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ABSTRACT 

Studying pathogenic effects of amyloids requires homogeneous amyloidogenic peptide samples. 

Recombinant production of these peptides is challenging due to their susceptibility to aggregation 

and chemical modifications. Thus, chemical synthesis is primarily used to produce amyloidogenic 

peptides suitable for high resolution structural studies. Here, we exploited the shielded 

environment of protein condensates formed via liquid-liquid phase separation (LLPS) as a 

protective mechanism against premature aggregation. We designed a fusion protein tag 

undergoing LLPS in  

E. coli and linked it to highly amyloidogenic peptides, including Aβ amyloid. We find that the 

fusion proteins form membraneless organelles during overexpression and remain soluble. We also 

developed a facile purification method of functional Aβ peptides free of chromatography steps. 

The strategy exploiting LLPS can be applied to other amyloidogenic, hydrophobic, and repetitive 

peptides that are otherwise difficult to produce. 

 Cost-effective and high-yield production of amyloidogenic peptides, associated with several 

neuropathologies,
[1]

 remains an important challenge for their detailed structural and in vitro 

investigations. For example, NMR-based spectroscopic studies require isotopically-labelled peptides 

to obtain their high-resolution three-dimensional structures.
[2,3]

 There are currently two main 

methods used for amyloidogenic peptide production, namely solid-phase peptide synthesis (SPPS)
[4]

 

and recombinant expression.
[5]

 SPPS is usually a straightforward way to obtain many peptides. 

However, synthesis of aggregation-prone and amyloidogenic sequences is often challenging due to 

their high hydrophobicity and self-assembling tendencies.
[6]

 Therefore, it is usually difficult and very 

costly to produce sufficient quantities of these peptides, especially isotopically labelled. 

 In contrast, recombinant expression of amyloidogenic peptides in Escherichia coli (E. coli) is 

less expensive, more suitable for large scale production, and can be combined with isotope 

labelling.
[5]

 However, high yield production of peptides is affected by their inherent propensity to 

aggregate and associated toxicity.
[2]

 These challenges can potentially be solved by the formation of 

insoluble inclusion bodies in the host cells.
[7] 

Nevertheless, extraction of the peptides from the 

inclusion bodies is often time-consuming, require use of harsh denaturing agents, and may lead to 

only partial refolding of purified peptides, thus affect their biologically-active conformations.
[8]

 

Hence, peptides recovered from inclusion bodies may not be ideal for highly sensitive NMR studies. 

 Solubility tags may prevent aggregation of recombinant proteins during expression, allowing 

the use of purification methods under non-denaturing conditions.
[9]

 However, tags must be cleaved 
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off from the fusion partner after protein expression, requiring an additional purification step. The 

cleavage is usually achieved by proteolytic enzymes or chemically induced and requires specific 

reaction conditions that may sometimes lead to chemical modifications of the target peptide.  

 To overcome these challenges, it is desirable to produce recombinant amyloidogenic 

peptides that do not prematurely aggregate in the host cell, while at the same time preventing their 

sequestration in inclusion bodies. In this study, we hypothesized that this could be achieved by 

fusing amyloid peptides to a peptide domain that rapidly forms membraneless organelles within the 

host cells via liquid-liquid phase separation (LLPS). Membraneless organelles are highly concentrated 

microdroplets that phase-separate from a homogenous solution of biomolecules.
[10,11]

 Unlike 

inclusion bodies, concentrated macromolecules within these organelles are not aggregated but 

maintain a high mobility,
[12]

 resulting in liquid-like properties. Initially discovered in eukaryotic 

cells,
[10]

 membraneless organelles have recently been achieved synthetically in E. coli.
[13]

 We 

reasoned that by forming liquid condensates, the expressed fusion proteins would bury the 

hydrophobic amyloidogenic domains and prevent early aggregation. To achieve this, we designed a 

fusion tag derived from histidine-rich beak protein 1 (HBP-1), which we recently found to exhibit 

single-component LLPS.
[14,15]

 

 As model peptides, we selected sequences that are notoriously difficult to produce with both 

SPPS and recombinant expression methods, i.e.: (i) two peptides from the highly amyloidogenic 

regions of the transforming growth factor β-induced (TGFBI) protein associated with corneal 

dystrophies,
[16,17]

 which were previously shown to be highly insoluble in an E. coli-based 

expression;
[18]

 and (ii) an engineered variant of Aβ 17-40 peptide (Aβ-P3*) associated with 

Alzheimer’s disease.
[19]

 Aβ-P3 exhibits faster kinetics of fibril formation than other full-length Aβ 

peptides,
[20]

 resulting in increased cytotoxicity in cultured neuronal cells.
[21]

 Because it lacks the N-

terminus region of other Aβ peptides that helps maintain partial solubility,
[22]

 Aβ-P3 peptide is very 

unstable, resulting in accelerated aggregation and self-assembly of fibrils almost immediately after 

production.
[20]

 Using fluorescence imaging, we find that following overexpression the fusion 

constructs form membraneless organelles in E. coli, subsequently facilitating their purification while 

at the same time preventing premature aggregation. Once the LLPS-forming tag is cleaved off, the 

amyloidogenic peptides spontaneously self-assemble into amyloid fibrils amenable to structural 

studies as shown from TEM observations. Additional hydrophobic and repetitive sequences that 

have been challenging to express in soluble form were also produced to broaden the applicability of 

the tag. 
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 In a recent study we showed that truncated HBP-1 protein variants can undergo LLPS in a 

similar way as the full-length protein. We also found that a specific sequence motif from the 

repetitive modular sequence of the C-terminal region of the protein drives LLPS.
[15]

 Since the N-

terminal domain of the protein does not contribute to LLPS, we speculated that its role might be to 

facilitate expression of the repetitive and hydrophobic –and thus aggregation-prone– C-terminal 

sequence. Using this knowledge, we designed a HBP-1-derived sequence called BEAK-tag composed 

of the (non-repetitive) N-terminal region of HBP-1 and part of the repetitive modular domain 

(responsible for initiating LLPS) (Figure S1). We then tested whether it could be used to facilitate 

expression of amyloidogenic peptides and other repetitive and hydrophobic sequences (Figure S2, 

Figure 1).  

 

Figure 1. Schematic expression and purification process of BEAK-tagged amyloidogenic peptides.  

a) Expression of the fusion proteins leads to the formation intracellular condensates. Proteins within 

the condensates are highly concentrated but remain fluidic due to BEAK-tag properties, thus 

preventing premature aggregation of the amyloidogenic peptide. b) Purification protocol based on 
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low pH extraction form the soluble fraction. The Aβ-P3*peptide can be obtained without additional 

chromatography purification (as described in the lower-right box). 

 

Fluorescent microscopy was used to monitor protein expression inside bacterial cells. Approximately 

1 – 2 hours after inducing protein expression, we observed the appearance of condensed structures 

in the polar regions of the bacterial cells for all constructs under study. Very similar structures have 

recently been observed in E. coli for silk-
 [13]

 and resilin-
 [23]

 like proteins and were described as 

protein condensates typically observed in membraneless organelles.  

 

Figure 2. Fluorescence microscopy and phase contrast images of bacterial cells expressing eGFP-

BEAK-tag-TGFBPIp1 fusion protein. a) Fluorescent condensates localized near the polar regions of 

the cells indicate the formation of membraneless organelles. b) Diffusion of the fluorescent signal 

indicating liquid-like properties of the protein condensates. 

 

 In order to investigate whether the observed structures in our experiments exhibited liquid-

like properties that are typical for membraneless organelles, we mixed the bacterial cells with a lysis 

buffer containing lysozyme, a detergent that disrupts the cell membrane. Incubation of bacterial 

cells in the lysis buffer disrupted the cells’ structures and caused diffusion of cytoplasm into the 

surrounding buffer. At this point, we also observed that the fluorescence signal from the protein 

condensates diffused, indicating that they were also disassembled (Figure 2b and Figure S3). Thus, 

the condensates exhibited liquid-like properties and their constitutive proteins were soluble and not 

randomly aggregated as in the case of inclusion bodies. These results confirmed our hypothesis that 
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the BEAK-tag fusion proteins, upon overexpression in bacterial cells, assembled in protein 

condensates resembling membraneless organelles with their proteins having significant molecular 

mobility (Figure 1a). 

 Next, we expressed the BEAK-tag fusion proteins (without eGFP) and analyzed their solubility 

after cell lysis. All fusion proteins were found in the soluble fraction (Figure S4) and were then 

extracted using a low pH by addition of concentrated acetic acid (Figure 1b). The pH change of the 

soluble fraction (form pH 8.0 of the lysis buffer to approximately pH 3.3 after the addition of acetic 

acid) caused rapid precipitation of most bacterial proteins and other contaminants released from 

bacterial cells during lysis. However, it did not affect the BEAK-tagged proteins, which remained fully 

soluble (Figure S4). The high solubility of the BEAK-tag at low pH was especially beneficial to isolate 

the very hydrophobic Aβ-P3* peptide. Since the aggregation of the Aβ peptides is pH-dependent and 

the fastest aggregation rates were observed at pH 4.5 to 9,
[24]

 using low pH in combination with the 

BEAK-tag allowed to maintain it in solution in the initial step of the purification process. This also 

enabled us to use centrifugation to remove precipitated impurities and obtain a solution of relatively 

pure BEAK-tag-Aβ-P3* fusion protein (Figure S4c). Eventually, incubation of the protein in a low pH 

solution led to its precipitation while the remaining impurities from the cell lysate (soluble in acidic 

pH) remained in solution. The aggregated fusion protein was then collected by centrifugation and 

the protein pellet re-dissolved in NaOH solution. In that way, the purity of the BEAK-tag-Aβ-P3* 

fusion protein was further increased and did not require an additional purification step. On the other 

hand, the extracted BEAK-tagged TGFBIp and repetitive peptides remained fully soluble at low pH 

and thus required a final purification step with reverse phase HPLC (Figure S4a,b). 

 NMR was used to further verify the solubility and integrity of the BEAK-tag-TGFBIp fusion 

proteins after purification. Figure S5 presents an overlay of the
 1

H-
15

N-HSQC NMR spectrum of the 

BEAK-tag (without fused peptide) and the BEAK-tag-TGFBIp fusion proteins. The spectra showed the 

presence of well-resolved cross-peaks that could be readily assigned to the TGFBIp peptides, thus 

confirming that the fusion protein was soluble. 

 Next, the purified fusion proteins were subjected to trypsin cleavage in order to obtain the 

target peptides. Since the solubility of the BEAK-tag is also high at basic pH
[15]

, the cleavage reaction 

could be conducted under optimal pH for trypsin activity. This allowed to obtain pure Aβ-P3* 

peptide without any further purification step. During the cleavage reaction, the concentration of the 

free peptide Aβ-P3* gradually increased leading to its rapid aggregation, while the released BEAK-tag 

remained in solution. As a result, the precipitated Aβ-P3* could be collected by centrifugation and 

then dissolved in NaOH solution. On the other hand, TGFBIp and the repetitive peptides did not 
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aggregate after cleavage and required purification with HPLC. The MW of purified amyloidogenic 

peptides was verified by MALDI-TOF mass spectroscopy (Figure S6). 

 Finally, we tested whether the possible limitations of our expression and purification 

methods could be circumvented using alternative procedures. For example, the use of trypsin for the 

cleavage reaction requires that a target peptide does not harbor any Lys or Arg residues, while low 

pH conditions may affect sensitive target peptides. Thus, we prepared a control construct (His-BEAK-

tag-TEV-TGFBp2), in which an additional His-tag was fused to the N-terminus of the BEAK-tag and 

the trypsin recognition site was substituted with Tobacco Etch Virus (TEV), respectively. We then 

purified the construct using affinity chromatography and successfully cleaved the target peptide 

form the BEAK-tag with TEV protease (Figure S7). 

 

Figure 3. TEM images of the amyloid fibrils formed by amyloidogenic peptides. a) TGFBIp1 at low 

(left) and high (right) magnification. b) TGFBIp2. c) Aβ-P3*. 

 

 Purified amyloidogenic peptides were tested to assess whether they were able to stably and 

spontaneously form amyloid fibers. Investigations with transmission electron microscopy (TEM) 

(Figure 3) clearly showed that all tested peptides formed homogeneous amyloid fibrils with an 
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apparent morphology corresponding to that observed in their SSPS counterparts. TGFBIp1 showed 

long fibrils up to > 200 nm in length within one week of growth (Figure 3a). TGFBIp2 (Figure 3b) 

formed shorter fibrils compared to TGFBIp1. Structural polymorphisms cannot be assessed at the 

resolution provided by TEM and will require further cryoEM investigations. Fibrils formed by Aβ-

P3*peptides (Figure 3c) exhibited a diameter of approximately 20 nm and twists in their ribbon-like 

features, which is consistent with previously observed TEM images of various types of Aβ fibrils.
[20,25]

  

 Overall, our data indicate that LLPS can be exploited to efficiently produce amyloidogenic 

and hydrophobic peptides that are difficult to obtain via SSPS and recombinant expression. 

Following overexpression in E. coli, the BEAK-tag fusion proteins formed protein condensates 

resembling membraneless organelles found in eukaryotic cells.
[10,11]

 The assembly of similar protein 

condensates in E. coli has very recently been reported in other proteins with LLPS properties, 

including silk-
[13]

 and resilin-like
[23]

 proteins. Our results are in line with these studies and show that 

the protein condensates exhibit liquid-like properties. The proteins in the condensates are highly 

concentrated but still fluidic and not aggregated as in the case of insoluble inclusion bodies. These 

results indicate that the hydrophobic sequences within the protein condensates might undergo 

some molecular arrangement that prevent them from aggregating. 

 BEAK-tag not only prevents protein aggregation in vivo but also serves as a solubility tag, 

thereby facilitating purification. Hence, any undesirable chemical modification or incomplete 

refolding of the peptides (as in the case of insoluble expression into inclusion bodies) is minimised. 

In addition, trypsin cleavage enables very efficient enzymatic digestion of target peptides from the 

fusion tag. This simplified procedure is notably related to the absence of any basic residues in the 

BEAK-tag. This potential limitation can be circumvented by engineering the cleavage site. Indeed, 

our data show that fully functional peptides can also be obtained when TEV protease was used 

instead of trypsin. Our approach can therefore be used to obtain pure, very hydrophobic sequences 

such as Aβ-P3* without the need for additional chromatography purification steps, offering 

significant advantages compared to other recombinant expression methods of Aβ peptides that 

often involve long and complex procedures.
[2]

  

 In summary, this proof-of-concept study shows that BEAK-tag can be used to efficiently 

produce amyloidogenic peptides by exploiting LLPS within E. coli, which shields the target peptides 

from premature aggregation. Our expression and purification methods are inexpensive, fast, and 

lead to high yield of functional amyloidogenic peptides. The BEAK-tag can also be used to facilitate 

expression of a range of aggregation-prone sequences, including other fragments of amyloid beta 
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and hydrophobic modular repetitive peptides that are otherwise challenging to produce using 

current recombinant expression and SPPS protocols.  
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