kalthoff). ordered domains. For example, the light chains of
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clathrin have been shown to be completely heat unstructured regions often contain important prop-
stable and are suspected to be at least partly unstruc- erties of the proteins. In the case of epsin 1 and
tured [7,8]. Furthermore, the cytoplasmic domain of AP180 all known protein–protein interaction sites
E-cadherin, a transmembrane protein involved in the are located within the unstructured segments. For
formation of cell–cell contacts in adherent junctions, instance they are able to bind clathrin, the major
is intrinsically disordered but gains structure upon structural component of clathrin-coated vesicles, and
binding to its interaction partnerb-catenin [9,10]. promote the assembly of single clathrin molecules to
Also large parts of the GTPase binding domains cage-like structures. So far this is regarded as the
(GBD) of the members of the Wiscott–Aldrich most important functional property of both proteins
syndrome protein (WASP) family are natively un- [2].
folded in an aqueous environment but form various On the other hand, the extremely high solubility of
a-helical structures when associated either with an disordered polypeptides offers opportunities to de-
intramolecular domain in an autoinhibitory complex velop novel strategies for their purification. While
or with heterologous activating GTPases [11,12]. almost all folded proteins are sensitive to irreversible
The microtubule associated protein tau is an intrinsi- heat denaturation, their unstructured counterparts are
cally disordered protein [13]. In Alzheimer’s disease normally heat stable. This is because upon irrevers-
mutated tau protein tends to formb-structures and ible denaturation, hydrophobic patches, which are
subsequently polymerizes into the paired helical normally hidden in the inside of the folded structure,
filaments (PHF) that are suspected to be involved in are exposed to the solvent, enter into uncontrolled
the development of the neurodegenerative disorders inter- and intramolecular interactions, and finally
[14]. Also in nucleic acid binding proteins segments form insoluble aggregates. The high content of
without structure are widely spread. As a prominent hydrophilic and charged amino acid residues keeps
example the p160 receptor coactivator and the unstructured proteins soluble even at high tempera-
transcriptional coactivator CBP/p300, which are both tures. For example, it was previously reported that
intrinsically disordered, fold synergistically upon the light chains of clathrin can be purified from a
interaction to form a nuclear hormone receptor and preparation of clathrin triskelia by heat treatment
transcription activator complex [15]. [7,8]. Indeed we have also found that the unstruc-

Interestingly, natively unfolded proteins or protein tured parts of epsin 1 and AP180 are stable at 1008C
domains are especially abundant in higher eukary- without loss of their known functional and binding
otes. Recently, several authors have suggested properties [2].
criteria and algorithms upon which it can be judged Now we have taken advantage of this fact and
from the amino acid sequence of a polypeptide chain developed a heat lysis and prepurification step after
whether it is unstructured or not and applied these expressing the unstructured parts of epsin 1 and
criteria to proteins with unknown structure [5,6]. One AP180 inE. coli. This procedure depletes the vast
of the groups has analyzed the amino acid com- majority of bacterial proteins and therefore also the
positions of the open reading frames of 31 genomes protease activity before entering the actual purifica-
in a systematic study. They predict 41% of all tion procedure.
sequences inDrosophila melanogaster to contain
unstructured segments of 50 amino acids or more
and 17% to be wholly disordered. In contrast to that 2 . Experimental
only 2% of the proteins inE.coli are predicted to be
completely unfolded [5]. 2 .1. Reagents

A problem upon examining unstructured proteins
is that they are particularly sensitive to protease The affinity purified polyclonal peptide antibody
degradation, because the whole polypeptide chains against epsin 1 [2] and the monoclonal antibody
are exposed to the solvent and not protected by a mAbAP180.1 against AP180 [16] were described
compact fold. Therefore they are easily accessible previously. As secondary antibodies we used horse-
for proteases. This is especially deplorable since the radish peroxidase coupled goat sera against mouse or
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rabbit IgG from ICN/Cappel (Aurora, OH, USA). In g in a 1.0R centrifuge (Heraeus Instruments, Hanau,
Western blots, the signals were developed using ECL Germany), shock-frozen in ethanol with dry-ice and
reagent and films (Amersham Pharmacia Biotech, stored at280 8C until further use. Using this pro-
Freiburg, Germany). cedure a 1-l culture yielded bacterial pellets with a

If not stated otherwise all other reagents were wet weight of|3 g.
purchased from Sigma (Taufkirchen, Germany) in
the highest quality available. 2 .4. Lysis and pre-purification

2 .2. Cloning The bacterial pellets were thawed and resuspended
rapidly in 10 ml of lysis buffer (50 mM sodium

The unstructured regions of epsin 1 (amino acids phosphate buffer, 300 mM NaCl, 10 mM imidazole)
144–575) and AP180 (amino acids 328–896) were under addition of 3 mM b-mercaptoethanol. For a
cloned into pQE30 series vectors (Qiagen, Hilden, pellet obtained from a 1-l culture of bacteria, 10 ml
Germany) as described previously [2] (Fig. 1). of lysis buffer were used. As soon as a homogeneous

suspension was obtained the tube was sealed, placed
2 .3. Expression in a boiling water bath and incubated for 5 min under

continuous agitation. Then it was immediately trans-
All media and solutions were prepared as de- ferred into blended NaCl and ice-water with a

scribed [17]. The expression vectors with the inserts temperature of210 8C where it again was incubated
were transformed intoE. coli BL21 CodonPlus for 5 min under agitation. The bacterial debris and
(Stratagene, LaJolla, CA, USA). An overnight cul- the formed precipitates were pelleted by centrifuga-
ture of the bacteria was diluted 1:100 in LB medium tion for 15 min at 117,000g in a Type 70Ti rotor
containing 50 mg/ml each of ampicillin and (Beckman Coulter). An illustrated flow chart of this
chloramphenicol. The cells were grown at 378C to procedure is shown in Fig. 2.
an optical density ofA |0.5. Protein expression A non-denaturing preparation was performed ac-600 nm

was induced using 0.5 mM isopropylthiogalactoside cording to the suggestions of the manufacturer of the
and performed for 3 h at 258C. The bacteria were affinity purification matrix (Qiagen) and served as a
cooled on ice and washed twice by pelleting them for control. The bacteria were thawed and resuspended
15 min at 6000g in a JA-10 rotor (Beckman Coulter, rapidly in lysis buffer. For a pellet resulting from a
Fullerton, CA, USA) and resuspending them in ice- 1-l culture of bacteria, 9 ml of lysis buffer were used.
cold phosphate buffered saline (PBS, 137 mM NaCl, When the suspension was homogeneous, another 1
2.7 mM KCl, 1.9 mM KH PO , 8.2 mM Na HPO ). ml of lysis buffer with 10% Triton X-100 was added.2 4 2 4

The bacteria were finally transferred into a 50-ml Lysis was performed for 10 min on ice. Then the
polypropylene tube (Greiner, Frickenhausen, Ger- lysate was sonicated three times for 10 s using a
many), pelleted by centrifugation for 20 min at 3300 Sonifier 250C (Branson, Hartford, CT, USA) with an

Fig. 1. Schematic view of the domain structures of epsin 1 and AP180 as well as the recombinantly expressed fragments used in this work.
Both full-length proteins have an epsin N-terminal homology (ENTH-) domain at their amino terminal ends. The rest of the proteins is
unstructured. The fusion proteins with the fragments encompass most of the disordered parts of both proteins.
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Fig. 2. Flow chart of the lysis procedure. The bacterial pellet is thawed, resuspended in lysis buffer and incubated in a boiling water-bath for
5 min. After that it is immediately shock-cooled in a NaCl / ice-water slurry. Finally the lysate is cleared by centrifugation.

output of 40 W. Finally it was clarified by centrifuga- collected in 0.5-ml fractions, which were checked for
tion as described above for the heat lysis. protein content. The appropriate fractions were com-

For better comparability of further purification, the bined.
buffer system recommended by Qiagen was chosen
for both lysis strategies. 2 .6. Analysis of the purification

2 .5. Affinity purification From all steps of the purification, samples were
taken and adjusted to comparable volumes. Only the

The 63His-tagged fusion proteins were purified final eluates were diluted to an identical protein
from the obtained lysates using a Ni-NTA-Agarose concentration. All samples were analyzed by SDS-
matrix (Qiagen). In preliminary tests the maximum polyacrylamide gel electrophoresis (SDS-PAGE)
capacity of Ni-NTA-Agarose for 63His-epsin 1- and subsequent Coomassie staining as well as West-
(144–575) and 63His-AP180-(328–896) was de- ern blot analysis using antibodies against epsin 1 and
termined to be 4 and 2 mg/ml compact gel, respec- AP180. The stained gels and developed ECL-films
tively. To determine the quality of the preparations, a were digitalized using a Duoscan scanner (Agfa,
lysate prepared from 1 l of bacterial culture was Mortsel, Belgium). Further processing of the images
incubated with 1.25 ml of Ni-NTA-Agarose slurry. was performed using Photoshop 5.0 software (Adobe
To determine the maximum yield of a preparation an Systems, San Jose, CA, USA). The intensity of the
excess of matrix was used. The Ni-NTA-Agarose bands was measured densitometrically with NIH-
was incubated with the lysates for 1 h at 48C under Image 1.62 software. For determination of the yield,
continuous rotation. Then the slurry was transferred A of the preparations was measured with a280 nm

into an empty gravity flow column and washed with DU-640 photometer (Beckman Coulter). The protein
10 bed volumes of washing buffer (lysis buffer content was calculated using an extinction coefficient
containing 20 mM imidazole instead of 10 mM). computed from the amino acid composition with
Elution was performed with elution buffer (lysis Protean 1.17 software (DNAStar, Madison, WI,
buffer with 250 mM imidazole). The eluate was USA).
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3 . Results 3 .2. Purity and affinity purification

For this study we have used previously described After heat treatment the protein content of the
constructs [2] with the coding sequences of the lysate is already of astonishing purity. Comparing
disordered regions of epsin 1 and AP180 cloned into the SDS-PAGE of the supernatant after clarification
pQE30 series vectors (Fig. 1). They provide an of the lysate with the product after affinity purifica-
amino-terminal fusion tag with a 63His-cluster for tion (see Figs. 3B and 4A) reveals only a small
easy purification on metal chelate affinity matrices. number of additional bands. Apparently besides the
The advantage of these vectors is that the tag is very elimination of the few heat stable contaminating
short (10 translated amino acids outside the multiple proteins, the metal chelate chromatography serves
cloning site) and therefore does not interfere with the mostly to remove the other components of the
heat stability of the protein of interest. bacterial lysate, such as nucleic acids, peptides and

First approaches to benefit from the high solubility salts.
and heat stability of disordered proteins for prepara- Fig. 4A demonstrates that after heat treatment the
tive purposes revealed that it is important to remove purity of the final products is significantly increased.
contaminating proteins as early as possible in the Especially 63His-AP180-(328–896) is of remark-
purification procedure, in order to obtain products able purity. Most obviously contaminating bands at
with the highest achievable purity (not shown). around 70 kDa are depleted after heat treatment.
Therefore, we tried to establish a protocol in which Even more importantly the share of the desired
heat treatment of the samples is not only used to products in the protein content of the final prepara-
deplete protein contaminations but rather also to tions is considerably higher. Densitometrical analysis
disrupt the bacterial cells. We supposed combining of the SDS-PAGE of the eluates from Ni-NTA-
both purposes in one single step would not only Agarose revealed that compared to the purification
improve the quality of the obtained products but under non-denaturing conditions 63His-AP180-
rather also simplify the protocol and make the whole (328–896) is 29% and 63His-epsin 1-(144–575) is
procedure very efficient. 38% enriched after heat treatment. This is presumab-

ly either due to improved release of the products
from the bacteria upon heat lysis and/or reduced

3 .1. Lysis proteolysis after heat denaturation of contaminating
proteases.

To test this conjecture, we incubated a suspension
of the washed bacteria in a boiling water bath for 5 3 .3. Yield
min and shock-cooled it afterwards in a slurry of
NaCl and icewater (see Fig. 2 for a flow chart). The amount of protein eluted from the affinity
Indeed, this combined lysis and prepurification step purification after heat treatment is 49% higher for
was not only fast and easy but also very effective. At 63His-epsin 1-(144–575) and 21% higher for 63

least 80% of the total protein content was removed His-AP180-(328–896) compared to the purification
while 72% of the 63His-epsin 1-(144–575) and under non-denaturing conditions (see Fig. 4B). Com-
70% of the 63His-AP180-(328–896) remained in bined with the improved purity of the preparations
the supernatant (Fig. 3A). In contrast to that, a lysis the recovery of the desired products was increased
under native conditions using Triton X-100 and by 56% and 106%, respectively.
sonication to break up the bacteria released only 29%
of the 63His-epsin 1-(144–575) and 37% of the
63His-AP180-(328–896). Without any lysis treat- 4 . Discussion
ment only a negligible amount of protein was found
in the supernatant indicating that freezing and thaw- The presented results show that heat-stable recom-
ing alone did not disrupt the bacteria (Fig. 3A and binant proteins expressed in bacteria can readily be
B). purified in large yields in a single step by simply
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Fig. 3. Comparison of the effectivity of the heat lysis with a conventional lysis procedure under non-denaturing conditions. Bacterial
suspension was centrifuged either after no treatment, boiling or native lysis using Triton X-100 and sonication. (A) Western blot of the
supernatants (s) and pellets (p) after centrifugation using antibodies against the proteins indicated on the left. While almost no fusion protein
is released directly after thawing the bacterial pellet, boiling sets free about 72% of the epsin 1 and 70% of the AP180 fragment. In contrast
to that, after native lysis only 29% and 37%, respectively, remain in the supernatant. (B) Coomassie-stained SDS-PAGE of selected samples
of (A). Without any treatment the supernatants contain only few proteins (lanes 1 and 5) thus the integrity of the bacteria is hardly influenced
by freezing and thawing. After heat treatment the majority of the protein is pelleted by centrifugation (lanes 3 and 7). The lysates are highly
enriched of the fusion proteins (lanes 2 and 6) whereas the compositions of the lysates obtained under non-denaturing conditions are much
more complex (lanes 4 and 8).

boiling the bacterial suspension. This method is very low content of intrinsically disordered proteins in
fast and efficient. In less than 30 min from the procaryotes likeE. coli.
moment the bacterial pellet is thawed, a lysate can be The technique is suitable for high throughput
obtained from which more than 80% of the con- purification of a series of proteins with similar
taminating proteins are already removed. This fact is properties. As already mentioned in the Introduction,
presumably possible due to the previously mentioned many unstructured protein segments contain protein–
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Fig. 4. Comparison of the qualities and yields of the protein preparations after affinity chromatography. (A) Coomassie-stained SDS-PAGE
of comparable amounts of protein obtained after boiling (b) and under native conditions (n). Especially in the case of 63His-AP180-(328–
896) the purity of the obtained protein after heat treatment is much better than that obtained after Triton X-100 lysis and sonication. (B) The
yields after the different lysis procedures are given as the amounts of total protein eluted from Ni-NTA-Agarose per liter of bacterial culture.

protein interaction sites. For example, the recombi- dation during purification and therefore increases the
nant proteins we used for this study retain the known yield and purity of the product in the final eluate.
binding properties of the full-length proteins. To Especially, trace contaminations of proteases can be
identify their interaction sites, possible motifs can be a problem because unstructured protein domains are
mutated systematically by site-directed mutagenesis. particularly sensitive to degradation. This can reduce
In such a study, numerous altered proteins need to be the quality of the preparation especially upon storage
purified. If the purification procedure is very time- or incubation in experiments. Our experience shows
consuming it can easily be the limiting step in such a that after heat treatment the long-time stability of the
study. By having a method like the one we present prepared proteins is significantly improved.
here at hand, which allows the purification of a Unfortunately one caveat remains. It cannot be
product with a higher purity and a greater yield in excluded that the extraordinary conditions during the
reduced time, the efficiency of such a study is heat treatment chemically alter the nature of the
significantly improved. This is especially the case amino acid residues. Care should be taken that the
when the number of necessary purification steps is solution is well buffered also at higher temperatures
diminished. (e.g. avoid volatile buffer components) and contains

Furthermore, using the heat treatment step not thiol-reagents such as DTT orb-mercaptoethanol to
only simplifies and accelerates the purification, it maintain reducing conditions. For the proteins we
also increases the yield and, what is probably more used here, we compared properties such as SDS-
important, it improves the purity of the preparations. PAGE mobility, UV-spectra as well as functional and
We assume that the increased purity on the one hand binding capabilities and found no differences be-
is a result of the irreversible denaturation of bacterial tween samples that were heat treated and those
proteins containing His-clusters, which would other- which were not [2]. We recommend to perform a
wise co-purify upon metal chelate chromatography. similar initial characterization with other proteins as
On the other hand, it is conceivable that the heat- well, before this method is adopted.
denaturation of proteases prevents protein degra- With these precautions in mind we think that the
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