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A protein aggregation platform that distinguishes oligomers 
from amyloid fibrils

Amy Zhang,

Diana Portugal Barron,

Erica W. Chen,

Zhefeng Guo*

Department of Neurology, Brain Research Institute, David Geffen School of Medicine, University 
of California, Los Angeles, Los Angeles, CA, USA

Abstract

Deposition of aggregated proteins is a pathological feature in many neurodegenerative disorders 

such as Alzheimer’s and Parkinson’s. In addition to insoluble amyloid fibrils, protein aggregation 

leads to the formation of soluble oligomers, which are more toxic and pathogenic than fibrils. 

However, it is challenging to screen for inhibitors targeting oligomers due to the overlapping 

processes of oligomerization and fibrillization. Here we report a protein aggregation platform 

that uses intact and split TEM-1 β-lactamase proteins as reporters of protein aggregation. The 

intact β-lactamase fused with an amyloid protein can report the overall protein aggregation, 

which leads to loss of lactamase activity. On the other hand, reconstitution of active β-lactamase 

from the split lactamase construct requires the formation of amyloid oligomers, making the split 

lactamase system sensitive to oligomerization. Using Aβ, a protein that forms amyloid plaques 

in Alzheimer’s disease, we show that the growth curves of bacterial cells expressing either intact 

or split lactamase-Aβ fusion proteins can report changes in the Aβ aggregation. The cell lysate 

lactamase activity assays show that the oligomer fraction accounts for 20% of total activity 

for the split lactamase-Aβ construct, but only 3% of total activity for the intact lactamase-Aβ 
construct, confirming the sensitivity of the split lactamase to oligomerization. The combination of 

the intact and split lactamase constructs allows the distinction of aggregation modulators targeting 

oligomerization from those targeting overall aggregation. These low-cost bacterial cell-based and 

biochemical assays are suitable for high-throughput screening of aggregation inhibitors targeting 

oligomers of various amyloid proteins.
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Using a combination of split and intact β-lactamase constructs, we designed a protein aggregation 

screening platform that can distinguish changes in amyloid oligomers from overall protein 

aggregation.

INTRODUCTION

Amyloid fibrils resulting from protein aggregation are the pathological hallmarks of a wide 

range of human disorders including Alzheimer’s disease, type 2 diabetes, and Parkinson’s 

disease1–3. Although different proteins are involved in different amyloid diseases4, the 

amyloids share common features such as binding to thioflavin T5,6 and cross-β structures7,8. 

Therapeutics targeting amyloids are being actively developed9. One example in drug 

development is US Food and Drug Administration (FDA)-approved monoclonal antibody 

aducanumab targeting Aβ amyloid fibrils in Alzheimer’s disease, although the efficacy of 

aducanumab has been controversial10,11. More recently, Eisai and Biogen reported results 

from the Phase 3 clinical trials of lecanemab, another anti-Aβ antibody, and showed that it 

slowed the rate of cognitive decline by 27% over the 18-month trial period12. Lecanemab 

gained accelerated approval from the FDA in early 2023. These encouraging results 

confirmed the importance of targeting protein aggregation in therapeutic interventions for 

Alzheimer’s and other amyloid-related diseases.

In addition to insoluble amyloid fibrils, protein aggregation, a supersaturation-driven 

process13–15, also leads to the formation of soluble aggregates called oligomers. The Aβ 
oligomers have been shown to cause defects in synaptic transmission16, decrease long-term 

potentiation17, and confer microgliosis18,19. Soluble Aβ oligomers can distinguish dementia 

group from non-dementia individuals when normalized by plaque density20. A growing 

consensus is that Aβ oligomers play a more pathogenic role in Alzheimer’s disease 

than fibrils21,22. However, it is challenging to develop assays that specifically target the 

oligomers. Aβ aggregation is a dynamic process in which different Aβ species, including 

monomers, oligomers of different sizes and structures, and fibrils, co-exist and inter-convert. 

As a result, the processes of oligomerization and fibrillization are intertwined and difficult to 

untangle.

To meet this challenge, we take advantage of the split TEM-1 β-lactamase (BLA) 

system23,24, which has been developed to study protein-protein interactions in protein 
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fragment complementation assays25–27. When each half of the split β-lactamase is fused 

to an Aβ protein, formation of soluble oligomers leads to recovery of β-lactamase 

activity, while both Aβ monomers and fibrils lose activity because the former is unable 

to complement the split β-lactamase and the latter sequesters the enzyme in insoluble 

aggregates. In combination with the aggregation assay using the intact β-lactamase, this 

aggregation platform allows the distinction between oligomerization and fibrillization.

EXPERIMENTAL

Generation of the intact and split β-lactamase constructs

The TEM-1 β-lactamase gene encoding residues 24–286 was amplified from the pET19b 

plasmid using PCR. Restriction enzyme recognition sites for NdeI and BamHI were 

introduced to the 5′- and 3′-end of the β-lactamase sequence via the overhang of the PCR 

primers. DNA sequence encoding a (GGGGS)4 linker and the Aβ42 protein was chemically 

synthesized by Integrated DNA Technologies. BclI and XhoI sites were introduced at the 

5′- and 3′-end of the (GGGGS)4-Aβ42 sequence during DNA synthesis. The TEM-1 

β-lactamase was inserted between the NdeI and BamHI sites of the pET28b plasmid 

to generate pET28b-BLA. Then the DNA fragment consisting of the (GGGGS)4-Aβ42 

sequence was digested with BclI and XhoI, and inserted into the BamHI and XhoI 

sites of pET28b-BLA to generate pET28b-BLA-(GGGGS)4-Aβ42, which is abbreviated as 

BLA-Aβ42. The BLA M180T mutation was introduced to the BLA-Aβ42 construct using 

site-directed mutagenesis. Sanger DNA sequencing was performed to confirm each step 

of molecular cloning process. The final DNA and protein sequences for the BLA-Aβ42 

construct are shown in Figure S1.

To generate the split β-lactamase constructs, deletion mutagenesis was performed using 

the QuikChange mutagenesis kit (Agilent). For the N-terminal half of the BLA construct 

(NBLA), residues 196–286 were deleted from the BLA-Aβ42 construct. The final DNA and 

protein sequences of NBLA-Aβ42 construct are shown in Figure S2. The NBLA-M180T-

Aβ42 was generated by performing the same deletion of residues 196–286 from the BLA-

M180T-Aβ42 plasmid. The NGR tripeptide insertion mutant of NBLA-Aβ42 was created 

by including the NGR coding sequence in the PCR primers. The final DNA and protein 

sequences of NBLA-NGR-Aβ42 are shown in Figure S3. For the C-terminal half of the 

BLA construct, residues 24–195 of the β-lactamase together with the His-tag sequence 

between NcoI and NdeI sites were deleted. Then the CBLA-Aβ42 sequence was cut out 

of pET28b with NcoI and HindIII and inserted to the pCDFDuet-1 plasmid (Millipore 

Sigma) digested with the same restriction enzymes. The final DNA and protein sequences 

of CBLA-Aβ42 are shown in Figure S4. DNA sequences of all constructs were confirmed 

using Sanger sequencing.

The F19D mutation was introduced to the Aβ42 sequence using site-directed mutagenesis 

and the sequence was confirmed with Sanger sequencing.

The NBLA-M180T construct was generated by performing a deletion mutagenesis to 

remove Aβ42 sequence from the BLA-M180T-Aβ42 plasmid. The final DNA and protein 

sequences of NBLA-M180T are shown in Figure S5. To create the CBLA construct, the 
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CBLA fragment was excised from CBLA-Aβ42 using NcoI/BamHI and inserted to the 

pCDFDuet-1 plasmid digested with the same restriction enzymes. The final DNA and 

protein sequences of CBLA are shown in Figure S6.

Growth curve studies of the intact β-lactamase constructs.

The pET28b plasmid containing BLA-Aβ42 constructs were transformed to E. coli C41 

competent cells (Lucigen). There are two variants of BLA: wild-type (WT) and the M180T 

mutant. There are also two variants of the Aβ42 protein: WT and the F19D mutant.

For the growth curve studies of BLA-WT fused with either Aβ42 WT or F19D, a single 

colony was picked to inoculate 20 mL of lysogeny broth (LB) containing 30 μg/mL of 

kanamycin. The culture was incubated at 37°C with shaking at 220 rpm. The next morning, 

the cell density of the overnight cultures was determined using optical density at 600 

nm (OD600nm). Then the overnight cultures were diluted with LB-kanamycin broth to an 

OD600nm of 0.35 for both BLA-Aβ42 and BLA-Aβ42-F19D. In a 15-mL tube, we mixed 8 

μL of isopropyl-β-D-1-thiogalactopyranoside (IPTG, 0.2 M in deionized water) with 8 mL 

of diluted cells (OD600nm of 0.35) to achieve the final IPTG concentration of 0.2 mM. We 

then pipetted 990 μL of these cells to each of the six 1.5-mL microcentrifuge tubes, which 

were labeled 0, 50, 100, 200, 400, and 800 μg/mL ampicillin. We added 10 μL of deionized 

water to the 0 μg/mL ampicillin tube, and 10 μL of ampicillin stock solutions at 5, 10, 20, 

40, and 80 mg/mL to the tubes labeled 50, 100, 200, 400, and 800 μg/mL ampicillin to 

achieve the final ampicillin concentration. Different stock ampicillin solutions were made 

by serial dilutions from the 80 mg/mL solution (in deionized water). We then transferred 

50 μL of the cells to a 384-well white microplate with clear bottom (Greiner Bio-One, 

product number 781095). Each experimental condition consists of four technical repeats. 

The microplate was sealed with a Breathe-Easy cell culture membrane (Electron Microscopy 

Sciences, product number 7053610) and incubated in a SpectraMax iD3 microplate reader 

(Molecular Devices) at 37°C with 1 min of shaking following every 4 min of quiescent 

incubation. Absorbance at 600 nm was measured every 5 min.

For the growth curve studies of BLA-M180T fused with either Aβ42 WT or F19D, the 

same procedure for BLA-WT was followed except the final ampicillin concentrations were 

adjusted to 0, 500, and 1000 μg/mL.

Growth curve studies of the split β-lactamase constructs

For the split β-lactamase constructs, the NBLA-Aβ42 construct on pET28b and the CBLA-

Aβ42 construct on pCDFDuet-1 were co-transformed to E. coli C41 cells (Lucigen) and 

selected using kanamycin and streptomycin double resistance. There are four variants of 

NBLA: NBLA-WT, NBLA-M180T, NBLA-NGR, and NBLA-M180T-NGR. The CBLA 

fragment of lactamase was not modified. When studying the Aβ42 F19D mutant, the F19D 

mutation is present in both the NBLA-Aβ42 and CBLA-Aβ42 constructs.

For the growth curve studies of the split β-lactamase constructs, a single colony was picked 

from the transformation plate to inoculate 20 mL of LB broth containing 30 μg/mL of 

kanamycin and 50 μg/mL of streptomycin. The culture was incubated at 37°C with shaking 

at 220 rpm. The next morning, the cells were diluted to an OD600nm of 0.60 using LB-
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kanamycin-streptomycin. The rest of the procedure is similarly performed as for the intact 

β-lactamase constructs with the exception of different ampicillin concentrations as indicated 

in the results.

Cell lysate preparation

A single colony for the intact β-lactamase construct (BLA-Aβ42), the split β-lactamase-Aβ 
construct (NBLA-M180T-Aβ42 + CBLA-Aβ42), and the split β-lactamase without Aβ, was 

used to inoculate 20 mL of LB broth containing the appropriate antibiotics and incubated 

at 37°C with shaking at 220 rpm. The next morning, 200 μL of the overnight culture was 

used to inoculate 20 mL of LB broth. IPTG was added to a final concentration of 0.2 mM 

when the cells grew to an OD600nm of 0.4. The cells were grown for another hour and then 

pelleted down with centrifugation at 4500 rpm for 20 min. Fresh LB broth was added to the 

cell pellet and the cells were sonicated on ice using a Branson 450 Sonifier (standard tip, 

90% amplitude, pulse mode with 5 s on and 10 s off, 3 min of total on time). An aliquot 

of the sonicated cell lysate was saved as the total cell lysate. The rest of the cell debris 

was pelleted by centrifugation (20,000 g, 30 min, 4°C). Ultrafiltration filters with 0.2 μm 

cutoff were pre-washed by adding 400 μL of water and centrifuged at 14,000 g for 5 min. 

After removing all the water from the filters, we added 500 μL of the cell lysate supernatant 

and obtained the 0.2 μm filtrate after centrifugation at 14,000 g at 4°C. Centrifugation was 

stopped when the volume of the retentate corresponded to the dead volume of the filters. 

Lactamase activity assays were then performed without delay.

Size exclusion chromatography

A Bio-Rad ENrich SEC 650 10×300 column was used for size exclusion chromatography 

(SEC) studies of E. coli cell lysates. The column was equilibrated with PBS buffer (50 mM 

phosphate, 140 mM NaCl, pH 7.4), and calibration was performed using the gel filtration 

standard (Bio-Rad product number 1511901) containing thyroglobulin (670 kD), γ-globulin 

(158 kD), ovalbumin (44 kD), myoglobin (17 kD), and vitamin B12 (1.35 kD). The sample 

volume for the gel filtration standard and the cell lysate is 100 and 250 μL, respectively. The 

flow rate for all chromatography runs was at 1 mL/min. For cell lysate, 0.5 mL fractions 

were collected for β-lactamase activity assays.

TEM-1 β-lactamase activity assay

Nitrocefin (TOKU-E product number N005, >95% purity) was dissolved in DMSO to obtain 

a 5 mM stock concentration. Then a 200 μM working solution was prepared in PBS buffer. 

The TEM-1 β-lactamase activity was determined by mixing 25 μL of the cell lysate with 

25 μL of the nitrocefin working solution in a microplate (Greiner Bio-One product number 

781095) and measuring the absorbance at 492 nm every min for 10 min using a SpectraMax 

iD3 microplate reader (Molecular Devices). The lactamase activity assay was performed on: 

(1) total cell lysate, (2) supernatant after centrifugation to remove cell debris, (3) supernatant 

filtered through a 0.2 μm ultrafiltration filter, and (4) various SEC fractions. Three technical 

repeats for each lysate sample were performed. The sample was diluted as needed to obtain 

the linear range of absorbance change for accurate activity measurements. The β-lactamase 

activity is represented by the slope of the kinetic measurements, which were obtained using 

the LINEST function of Microsoft Excel.
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RESULTS AND DISCUSSION

Design of a protein aggregation platform based on intact and split β-lactamase constructs

In the aggregation process of Aβ and other amyloid proteins, there are three main aggregated 

species: monomers, soluble aggregates (mostly oligomers), and insoluble aggregates (mostly 

fibrils). An effective screening platform distinguishes these three aggregated species, and 

more importantly, it needs to be able to distinguish the changes in a particular species. 

The most pressing need is a screening tool that can specifically monitor the changes in Aβ 
oligomers. To achieve this goal, we utilize a combination of two cell-based and biochemical 

assays. The first system is a fusion protein of Aβ and intact TEM-1 β-lactamase28 (Figure 

1A). The second is a fusion protein between Aβ and split β-lactamase23,24 (Figure 1B). 

TEM-1 β-lactamase is encoded by the ampicillin resistance gene in E. coli and other 

Gram-negative bacteria29. The fusion constructs with β-lactamase allow for the use of E. 
coli cell growth or activity assays with cell lysate to screen for aggregation inhibitors or 

modulators.

The rationale of using the full-length β-lactamase is that formation of insoluble Aβ fibrils 

will sequester lactamase proteins in the Aβ aggregates and may also cause misfolding of 

lactamase proteins, and thus reduce the lactamase activity in E. coli cells (Figure 1A). 

As a result, increased Aβ aggregation would lead to reduced lactamase activity and poor 

cell growth. Previously, Aβ has been fused to reporter proteins such as green fluorescent 

protein30 and dihydrofolate reductase31, and it has been shown that these reporters can 

be used to monitor Aβ aggregation. Aggregation inhibitors can be screened using the 

Aβ-lactamase fusion system for changes in the E. coli growth curve or lactamase activity. 

The shortcoming of the intact β-lactamase construct is that Aβ monomers and oligomers are 

not distinguished because lactamase proteins fused to either are expected to retain activity.

The split lactamase system has one copy of Aβ fused to the N-terminal half of TEM-1 

β-lactamase (NBLA), and another copy of Aβ fused to C-terminal half of β-lactamase 

(CBLA) (Figure 1B). The split β-lactamase system is based on the principle of protein 

fragment complementation assay, which has been widely used to study protein-protein 

interactions25–27. The activity of β-lactamase is restored only when Aβ proteins interact 

with each other in soluble oligomers. In fibrils, even though the two halves of β-lactamase 

can come together, formation of insoluble aggregates would render the enzyme inactive or 

sequester the enzyme from its substrates.

The combination of the split and intact lactamase constructs can distinguish Aβ 
oligomer formation from fibrillization. When used for drug screening, inhibitors of Aβ 
oligomerization would lead to reduced lactamase activity and cell growth for the split 

β-lactamase constructs. However, increased fibril formation would have the same effect. For 

the intact β-lactamase construct, only molecules that promote fibrillization would reduce 

lactamase activity, while oligomer inhibitors would have a muted effect. Therefore, a 

compound that reduces lactamase activity and cell growth in the split lactamase system, 

but does not do so in the intact lactamase system, would be a potential drug candidate that 

specifically inhibits oligomerization.
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Intact β-lactamase constructs.

The intact β-lactamase construct consists of residues 24–286 with Aβ42 sequence fused to 

the C-terminal end via a 20-residue (GGGGS)4 linker (Figure 1A). The first 23 residues of 

β-lactamase form a signal for secretion to periplasm32 and are not included in our fusion 

construct. This allows the fusion protein to be trapped in the cytoplasm. Structural studies 

have shown that the C-terminal region of Aβ is structured in the amyloid fibrils, while 

the N-terminal region is more disordered33–35. Therefore, the Aβ sequence is placed at the 

C-terminal end of β-lactamase so that the C-terminal region of Aβ can freely interact with 

each other during aggregation.

We performed a growth curve study of E. coli cells expressing the intact lactamase-Aβ42. 

The E. coli cells were supplemented with IPTG to induce protein expression, and the cell 

growth was monitored using absorbance measurements at 600 nm in a microplate reader. 

The cells with 0.2 mM IPTG (Figure 2A, red traces) had similar growth curves as the cells 

without IPTG (Figure 2A, black traces), suggesting that overexpression of Aβ fusion protein 

does not have significant effect on cell growth. In the presence of ampicillin, cell density 

decreased initially and recovered after a lag time (Figure 2A). Eventually, the cell density 

in the presence of ampicillin reached similar levels as the cells without ampicillin. With 

increasing concentrations of ampicillin, the cells grew slower and slower, suggesting that the 

amount of lactamase was in a range sensitive to changes in ampicillin concentrations.

To establish that we can use the changes in growth curve as a proxy for changes in Aβ 
aggregation, we introduced the F19D mutation to the Aβ42 sequence. Previous studies have 

shown that the F19D mutation markedly decreased the formation of insoluble Aβ42 fibrils 

both in vivo and in vitro31,36–38. With the F19D mutation, the cell density decreased to a 

lesser extent than Aβ42 wild-type and the cell growth also recovered faster (Figure 2B). 

The difference in growth recovery reflects a higher level of lactamase activity in the F19D 

construct. These results confirm that, with the intact lactamase-Aβ construct, we can use 

bacterial cell growth as a proxy for Aβ aggregation.

To quantify the effect of ampicillin on cell growth, we defined the “growth recovery time” 

as the time from the beginning of the decline in cell density to the time when cell density 

recovers to the same level (Figure 2C, inset). A plot of growth recovery time as a function 

of ampicillin concentration is shown in Figure 2C. We rationalize that the growth recovery 

time represents the time needed for the active lactamase to reduce the ampicillin in the 

culture medium below a growth-permissive concentration threshold. There appears to be 

a noticeable trend that the difference in growth recovery time between Aβ42 wild-type 

and F19D mutant increases with increasing concentrations of ampicillin. As a result, using 

higher concentrations of ampicillin may help detect smaller changes in protein aggregation 

when performing growth curve studies. Because the cell growth in the presence of ampicillin 

depends on the total lactamase activity, and because lactamase proteins in both oligomers 

and monomers are active, the cell growth curve alone does not distinguish contributions 

from Aβ oligomers or monomers. The relationship between different Aβ aggregates and 

lactamase activity are further investigated below using size exclusion chromatography of the 

cell lysates.
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To improve our construct, we introduced an M180T mutation to the β-lactamase sequence. 

The M180T mutation is also referred to as M182T in a numbering system that is based 

on the consensus sequence of class A β-lactamases39. Several previous studies40–45 show 

that the M180T mutation suppresses defects of protein folding and improves lactamase 

stability. Our intent was to see if the M180T mutation would better detect changes in Aβ 
aggregation. We found that the M180T mutation in β-lactamase dramatically increased the 

ampicillin resistance of our fusion protein constructs with both wild-type Aβ42 (Figure 3A) 

and the Aβ42 F19D mutant (Figure 3B). Neither 0.5 or 1 mg/mL ampicillin caused any 

decrease in cell density. These results suggest that, when an enzyme is used as a reporter 

of protein aggregation, too much enzyme activity makes it insensitive to changes in protein 

aggregation. For the intact lactamase construct, the wild-type β-lactamase is more suitable 

than the M180T mutant to monitor Aβ aggregation.

Split β-lactamase constructs.

For the split β-lactamase constructs, the N- and C-terminal halves of β-lactamase, NBLA 

and CBLA (Figure 1B), were split between residues 195 and 196 based on the studies of 

Galarneau et al.23 and Wehrman et al.24. The relative positions of protein of interest and 

the split lactamase constructs may affect the complementation of enzyme activity. Using 

GCN4 leucine zippers (ZIP), Galarneau et al.23 tested various combinations of having the 

protein of interest at either N- or C-terminal side of NBLA and CBLA. They found that the 

order of complementation efficiency is NBLA-ZIP / ZIP-CBLA > ZIP-NBLA / ZIP-CBLA 

> NBLA-ZIP / CBLA-ZIP > ZIP-NBLA / CBLA-ZIP. Wehrman et al.24 put interacting 

protein partners at the C-terminal side of NBLA, but N-terminal side of CBLA. In designing 

the split lactamase-Aβ constructs, our main concern is how the attachment of a fusion 

protein affects Aβ aggregation. Because the C-terminal end of Aβ is more ordered in Aβ 
oligomers46,47 and fibrils33–35, we chose to put Aβ at the C-terminal side of both NBLA and 

CBLA constructs so that movement of Aβ C-terminal region is not restricted by the fusion 

protein.

We performed growth curve studies of E. coli cells expressing NBLA-Aβ42 and CBLA-

Aβ42. The results showed that the cell growth did not recover within the timeframe of 18 

h at ampicillin concentrations of 50 μg/mL or higher (Figure 4A). The cells grew poorly in 

the presence of 25 μg/mL ampicillin. The poor growth of cells expressing wild-type split 

lactamase constructs may be due to lower protein expression levels because the cells need 

to express both NBLA-Aβ42 and CBLA-Aβ42, in comparison with just one protein for the 

intact lactamase-Aβ42 construct. It is also expected that the split lactamase is less stable 

than the intact lactamase due to the entropy cost of complementation.

To overcome the low lactamase activity in the split β-lactamase system, we turned to 

two previously reported constructs of β-lactamase. One is the M180T mutant discussed 

above. The other construct is the insertion of a tripeptide sequence, NGR, at the C-terminus 

of NBLA, which was found to increase the activity of the complemented lactamase24. 

In addition, we made an NBLA construct containing both M180T and NGR. Growth 

curve studies show that the presence of NGR tripeptide did not significantly change the 

growth curves for the split lactamase-Aβ42 constructs (Figure 4B). The presence of the 
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M180T mutation, however, led to growth recovery at both 200 and 400 μg/mL ampicillin 

concentrations (Figure 4C). When both M180T and NGR are introduced to the NBLA 

construct, the cell growth also recovered at 200 and 400 μg/mL ampicillin (Figure 4D), 

but with slower recovery than the M180T construct (Figure 4C). Our findings that M180T 

mutation is critical for good cell growth are in line with previous studies on the split 

lactamase system showing that the M180T mutation increased the reconstituted lactamase 

activity 10- to 250-fold over background levels23.

Next we investigated whether the split β-lactamase constructs can detect the aggregation 

difference between Aβ42 WT and the F19D mutant. We found that the growth recovery of 

cells expressing the Aβ42 F19D mutant also requires the M180T mutation in β-lactamase, 

as both the NBLA-WT (Figure 4A) and NBLA-NGR (Figure 4B) did not lead to cell 

recovery in the presence of 50 and 100 μg/mL ampicillin. With the NBLA-M180T construct, 

the Aβ42 F19D mutant had a growth recovery time of 2.6 and 3.8 h with 200 and 400 

μg/mL ampicillin, respectively (Figure 4C). In comparison, the growth recovery time for 

Aβ42 wild-type in the same NBLA-M180T background was 6.1 and 9.0 h with 200 and 400 

μg/mL ampicillin, respectively (Figure 4C). The NBLA-M180T-NGR construct also showed 

that F19D mutation resulted in faster growth recovery compared to wild-type Aβ42 (Figure 

4D). Comparing NBLA-M180T-NGR and NBLA-M180T for Aβ42 F19D, the presence of 

NGR peptide also slowed down cell recovery (Figure 4C, D). However, the NGR construct 

amplified changes in Aβ aggregation as a result of the F19D mutation. At 200 μg/mL 

ampicillin, the difference in growth recovery time between Aβ42 WT and F19D is 3.5 h 

for the M180T construct (Figure 4C), and 5.1h for the M180T-NGR construct (Figure 4D). 

And this is consistent with previous studies that show NGR improved signal-to-noise ratio in 

using the split lactamase to study protein-protein interactions24.

Our results suggest that, when an enzyme is used to report protein aggregation, the enzyme 

activity needs to be tuned to match the aggregation profile of the amyloid protein. For 

the intact lactamase construct, wild-type is better at detecting protein aggregation than 

the M180T mutant because the M180T mutant of β-lactamase is too active (Figures 2 

and 3). For the split lactamase construct, the M180T mutant is critical for detecting Aβ 
aggregation because the wild-type β-lactamase does not provide enough activity (Figure 4). 

The collection of different β-lactamase constructs provides a toolbox to accommodate the 

aggregation properties of different amyloid proteins.

Split β-lactamase constructs are sensitive to the formation of soluble Aβ oligomers

To investigate the contribution to β-lactamase activity from Aβ aggregates of different sizes, 

we studied the cell lysate activity expressing intact and split β-lactamase constructs. Total 

cell lysate was obtained by sonicating the bacterial cells. The total cell lysate was separated 

to supernatant and pellet using centrifugation. The supernatant was then filtered through a 

0.2 μm ultrafiltration filter to obtain 0.2 μm filtrate. The β-lactamase activity was determined 

using nitrocefin as a substrate48. For both the intact and split β-lactamase constructs (Figure 

5), we found that there is no significant difference between total cell lysate, supernatant, and 

0.2 μm filtrate, suggesting that the β-lactamase activity exists only in the soluble fraction 
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of the cell lysate. In other words, formation of insoluble Aβ aggregates leads to loss of 

β-lactamase activity.

To further investigate whether Aβ forms oligomers in the cell lysate and how oligomer 

formation contributes to total β-lactamase activity, we fractionated the cell lysate using 

a Bio-Rad ENrich SEC 650 size exclusion column. Molecular weight calibration was 

performed using a gel filtration standard containing thyroglobulin (670 kD), γ-globulin (158 

kD), ovalbumin (44 kD), myoglobin (17 kD), and vitamin B12 (1.35 kD). Excellent linearity 

(R2 = 0.9992) was obtained with the gel filtration standard (Figure S7). We performed 

β-lactamase activity assays on all protein-containing fractions, ranging from elution volumes 

of 7–20 mL.

As shown in Figure 6A, the split lactamase-Aβ42 construct shows two main activity peaks, 

centered at elution volumes of 10.25 and 15 mL. Based on the calibration standard, these 

two activity peaks have an apparent molecular mass of 600 and 22 kD (Figure S7). The 

molecular mass of the NBLA-Aβ42 is 27 kD and CBLA-Aβ42 is 16 kD. Therefore, the 

600-kD activity peak may contain 14 heterodimers of NBLA-Aβ42 and CBLA-Aβ42, 

assuming an equal molar mixture in the oligomer. And this corresponds to 28 molecules 

of Aβ in the 600-kD activity peak. This is consistent with a previous study that shows 

Aβ42 oligomers consisting of 24–36 subunits49. A previous study50 of Aβ oligomers from 

Alzhimer’s disease brain tissues shows an SEC peak near 158-kD, corresponding to ~35 Aβ 
molecules. The 22-kD activity peak likely represents a mixture of NBLA-Aβ42 and CBLA-

Aβ42, which give an average molecular mass of 21.5 kD. The high level of lactamase 

activity in the 22-kD activity peak may arise from a high background complementation 

of the split lactamase, or from the formation of Aβ42 dimers. It is also possible that self-

complementation of the split lactamase constructs can drive Aβ dimerization. Aβ dimers 

have been found in both in vivo51 and in vitro52 preparations. Our previous work53 showed 

that Aβ forms dimers even in the presence of 8 M urea. The lactamase activity from the 

600-kD activity peak accounts for ~20% of total activity in the cell lysate. Therefore, it is a 

viable option to screen for oligomer-targeting compounds by monitoring lactamase activity 

in the cell lysate or using cell growth assays.

The intact lactamase-Aβ42 construct also shows two main activity peaks at similar elution 

volumes (Figure 6B). In contrast to the split lactamase construct, the 22-kD activity peak 

accounts for 97% of total lysate activity. The much higher activity of the 22-kD activity 

peak is because the intact lactamase does not require fragment complementation. As a result, 

changes in the oligomers (600-kD activity peak) would have negligible effect on the total 

lactamase activity for the intact lactamase construct.

To further characterize the split lactamase construct, we prepared NBLA-M180T and CBLA 

without Aβ fusion and fractionated the cell lysate using the size exclusion column. As 

shown in Figure 6C, the split lactamase without Aβ shows only one activity peak near 

22 kD. This confirms that NBLA-M180T and CBLA are capable of forming an active 

lactamase in the absence of Aβ oligomers, representing the background activity in protein 

fragment complementation assays. The absence of additional activity peaks at higher 

molecular masses suggests that the 600-kD activity peaks observed in the lactamase-Aβ 
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fusion construct (Figure 6A) are a result of Aβ aggregation, not driven by lactamase 

aggregation.

The SEC studies confirmed the design of the split lactamase construct (Figure 1), which is 

sensitive to the formation of amyloid oligomers. At the same time, the high activity peak at 

22-kD suggests high background activity due to spontaneous, in contrast to oligomerization-

assisted, complementation of the split lactamase (Figure 6A). This is partly caused by 

the high level of protein expression in the bacterial expression system. Mutations can be 

introduced near the binding interface of the split lactamase construct to lower binding 

affinity, and thus reduce spontaneous complementation. The SEC activity profile described 

in Figure 6 can be used to evaluate the effects of these mutations in future improvement of 

the split lactamase construct.

Amyloid oligomers are key drug targets in Alzheimer’s disease and other amyloid-

related disorders. Due to the difficulty in untangling the processes of oligomerization 

and fibrillization, few aggregation systems are designed specifically for the screening 

of oligomer inhibitors. For example, Hecht and co-workers37 designed a fusion protein 

construct of Aβ and green fluorescent protein. Aβ aggregation led to reduced fluorescence 

when overexpressed in E. coli, allowing high-throughput screening of aggregation 

modulators with fluorescence as a readout30,54. Liebman and co-workers developed a fusion 

protein of Aβ and the C-domain of yeast prion Sup35p, a translation termination factor55. 

Aβ aggregation causes ade1–14 gene read-through and allows the yeast cells to grow on 

medium lacking adenine. As a result, the growth of yeast cells can be used to screen for 

modulators of Aβ aggregation56,57. Stains and co-workers58 developed a fusion protein 

construct of Aβ and NanoLuc. Aggregation of Aβ led to reduced bioluminescence, which 

can be used to screen for aggregation modulators. The Ventura group created a fusion 

construct using human dihydrofolate reductase and used yeast cell survival as a reporter of 

protein aggregation31. Radford, Brockwell, and co-workers59 used the refolding of TEM-1 

β-lactamase in the periplasm of E. coli to screen for aggregation inhibitors. This lactamase 

system59 puts the amyloid protein in between the two split lactamase fragments and is 

fundamentally different from the design of this work. All these systems are based on overall 

Aβ aggregation, without explicit distinction of fibrillization and oligomerization.

Previously, Hyman and co-workers49 used a split Gaussia luciferase complementation assay 

to study Aβ oligomer formation in human cell lines. Using luciferase activity assay, they 

found that the split luciferase-Aβ fusion formed oligomers corresponding to 24–36 Aβ 
molecules49. This is consistent with our split lactamase-Aβ fusion oligomers that gave an 

activity peak corresponding to 28 Aβ molecules (Figure 6). Although the luciferase system 

is a very sensitive assay, Gaussia luciferase displays “flash” kinetics represented by an initial 

burst of activity and then a rapid decay. The flash properties of Gaussia luciferase has been 

shown to be caused by covalent inactivation of the enzyme60. Because luciferase is not 

related to cell survival, detecting changes in Aβ aggregation can only be achieved through 

bioluminescence measurements, limiting the use of the split Gaussia luciferase system in 

high-throughput screening.
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Overall, this work presents a novel protein aggregation platform that combines the use of 

split and intact β-lactamase to distinguish processes of oligomerization from fibrillization. 

Changes in the aggregation of amyloid proteins can be monitored through survival of 

bacterial cells in the presence of ampicillin or lactamase activity assays. For mammalian and 

other eukaryotic cells, intracellular lactamase activity can be monitored using a membrane-

permeable fluorescent substrate28. The low-cost assays using bacterial cells are especially 

suitable for initial high-throughput screening targeting oligomerization of Aβ and other 

amyloid proteins.

CONCLUSIONS

Aggregation of at least 36 proteins have been identified in a wide range of human disorders4. 

In addition to Aβ, many other amyloid proteins, such as α-synuclein61,62 and tau63,64, 

have also been found to form soluble oligomers that play critical roles in pathogenesis. 

Identifying small molecule inhibitors or biologics that specifically target the oligomers 

represent a critical step in developing effective therapeutic interventions. The aggregation 

reporting platform described in this study can be used to study any amyloid proteins that 

form intracellular aggregates in E. coli or eukaryotic systems. Using E. coli cells, both 

cell growth and lactamase activity in cell lysate can be used to screen for small molecule 

or biologics inhibitors of oligomerization. While mammalian cells are not subject to the 

selection pressure exerted by ampicillin, lactamase activity assay can still be performed in 

live cells using membrane-permeable fluorescent substrates or in cell lysate using nitrocefin. 

Overall, we expect this aggregation platform to find broad applications in the discovery of 

aggregation inhibitors for a wide variety of amyloid proteins.
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Refer to Web version on PubMed Central for supplementary material.
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OD optical density

IPTG isopropyl-β-D-1-thiogalactopyranoside

LB lysogeny broth
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Figure 1. The design of intact and split β-lactamase constructs to study Aβ oligomer and fibril 
formation.
(A) Fusion protein construct of Aβ and intact β-lactamase (BLA). For the intact β-lactamase 

construct, lactamase activity exists in both monomers and oligomers. (B) Fusion protein 

constructs of Aβ and split β-lactamase. For the split construct, lactamase activity exists only 

in oligomers, not monomers or fibrils.
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Figure 2. Growth curve studies of the intact β-lactamase constructs.
(A) Fusion with Aβ42 wild-type. (B) Fusion with the Aβ42 F19D mutant. E. coli cells 

were grown at 37°C in the presence of 0.2 mM IPTG unless indicated otherwise. (C) 

Plot of growth recovery time extracted from growth curves as a function of the ampicillin 

concentration.
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Figure 3. Growth curve studies of the intact β-lactamase construct containing the M180T 
mutation.
(A) Aβ42 wild-type. (B) Aβ42 with the F19D mutation. E. coli cells were grown at 37°C in 

the presence of 0.2 mM IPTG and various concentrations of ampicillin as indicated.
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Figure 4. Growth curve studies of the split β-lactamase constructs.
Four different β-lactamase constructs, wild-type (A), insertion of tripeptide NGR (B), 

M180T (C), and the combination of M18T and NGR (D), were used to express the fusion 

proteins with either wild-type Aβ42 or the F19D mutant. E. coli cells were grown at 37°C in 

the presence of 0.2 mM IPTG and various concentrations of ampicillin as indicated.
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Figure 5. Only soluble fractions of the bacterial cell lysate contain β-lactamase activity.
(A, B) Measurement of β-lactamase activity in E. coli cells expressing the intact (A) or split 

(B) lactamase-Aβ42. Whole cell lysate was centrifuged to separate supernatant from pellet. 

The supernatant was then filtered through a 0.2 μm ultrafiltration filter to obtain the 0.2 μm 

filtrate. Nitrocefin was used as the substrate and the activity was measured by monitoring 

absorbance at 492 nm. The β-lactamase activity was represented as the hydrolysis rate of 

nitrocefin. (C, D) For both the intact (C) and split (D) lactamase constructs, there are no 

significant differences between whole cell lysate, supernatant, and 0.2 μm filtrate, suggesting 

that the lactamase activity is present only in the soluble fraction of the cell lysate. Mean and 

standard deviation calculated from three technical repeats are shown.
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Figure 6. Distribution of β-lactamase activity in bacterial cell lysate fractionated using size 
exclusion chromatography.
Cell lysate of the split lactamase-Aβ42 (A), intact lactamase-Aβ42 (B), and split lactamase 

without Aβ (C) was run through an ENrich SEC 650 column, which has a separation size 

range of 5–650 kD. Fractions were collected between elution volumes of 7 and 20 mL. 

Lactamase activities were determined for each of these fractions in triplicate. Mean and 

standard deviations are plotted as a function of elution volume. Arrowheads and vertical 

lines indicate the peak positions of gel filtration standards. Notably, the split lactamase-Aβ 
construct shows a significant activity peak corresponding Aβ oligomers of 28 subunits 
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(A), while the oligomer peak contributes minimally to the total lactamase activity in the 

intact lactamase-Aβ lysate (B). The split lactamase without Aβ does not show the oligomer 

peak (C), suggesting that the formation of lactamase-Aβ oligomers is not driven by the 

aggregation of the split lactamase.
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