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Abstract: Protein purification is a crucial step for various downstream applications like drug devel-
opment, antibody preparation, and structure determination. The constant pursuit is for methods that
are more efficient and cost-effective. We propose a novel approach using an elastin-like polypep-
tide (ELP) as an aggregation core that serves as an anchor between the beads in a chromatography
column. In this method, a chilled sample containing a [target protein type] fusion protein is loaded
onto a pre-equilibrated IMAC (immobilized metal affinity chromatography) column with a low-salt
buffer. The column is then washed with a warm buffer containing high salt to remove impurities.
Here, the key step involves warming the column above the ELP’s transition temperature (Tt), which
triggers its aggregation. This aggregation is expected to trap the target protein tightly between the
beads. Subsequently, a harsh wash with high salt and high imidazole can be applied to remove even
persistent contaminants, achieving high protein purity. Finally, the temperature is lowered, and a
cold, low-salt buffer is introduced to reverse the aggregation and elute the purified target protein.
This method has the potential to eliminate the need for sophisticated chromatography systems while
still achieving high protein purity.
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1. Introduction

Protein purification is crucial for various applications, particularly structure-based
drug discovery, where highly purified proteins are essential [1,2]. Recombinant protein
production has gained momentum due to advancements in molecular biology techniques
like PCR, enabling mass production and the purification of proteins of interest [3,4]. These
recombinant proteins find diverse applications in vaccines, therapeutics, and diagnostics [4].
Escherichia coli remains the primary choice for recombinant protein production due to its
rapid growth, cost-effective culture, and high protein production capacity [5-8]. Gene intro-
duction into E. coli via plasmids allows for controlled protein expression upon induction [4].
Following expression, protein purification methods like precipitation or chromatography
are employed depending on the protein’s characteristics [2]. Affinity chromatography is
the preferred method for the efficient purification of recombinant proteins [9].

Several strategies have been developed to expedite and enhance recombinant protein
purification including fusion proteins incorporating tags like glutathione S-transferase
(GST), maltose binding protein (MBP), or polyhistidine facilitate protein production and pu-
rification [10-12]. Alternatively, signal peptides can be used for periplasmic secretion [13,14],
and aggregation tags can be employed to induce protein precipitation during purifica-
tion [15]. The affinity purification of GST or MBP fusion proteins utilizes resins containing
glutathione or maltose, while polyhistidine tags are purified using resins with immobi-
lized metal ions. Periplasmic secretion simplifies purification due to the lower abundance
of contaminating proteins compared to the cytoplasm [13]. Precipitation tag fusion pro-
teins can be purified by manipulating factors like temperature or salt concentration [15].
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The elastin-like polypeptide (ELP) employs a method called inverse temperature cycling
(ITC), which necessitates centrifugation at elevated temperatures, posing limitations for
low-temperature compatible centrifuges [16].

This study presents a novel method termed ‘aggregation-assisted chromatography’ for
the high-purity purification of a fusion protein harboring both a precipitation tag and a poly-
histidine tag. The method utilizes an immobilized metal affinity chromatography (IMAC)
column with temperature and salt adjustments to achieve high purity. Notably, this tech-
nique leverages buffer temperature control to adjust column temperature, enabling high-
purity manual purification without the need for expensive chromatography equipment.

2. Materials and Methods
2.1. Plasmid Construction

The starting plasmid was pVP65KR-SacB(-)I48 [17,18]. The nine proteins we tested
were MBP, S-peptide, MazE, MazF, CcdB, SH3BGRL1, GLRX3, GLRX4, and I48ELP (Table 1).
The corresponding gene fragments were either synthesized (S-peptide, MazE, MazF, CcdB,
SH3BGRL1, GLRX3, GLRX4) or amplified from templates (MBP). All fragments were
equipped with AsiSI and Pmel restriction sites at 5'- and 3/-terminus, respectively. The
vector pVP65KR-MBP-148 and each fragment were digested with AsiSI and Pmel, purified,
and ligated together. The correctly inserted plasmids were screened and selected. We also
produced 148 alone from 148 ELP plasmid [19].

Table 1. Summary of proteins tested in this report. Values were predicted by ProtParam in Expasy
server (https://www.expasy.org, accessed on 16 May 2024).

i N el A Gt
Acids Index Index (GRAVY)

CcdB 101 11,706 6.08 28.88 94.46 —0.162
MazE 82 9355 472 52.26 109.27 —0.299
MazF 111 12,098 8.49 39.97 85.14 —0.093
S-peptide 20 2166 6.76 38.39 25.00 —0.980
GLRX3 83 9137 6.71 55.92 85.90 —0.314
GLRX4 115 12,878 4.69 59.40 87.48 —0.272
SH3BGRL1 114 12,774 522 49.88 65.18 —0.691
MBP 366 40,209 5.07 19.39 83.28 —0.331
148 243 20,698 5.27 30.88 134.32 1.245

2.2. Protein Production

The Rosetta2(DE3)pLysS cells harboring the plasmid with the target gene were in-
oculated to 500 mL of LB medium from a frozen stock and grown at 37 °C. The culture
was induced with IPTG to the final concentration of 0.1 mM when it reached ODgg of
0.8. The culture was further grown at 14 °C and harvested 24 h later. The harvested cells
were resuspended in 20 mL of 10 mM PBS buffer (10 mM sodium phosphate pH 7.4 with
150 mM NaCl) and stored at —80 °C.

2.3. Protein Purification by Aggregation-Dispersion Chromatography

The frozen cells were thawed and disrupted by sonication. Triton X-100 was added
to the final concentration of 1%. The cell lysate was centrifuged at 15,000 rpm at 4 °C for
30 min. The supernatant was retained and loaded onto the cold HiTrap Chelating HP 5 mL
column (Cytiva, Marlborough, MA, USA) by using a syringe with an adaptor fitting the
column inlet. This column had been placed on ice for 1 h before use. The column was
washed with 15 mL of 10 mM warm (room temperature) PBS with 10 mM imidazole. This
warm buffer had been placed on the lab bench at room temperature (around 22 °C) for 1 h
before use. The column was successively washed with 15 and 20 mL of warm PBS with
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250 and 500 mM imidazole, respectively. The column was put in ice for 20 min, and 25 mL
of ice cold 10 mM PBS with 500 mM imidazole was applied to elute the bound protein.
This cold buffer had been placed on ice for 1 h before use. This procedure is illustrated in
Figure 1. The purity of the protein was analyzed by SDS-PAGE.

warm warm cold cold
washing washing elution elution

‘-hohed

mixed state warm state mixed state cold state

high salt low salt

Figure 1. Schematic diagram of aggregation-assisted chromatography. “Cold” and “warm” mean the
ice-cold and room temperature, respectively.

3. Results and Discussion
3.1. Protein Production in E. coli

To facilitate the selection of clones containing the target protein during protein pro-
duction, we employed a reporter gene strategy. The genes of interest were inserted into
the plasmid pVP65KR-SacB-148, replacing the SacB gene. This plasmid also contained the
mCherry fluorescent protein gene under a constitutive promoter. When transformed into
Rosetta2(DE3)pLysS cells, a strain optimized for protein production, this vector allowed for
co-translational expression of both the target protein and mCherry. If the transformation
and protein production are successful, the culture appears red/purple due to mCherry
expression [17,18]. While a color change does not guarantee the successful production
of the target protein itself, cultures that did not turn purple clearly indicated a failed
transformation or protein production event.

Among the many elastin-like polypeptides (ELPs) tested, we chose 148 for further
experiments. 148 is a polypeptide with 48 repeating units of the amino acid sequence GPGIG
(glycine-proline-glycine-isoleucine-glycine). Two key factors influenced this selection.
Firstly, the transition temperature (Tm) of 148 is around 22 °C, which is close to room
temperature, facilitating easier handling during protein purification steps [19]. Secondly, the
size of 148 is approximately 22 kDa, minimizing potential steric hindrance and improving
the final yield of the target protein.

3.2. Protein Purification by Aggregation-Dispersion Chromatography

We explored a novel method for purifying target proteins fused with elastin-like
polypeptides (ELPs) using immobilized metal affinity chromatography (IMAC). This
method employs a prepacked IMAC column operated manually with a syringe for sample
loading and buffer flow. A key feature is the stepwise modification of temperature and
buffer conditions during the purification process. To minimize target protein aggregation,
the samples were maintained at low temperature before loading onto the cold column.
After loading, a warm buffer containing high salt and imidazole was applied to remove
contaminant proteins. As shown in Figure 1, this strategy allowed for the efficient elution
of target proteins under these harsh washing conditions, likely due to the stabilizing effect
of the ELP tags.
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It is very advantageous that a high salt and high imidazole buffer can be applied
because there are several indigenous E. coli proteins known to bind to the IMAC column [20].
It is evident that the aggregate is large enough not to be eluted from the column. The
SDS-PAGE results of SH3BGRL1, GLRX3, GLRX4, and I48ELP are in the Supplementary
Materials. Interestingly, MBP-I48, a fusion protein containing maltose binding protein
(MBP), exhibited different behavior. MBP is a well-known solubilization tag that is used to
enhance the solubility of the recombinant proteins in E. coli [21]. While other target proteins
eluted during the cold imidazole elution step (Figure 2), MBP-I48 eluted in the warm wash
step (Figure 3). We hypothesize that the larger size of MBP compared to other fusion
partners might hinder the aggregation of the ELP moiety at room temperature. This could
result in the formation of smaller aggregates that could pass through the beads during the
washing step. SDS-PAGE analysis (provided in the Supplementary Materials) confirmed
the successful purification of other target proteins using this method.

The capacity of the HisTrap column used was 40 mg of protein per mL of resin.
Based on the manufacturer’s specifications, the average bead size was 34 um (radius of
17 pm). Calculations assuming spherical beads suggest that a single bead can bind up
to 1.2 x 10'0 protein molecules (e.g., a 40 kDa protein). At maximum binding capacity,
the proteins would essentially occupy the entire surface area of the bead. In this scenario,
we propose that the ELP moieties from different fusion proteins are in close proximity,
potentially allowing them to form interlocked aggregates at room temperature and high salt
concentrations. These aggregates, formed either from the same bead or from neighboring
beads, could become physically trapped within the column matrix, hindering elution
during the high imidazole and salt wash step. Furthermore, smaller proteins might form
even stronger interlocking networks due to their ability to pack more densely on the
bead surface.
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Figure 2. Cont.
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Figure 2. SDS-PAGE gel images of four target proteins fused to 148 along the purification steps.
Molecular sizes are denoted next to the size marker bands. (A) mazF-148 (34.9k). Lane 1, Size marker;
lane 2, flow-through fraction upon loading on to HisTrap column; lanes 3, 4, and 5, elution fractions
with 10, 250, and 500 mM imidazole at room temperature; lane 6, elution fraction with 500 mM
imidazole at ice cold temperature. (B) mazE-148 (32.2k), lanes 1 to 7, and ccdB-148 (34.5k), lanes 8 to
15. Lanes 2 and 3, soluble and insoluble fractions of cell lysate; lane 3, flow-through fraction upon
loading on to HisTrap column; lanes 4, 5, and 6, elution fractions with 10, 250, and 500 mM imidazole
at room temperature; lane 7, elution fraction with 500 mM imidazole at ice cold temperature; lane
8, size marker; lanes 9 and 10, soluble and insoluble fractions of cell lysate; lane 11, flow-through
fraction upon loading on to HisTrap column; lanes 12, 13, and 14, elution fractions with 10, 250, and
500 mM imidazole at room temperature; lane 15, elution fraction with 500 mM imidazole at ice cold
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temperature. (C) S-148 (25k). Lane 1, whole cell lysate; lanes 2 and 3, soluble and insoluble fractions
of cell lysate; lanes 4 and 5, flow-through fractions upon loading on to HisTrap column; lanes 6, 7, 8,
and 9, elution fractions with 10, 50, 250, and 500 mM imidazole at room temperature; lane 10, size
marker; lane 11, elution fraction with 500 mM imidazole at ice cold temperature.
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Figure 3. SDS-PAGE gel images of MBP-148 (63.4kDa) along the purification steps. All buffers
contained 10 mM sodium phosphate pH 7.4 with 150 mM NaCl. Lane 1, Size marker; lane 2, flow-
through fraction upon loading on to HisTrap column; lanes 3, 4, and 5, elution fractions with 10, 250,
and 500 mM imidazole at room temperature; lane 6, elution fraction with 500 mM imidazole at ice
cold temperature. Molecular sizes are denoted next to the size marker bands.

Typical parameters of the tested proteins were compared, and no parameters unique
to MBP were seen (Table 1). What is unique about MBP is that it is larger than the other
proteins tested, and the size may hinder the aggregation of 148 by non-specific interaction.
The net result would have been earlier elution from the column during the washing phase.
However, as in our previous paper, MBP-148 was shown to form aggregates above its
transition temperature. We speculate that MBP-148 forms an aggregate whose size is small
enough to move through the beads. That is, the size of the aggregate does seem to be
affected by that of the fusion partner.

The reason why we chose IMAC for this aggregation-dispersion method was quite
fortuitous. In another research project, we produced and purified ELP tagged proteins to
study protein—protein interaction. We used a low pressure liquid chromatography system,
and purified the proteins without the ELP tag using the conventional imidazole gradient
elution. However, when we tried to purify the desired protein with the ELP tag, it did
not elute from the column, no matter how much we increased the NaCl or imidazole
concentrations. This was when we realized the potential of the ELP tag to form aggregates
at room temperature. By simply lowering the temperature of the column by applying
the cold elution buffer, thus dispersing the large aggregates into monomers or smaller
oligomers, we could obtain what we wished.
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3.3. Comparison with Other Aggregation Tags

Researchers have developed various aggregation tags for column-free protein purifi-
cation methods [15]. Two representative methods are the inclusion body strategy and ITC
using ELP constructs [22,23]. The inclusion body strategy, while applicable to proteins
expressed in mammalian cells, presents a significant challenge in the refolding step. This
refolding process often requires specific and carefully controlled conditions such as pre-
cisely regulated pH, temperature, and the presence of specific molecules to assist protein
folding. Unfortunately, these optimal conditions can be difficult to predict and vary greatly
between different proteins. As a result, the inclusion body strategy can be time-consuming
and have a low success rate, especially for complex proteins. On the other hand, the ITC
employing ELP constructs suffers from inefficiencies in both yield and processing time.
This drawback stems from the necessity of repeated cycles of rinsing and centrifugation.
These cycles are crucial for achieving the desired level of protein purity. However, each
rinse-centrifugation step results in some protein loss, ultimately reducing the overall yield.
Additionally, the repetitive nature of this process significantly extends the purification
time. This becomes a major bottleneck, especially when dealing with large-scale protein
production. The simplicity of our method by using stepwise washing/elution offers an
advantage of performing a manual operation of column chromatography, yielding highly
pure proteins in a short amount of time without the need for sophisticated, expensive, and
automated machines. Even though IMAC is an affinity chromatography, there are proteins
that bind to the Ni-agarose/sepharose resins through non-specific interactions, and these
interactions are quite strong, so the contaminants are not separated well from the desired
one, even with the automated gradient elution. This especially becomes a problem when
the desired protein elutes at low imidazole concentrations. As for large proteins like MBP,
we speculate that if a longer ELP is used, our method can be applied better, because the
size of the ELP can overcome that of MBP or larger proteins. However, since a longer ELP
has a lower transition temperature, it may aggregate at too low a temperature, and the
dispersion may become difficult, even with the ice-cold buffer. To counter this lowering of
the transition temperature, the X residue in the VPGXG pentapeptide repeat of ELP should
be chosen to have a lower aggregation tendency: such an ELP will maintain its transition
temperature slightly lower than the room temperature like 148. In this way, the cold and
warm buffers can be within the easily controllable range, and the desired protein can be in
the native conformation throughout the purification procedure.

4. Conclusions

We developed a new chromatography technique that employed the physical aggre-
gation of ELP and showed promising results through our target proteins. Our technique
offers a simple and rapid purification of a desired protein by manually operating an IMAC
column through the use of cold and warm buffers, and a harsh washing condition such as
500 mM imidazole. By carefully selecting the X residue in the pentapeptide repeat of ELP
and the repetition number, this method can be applied to the purification of a large variety
of proteins.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations11120335/s1, Figure S1: SH3BGRL1-148; Figure S2: GLRX3-148;
Figure S3: GLRX4-148; Figure S4: 148 ELP; Figure S5: His-malFP2; Figure S6: His-SH3; Figure S7:
His-S-protein; Figure S8: Plasmid map of pVP65KR-SacB-148.
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