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A B S T R A C T   

The pathogenesis of Alzheimer’s disease (AD) is correlated with the misfolding and aggregation of amyloid-beta 
protein (Aβ). Here we report that the antibiotic benzylpenicillin (BP) can specifically bind to Aβ, modulate the 
process of aggregation and supress its cytotoxic effect, initially via a reversible binding interaction, followed by 
covalent bonding between specific functional groups (nucleophiles) within the Aβ peptide and the beta-lactam 
ring. Mass spectrometry and computational docking supported covalent modification of Aβ by BP. BP was found 
to inhibit aggregation of Aβ as revealed by the Thioflavin T (ThT) fluorescence assay and atomic force micro-
scopy (AFM). In addition, BP treatment was found to have a cytoprotective activity against Aβ-induced cell 
cytotoxicity as shown by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell toxicity 
assay. The specific interaction of BP with Aβ suggests the possibility of structure-based drug design, leading to the 
identification of new drug candidates against AD. Moreover, good pharmacokinetics of beta-lactam antibiotics 
and safety on long-time use make them valuable candidates for drug repurposing towards neurological disorders 
such as AD.   

1. Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease which re-
sults from progressive death of brain cells with subsequent loss of brain 
mass, leading to dementia and other behavioral changes [1]. Accumu-
lation of aggregated proteins in fibrillar structures known as amy-
loid-beta (Aβ) is the key pathological hallmark of AD [2,3]. Aβ is a 
fragment of amyloid precursor protein (APP) [4], which under patho-
logical conditions is sequentially cleaved by β-secretase and γ-secretase 
enzymes leading to the formation of extracellular Aβ proteins, mainly 
Aβ(1-40) and Aβ(1-42), as monomers [5]. The monomers aggregate to form 

soluble oligomers of Aβ strands and then β-sheets [6], which cumula-
tively form ordered fibrils known as β-plaques, a characteristic feature of 
AD [7]. 

The deposition of plaques onto the surface of brain cells leads to the 
deformation of the cell membrane and structure [8]. The soluble olig-
omers are believed to be the major contributing form with regards to AD 
pathogenesis and cytotoxicity [9]. The accumulation of plaques in the 
synapses leads to loss of communication between adjacent neurons and 
consequently to loss of signal transmission between connecting neurons 
[10]. 

Although targeting Aβ pathogenicity with small molecules is an 
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active area of research with promising in vitro activity, none of the drugs 
targeting Aβ have progressed to the clinical stage [11–13]. This is 
attributed to the ill-defined conformations of Aβ aggregation species and 
the fact that small molecules weakly bind nonspecifically to Aβ, ruling 
out structure-based drug design [14]. Several antibiotics have been re-
ported to have a neuroprotective role in AD, including rifampicin 
[15–17], some tetracycline antibiotics [18,19], gramicidin S [20], 
D-cycloserine [21], amphotericin B [22] and doxorubicin [23]. Some 
forms of dementia have been linked to infectious conditions; notably 
syphilis, caused by infection with the spirochete bacterium, Treponema 
pallidum, which if untreated leads to severe changes in the brain. Posi-
tive effects of antibiotics such as penicillins on dementia have been 
documented, but are usually attributed to the prevention of microor-
ganism entry into the brain, rather than to a direct action of antibiotics 
on Aβ [24–26]. 

In this study we investigated the ability of penicillins (specifically 
benzylpenicillin (BP)), to bind to Aβ through specific covalent modifi-
cation and modulate Aβ aggregation, thereby suppressing toxicity. 

2. Materials and methods 

2.1. Materials and instrumentation 

Ultra-pure recombinant Aβ(1-40) and Aβ(1-42) were purchased from 
rPeptide (UK). Aβ(1-28) was purchased from Bachem (Germany). 
1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) (99.8% GC) was purchased 
from Fluka. Distilled trifluoracetic acid (TFA) (Molecular Biology 
grade), Dulbecco A PBS buffer (320 mM NaCl, 6 mM KCl, 16 mM 
Na2HPO4 and 2 mM KH2PO4, at pH 7.4) and ThT (Molecular Biology 
grade) were purchased from Sigma-Aldrich. The SH-SY5Y cells were 
obtained from ATCC and plated in 96-well polystyrene plates purchased 
from Thermo-Fisher Scientific (UK). Glycine buffer was purchased from 
Thermo-Fisher Scientific (UK). 96-well black-bottomed microplates 
were purchased from Berthold (UK). 

Mica (Muscovite mica, 9.5 mm diameter, 0.15–0.21 mm thickness) 
was purchased from Agar Scientific (UK). Samples were imaged in air in 
ScanAsyst™ mode using a Bruker Multimode AFM with a Nanoscope V 
controller and a “J" scanner (Bruker UK Ltd., Coventry, UK). Imaging 
was performed using ScanAsyst-Air probes with nominal spring constant 
of 0.4 N/m (Bruker AXS S.A.S, France), and the system was controlled 
via the Bruker Nanoscope software (v8.15). 

2.2. Sample preparation of Aβ peptide 

Disaggregation of pre-formed Aβ fibrils was achieved by using TFA 
and HFIP. First, neat TFA was added to an Aβ sample in a 1:1 (mg/ml) 
ratio. The samples were vortexed and sonicated for 15 min, during 
which an additional 1.0 ml of TFA was added. Complete dissolution was 
checked after centrifugation. TFA was removed by dry N2 gas and re-
sidual traces of TFA were further removed by adding HFIP at a con-
centration of 10 mM and evaporating it with a stream of dry N2 gas three 
times. HFIP traces were removed under vacuum (0.5 mm Hg, 2 h) or by 
freeze-drying [27,28]. Peptide concentrations were calculated using the 
extinction coefficients of phenylalanine (molar extinction coefficient of 
197 M− 1 cm− 1 at 257.4 nm) [29]. 

2.3. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) cell toxicity assay 

SH-SY5Y cell viability was tested using the trypan blue method 
described by Field and coworkers [30]. The optimal cell density for the 
experiments was determined by plating cells at different concentrations 
for 48 and 72 h. BP was tested on cells without the peptide, before 
testing BP in the presence of Aβ(1− 42) at a molar ratio of 1:5 (Aβ(1− 42): 
BP), according to the ATCC guidelines and [29,31], as described in the 
supplementary data. 

2.4. Thioflavin T (ThT) aggregation inhibition assay 

The ThT fluorescence assay was performed using freeze-dried dis-
aggregated stocks of Aβ(1-42), so that solutions of a concentration of 
100 μM of Aβ (1-42), with or without BP at a 1:10 M ratio, Aβ(1-42): BP 
were prepared. Aβ (1-42) was dissolved to a concentration of 20 mM in 
DMSO and then diluted using sterile-filtered Milli-Q water to 200 μM 
[29]. BP was dissolved in DMSO so that the final concentration was 0.5% 
(v/v), and then diluted to 2 mM using sterile-filtered 2 x Dulbecco A PBS 
buffer and thoroughly vortexed until dissolution. After that, a 250 μL 
aliquot of Aβ(1-42) solution was added to a 250 μL aliquot of BP to give a 
total assay volume of 500 μL containing 100 μM Aβ(1-42) and 500 μM of 
BP in 1 x Dulbecco PBS buffer. The assay mixture was vortexed and kept 
at 37 ◦C for 4 days and the aggregation was monitored by the ThT 
fluorescence assay [29]. 

The ThT stock solution at a concentration of 500 μM was prepared in 
50 mM glycine buffer at pH 8.5. Aliquots of 1.0 ml of ThT stock solution 
in glycine buffer were kept frozen, when needed they were allowed to 
thaw and diluted to 20 μM ThT in glycine buffer. Samples were thor-
oughly vortexed and a quantity of 20 μL of each sample for each repeat 
was added to each well containing 180 μL of the ThT solution. The 
fluorescence was measured in a Twinkle LB970 Fluorescence Plate 
Reader (Berthold Technologies) using excitation and emission filters 
F440-StorA3 and F495-StorA3, respectively, with lamp intensity set at 
10000 and 3 s “shake” step prior to reading. Samples were tested in 
triplicate and ThT fluorescence readings were recorded at 24, 48, 72 and 
96 h intervals [29]. 

2.5. Atomic force microscopy (AFM) 

The Aβ(1-42) test samples were prepared as described in the ThT assay 
protocols [29] and incubated for 5 days. Studying amyloid aggregation 
with AFM has been previously described [32,33]. Briefly, 25 μL of 
sample was deposited onto a freshly cleaved mica for 20 min and were 
then washed with 2 ml of 0.22 μm-filtered double distilled water 
(applied in aliquots of approx. 200 μl) to remove any salts or unadsorbed 
protein, prior to drying at room temperature. Height, Peak-Force Error 
and Inphase images with scan sizes of either 2 μm2 or 5 μm2 were 
captured at a scan rate of 1 Hz and at a relative humidity of <50%. Data 
was first-order flattened prior to analysis using the Nanoscope Analysis 
software (v1.5). 

2.6. Mass spectrometry 

Solutions of 100 μM Aβ(1-40) and Aβ(1-28) peptides prepared in 50 mM 
PBS from lyophilized disaggregated stocks were incubated with or 
without 500 μM BP at 37 ◦C for 24 h. Samples containing intact Aβ(1-40) 
peptides were analyzed by MALDI-time-of-flight mass spectrometry 
(MALDI-TOF MS). Samples containing Aβ(1-28), digested Aβ(1-40) and 
amino acids were analyzed by electrospray ionization mass spectrom-
etry (ESI MS) as direct infusion or LC-ESI MS. 

Samples of Aβ(1-40) incubated with or without BP were digested by 
endoproteinase Glu-C enzyme according to the manufacturer’s pro-
tocols. For Glu-C digestion, a ratio of 1:60 (w/w) of enzyme to substrate 
was used. The pH was adjusted to 7.4 and the samples were incubated 
overnight at 37 ◦C. All the samples were desalted using C18 Zip-Tip TM 
(Millipore, Billerica, MA) prior to MS analysis (direct infusion, LC-MS 
and LC-MS/MS) mass spectrometry. 

MALDI-TOF MS: The matrix used was 2,5-dihydroxybenzoic acid 
(DHB). A saturated solution of DHB was made by dissolving 15 mg in 
70% ACN in 0.1% TFA (1 ml). The solution was vortexed and centri-
fuged at 6000 rpm for 3 min. The supernatant was collected and the 
samples were mixed with the matrix in a 1:2 ratio in a microcentrifuge 
tube. The mixtures were then placed on a polished steel MALDI target 
(MTP 384, Bruker, Germany), left to dry and subsequently analyzed by 
MALDI-TOF MS. The machine was externally calibrated before each 
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acquisition by QCAL [34] or Protein Calibration Standard I (Bruker, 
Germany). MALDI-TOF experiments were performed using an Ultraflex 
II (Bruker, Bremen, Germany) instrument. The spectra were acquired in 
linear mode for positive ions over a range of m/z 700–10000 with ion 
suppression below m/z 650. Laser shots were fired at 200 Hz with an 
average of 500 laser shots, and 10 spectra were accumulated. The laser 
attenuator was set to 64%, with a laser range set to 20% and a surface 
area set to large. Data acquisition was performed using FlexControlTM 
Version 3.0 (Bruker, Germany) and analysis was performed using 
Flex-Analysis software. 

ESI MS: Samples containing digested Aβ(1-40) and amino acids were 
analyzed by LC-MS and direct infusion mass spectrometry (DIMS) using 
Q-TOF Global (Waters, UK). LC-MS/MS analyses were conducted using 
an Ultimate 3000 LC system (Dionex, CA) connected in-line to a Q-TOF 
Global mass spectrometer (Waters, UK). Samples of Aβ(1-40) incubated 
with and without BP, and digested with Glu-C were injected onto an 
Ultimate 3000 LC system (Dionex) with mobile phases A (2% acetoni-
trile and 0.1% formic acid) and B (95% acetonitrile and 0.1% formic 
acid). Peptides were eluted from an Acclaim Pepmap 75 μm × 15 cm, 
C18 analytical column (LC Packings, USA) with a gradient of 10–50% 
buffer B over 45 min at a flow rate of 200 nL min− 1. MS and MS/MS data 
were collected with a Global Q-TOF mass spectrometer (Waters, U.K.) 
for the ranges of m/z 400–1800 and m/z 50–1800, respectively. The LC 
system was connected to Q-TOF Global through a distal-coated fused 
silica PicoTip emitter (New Objective, Inc., USA) using a capillary 
voltage of 2.0–2.8 kV into a Z-sprayTM ion source. 

DIMS: Samples containing Aβ(1-28) were analyzed using a Synapt G2 
mass spectrometer (Waters, UK), equipped with an electrospray ion 
(ESI) source, hybrid quadrupole, ion mobility device and orthogonal 
time-of-flight (TOF) analyzer, and calibrated with aqueous cesium io-
dide (CsI) cluster ions according to the manufacturer’s guidelines. 
Samples containing Aβ(1-28) peptide with or without BP (1 μg/μl) were 
directly infused using a fused silica PicoTip™ emitter (New Objective, 
Inc., MA, USA) at a flow rate of 0.1 ml min− 1 using capillary voltage, 
cone voltage and extracted voltage at 2.0 kV, 30 V and 2.5 V, respec-
tively. Nitrogen was used as a desolvation gas at a pressure of 0.8 p. s.i. 
(55.16 mbar). The source temperature was set to 60 ◦C and backing 
pressure at 2 mbar. The instrument control, data acquisition and pro-
cessing were performed using MassLynx 4.1 (Waters, UK). TOF-MS data 
were acquired in continuum mode over the range m/z 100–2000. 

2.7. Molecular docking 

The 3D coordinates of solution structure of Aβ(1-42) were retrieved 
from the Protein Data Bank (PDB code: 1IYT). However, 1IYT includes 
10 conformers and in order to select the best conformer the single point 
energy was calculated for each conformer implementing CHARMm 
forced field and generalized Born model (Born radii calculated by 
integration of molecular volume) to simulate solvation water effects 
[35]. The most stable conformer (of least calculated en-
ergy = − 869.0 kcal/mol) was selected for the docking study without 
further energy minimization. 

To identify the best docking site within Aβ(1-42), BP was docked into 
cavities across the peptide surface. The best docking energy score 
converged upon docking BP into the peptide chain corresponding to the 
first 5 amino acids (Asp1-Ala 2-Glu3-Phe4-Arg5). 

CDOCKER is a CHARMm-based simulated annealing/molecular dy-
namics method that uses rigid receptor for docking [36]. CDOCKER 
protocol includes the following steps. (i) A set of ligand conformations 
are generated using high-temperature molecular dynamics starting with 
different random seeds. (ii) Random orientations of the conformations 
are produced by translating the centre of the ligand to a specified 
location within the receptor active site, and performing a series of 
random rotations. (iii) A softened energy is calculated and the orienta-
tion is kept if the energy is less than a specified threshold. This process 
continues until either the desired number of low-energy orientations is 
found, or the maximum number of bad orientations has been tried. (iv) 
Each orientation is subjected to simulated annealing molecular dy-
namics. The temperature is heated up to a high pre-set temperature then 
cooled to the target temperature. (v) A final minimization of the ligand 
in the rigid receptor using non-softened potential is performed. For each 
final pose, the CHARMm energy (interaction energy plus ligand strain) 
and the interaction energy alone are calculated. The poses are sorted by 
CHARMm energy and the top scoring (most negative, thus favourable to 
binding) poses are retained. To enhance performance and shorten 
calculation times, nonbond energy grid is used for interaction energy 
calculations, rather than the full potential energy terms usually used by 
CHARMm. 

The following CDOCKER parameters were implemented in the pre-
sented project: (i) Starting ligands’ conformers were energy-minimized 
then heated to 1000 K over 1000 molecular dynamics steps (these 
include heating and equilibration phases) to generate 10 random 

Fig. 1. Viability of SH-SY5Y cells after treatment with BP (100 μM) alone, Aβ(1− 42) (20 μM) alone or with Aβ(1− 42) (20 μM) and BP (100 μM). Control sample 
contained the cells in media only. (p-value < 0.05). 
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starting conformations for each ligand. (ii) Each random conformer was 
rotated 10 times within the binding pocket for subsequent energy 
refinement. The van der Waals energies of the resulting conformers/ 
poses were evaluated and those of ≥300 kcal/mol were discarded. (iii) 
Remaining conformers/poses were exposed to a cycle of simulated 
annealing over 2000 heating steps to targeted temperature of 700 K 
followed by 5000 cooling steps to targeted temperature of 300 K. (iv) 
The docked poses were energy minimized to a final minimization 
gradient tolerance zero Kcal/mol/Å. (v) Top 10 poses were saved for 

subsequent scoring. (vi) The resulting poses were scored by CDOCKER 
Energy and the pose that achieved the highest score was selected for 
analysis. 

3. Results and discussion 

3.1. MTT cell toxicity assay 

The human-derived neuroblastoma SH-SY5Y cell line is often used as 

Fig. 2. ThT assay of Aβ(1-42) aggregation inhibition by BP, incubated at a 1:10 M ratio (Aβ(1-42): BP) for 96 h.  

Fig. 3. AFM height images (top panel) and peak force error images (bottom panel) in ScanAsyst mode showing the effect of BP on Aβ(1-42) aggregation after in-
cubation for 5 days. Each image is shown at 2- and 5-μm resolution. 
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an in vitro neural model for evaluating Aβ induced toxicity. The toxic 
effect of Aβ(1− 42) peptide and BP on this cell line, and the ability of BP to 
inhibit Aβ(1− 42) cell toxicity was assessed by measuring the reduction of 
MTT. The cell density for the following experiments was 1 × 105 cells/ 
mL and the incubation time was 72 h. BP was tested at different con-
centrations for any possible toxic effects on the SH-SY5Y cell line, with 
no toxic effect observed at 100 μM (Fig. 1). 

The effect of BP on Aβ(1− 42)- induced cell toxicity was then tested on 
SH-SY5Y cells at a 1:5 ratio (Aβ(1− 42) peptide to BP) by measuring the 
reduction of MTT dye. In the absence of BP, the percentage cell viability 
after exposure to Aβ(1− 42) was approximately 60%, compared to the 
control with the cells in the media only (Fig. 1). BP showed considerable 
cell protection against Aβ(1− 42)- induced cell toxicity, reverting the 
viability to ~89%. Having shown that BP could significantly reduce 
Aβ(1− 42)- induced cell toxicity, its interaction with Aβ(1− 42) was 
evaluated. 

3.2. Thioflavin T (ThT) fluorescence assay 

The ThT fluorescence assay measures the change in fluorescence of 
ThT dye after binding to amyloid aggregates, with an increase in fluo-
rescence intensity indicated by an increase in Aβ aggregation [37]. In the 
literature, the anti-aggregating activity of compounds was tested at a 
range of molar ratios: 5-fold [38], 10-fold [29,39,40] or 20-fold [41] 
molar excess when compared with Aβ(1-40) or Aβ(1-42). Here BP was 
tested for its ability to inhibit the aggregation of Aβ(1-42) over 96 h at a 
1:10 M ratio (Aβ(1-42): BP), which is within the ratios reported in the 
literature (Fig. 2). 

The spectroscopic range of activity of ThT is within 450 and 482 nm 
[42], whereas penicillins have negligible absorption above 400 nM and 

therefore do not interfere with the ThT assay [43]. To confirm that the 
fluorescence measured is indeed due to the presence of fibrils, the ThT 
signal was corrected by subtracting the ThT fluorescence of the BP/PBS 
control sample from the ThT fluorescence of the Aβ-BP mixture, and the 
ThT fluorescence of the negative control (containing only PBS) from the 
ThT fluorescence of the Aβ alone. 

For Aβ(1-42) control samples, Aβ aggregation increased with the time 
of incubation, as reflected by the increase in ThT fluorescence intensity. 
For Aβ(1-42) samples incubated with BP, the ThT fluorescence intensity 
increased over the period of incubation but at a significantly lower rate 
compared with the Aβ(1-42) control samples. In fact, no further signifi-
cant increase in aggregation was observed after 48 h. As BP was found to 
slow and then arrest the aggregation of Aβ(1-42) over the period of in-
cubation, the ThT assay was followed by studying the morphology of Aβ 
aggregates by AFM. 

3.3. Atomic force microscopy (AFM) studies 

The morphology of the Aβ aggregates was studied using atomic force 
microscopy (AFM) with ScanAsyst technology, which allowed automatic 
image optimization. Aβ(1-42) samples with and without BP were incu-
bated at room temperature for 5 days. For the Aβ(1-42) samples without 
BP, AFM revealed the presence of fibrillar aggregates up to 35 nm in 
width and 128 nm in length (Fig. 3). Protofibrils and globular aggregates 
were also observed. 

AFM revealed the presence of fibrillar aggregates and protofibrils in 
the Aβ(1-42) samples without BP. Fibrils can be formed directly from 
accumulation of unstructured monomers, unstructured paranuclei, large 
oligomers, or through a linear conversion from monomers, paranuclei, 
oligomers, protofibrils and then fibrils. With time, the globular 

Fig. 4. MALDI-TOF mass spectra (in linear mode) of (A) Aβ(1-40) without BP, and (B) Aβ(1-40) with BP, incubated under physiological conditions for 24 h. The peak 
(~4668 Da) corresponds to the adduct of BP and Aβ(1-40). 
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aggregates assemble and associate into linear protofibrils [44–46]. 
For Aβ samples incubated with BP, aggregation was significantly 

lower, with the presence of limited amount of thinner winding proto-
fibrils compared to the Aβ(1-42) samples. Also, small, medium size and 
globular aggregates were present. This confirms that BP has an inhibi-
tory effect on Aβ aggregation, which is consistent with the ThT fluo-
rescence data. 

3.4. Mass spectrometry 

MALDI-TOF and ESI mass spectrometry techniques were used to 
study the hypothesized covalent interaction between Aβ and BP, as a 
model compound for a beta-lactam moiety. It was proposed that mod-
ulation of Aβ peptide aggregation could involve a nucleophilic interac-
tion between the hydroxyl groups of the serine residues, the ε-amino 
groups of the lysine residues or the N-terminus amino group in Aβ 
peptide, with the beta-lactam moiety of BP. To probe this potential 
interaction, BP was incubated with Aβ(1-40) for 24 h under physiological 
conditions. The MALDI mass spectrum of Aβ(1-40) alone incubated for 

24 h (Fig. 4 A) showed a peak corresponding to the MH+ ion at 4330 Da. 
In the presence of BP, a peak at 4668 Da corresponding to its adduct with 
Aβ(1-40) was observed (Fig. 4 B). 

To exclude the effect of Aβ aggregation on covalent adduct forma-
tion, BP was incubated with the more soluble and less aggregating Aβ(1- 

28) peptide and analyzed using ESI mass spectrometry. The ESI spectrum 
of Aβ(1-28) incubated with BP confirms adduct formation between Aβ(1- 

28) and one molecule of BP (Fig. 5), where the peaks at m/z 900.11 and 
m/z 720.27 correspond to (Aβ(1-28)+BP)+5 and (Aβ(1-28)+BP)+4, 
respectively. 

In order to determine the target moieties of BP in Aβ, the reaction 
mixture of Aβ(1-40) and BP was digested by endopeptidase Glu-C and 
analyzed by mass spectrometry (LC-MS and LC-MS/MS). Glu-C cleaves 
peptide bonds at the carboxyl side of glutamyl (E) and aspartyl (D) 
amino acids in phosphate buffer at pH 7.8. The monoisotopic and the 
average m/z values of the possible fragments produced after digestion by 
Glu-C enzyme were calculated by the aid of Protein Prospector website 
(prospector.ucsf.edu). Three missed cleavages were allowed [47] (See 
Table 1 in supplementary data). 

Fig. 5. ESI-MS of Aβ(1-28) incubated with BP. The peaks at m/z 900.11 and m/z 720.27 correspond to (Aβ(1-28) + BP)+5 and (Aβ(1-28) + BP)+4, respectively.  

Fig. 6. ESI-MS (above) and ESI-MS/MS (below) of the adduct formed between the DAE fragment and BP. The peaks at m/z 669.30 and m/z 691.28 correspond to the 
DAE fragment bound to BP and its sodiated ion, respectively. The peaks at m/z 102.08 and 89.08 correspond to decarboxylated glutamic acid (E) and aspartic acid 
(D), respectively. The peaks at m/z 160.08 and 176.10 are the major two fragments of BP. 
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A peak corresponding to the fragment m/z 1325 (DAEFRHDSGYE) 
bound to BP as a doubly charged ion at m/z 830 was found (see Fig. 1 in 
supplementary data). However, this peak could not be resolved in the 
LC-MS/MS spectra to characterize its sequence, possibly because the 
formed bond could not withstand the high fragmentation energy of 
Tandem MS/MS. A peak corresponding to an adduct between the frag-
ment DAE and BP at 669.30 m/z was also detected (Fig. 6). In ESI-MS/ 
MS, the fragmentation products of DAE and BP adduct were also 

resolved. 
Only a single BP molecule interacted with the Aβ peptide, even 

though there are five nucleophiles (the N-terminal amino group, two 
serine hydroxyl groups and two lysine ε-amino residues). This is not 
surprising as complex biomolecules often strongly favour one nucleo-
phile when a range are available. This is seen in proteins, in which lysine 
nucleophiles are often favoured for reaction with inflexible drug mole-
cules, such as erythromycin [48]. To address the issue that the 

Fig. 7. LC-MS spectrum of serine incubated with BP. The peak m/z 774.25 corresponds to the adduct of serine with two molecules of BP.  

Fig. 8. LC-MS spectrum of N-acetyl-lysine incubated with BP. The peak m/z 523.22 corresponds to the adduct formed between BP and N-acetyl-lysine.  
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nucleophile had not definitively been identified, BP was incubated with 
serine (which has a free N-terminus and a free hydroxyl group) and 
N-acetyl-lysine (which has a free ε-amino group) under the same con-
ditions. As shown in Fig. 7, a peak corresponding to an adduct formed 
between serine and two molecules of BP was detected at m/z 774. 
Additionally, incubation of BP with N-acetyl-lysine shows that the 
ε-amino moiety is a potential target for BP (Fig. 8). 

Thus, although it is clear that BP binds to Aβ(1-28) and Aβ(1-42) under 
mild conditions in a 1:1 stoichiometry, these experiments do not confirm 
which nucleophile is utilised in the reaction. Adduct formation appears 
to have protective effects against aggregation of Aβ, the process char-
acteristic of Alzheimer’s Disease. 

3.5. Molecular docking 

To consider the atomic details of the BP-amyloid interaction, 
computational docking of BP to the solution structure of Aβ(1-42) (PDB 
code 1IYT) was performed [49]. Interestingly, the top-ranking BP poses 
converged around residues Asp1 to Arg5 of Aβ (Fig. 9 A and B), which 

confirms the results obtained by mass spectrometry on the full-length 
Aβ. Inspection of the components contributing to the total docking 
score of the top-ranked poses, showed a predominance of polar 
hydrogen-bonding interactions over non-polar interactions. In these 
poses, H-bonding interactions were found to take place between the 
amide carbonyl oxygen of BP and the terminal amino group of Asp1, and 
the beta-lactam carbonyl oxygen of BP with the peptide backbone NH 
groups of Ala 2 (Fig. 9 C). These interactions increase the nucleophilicity 
of the terminal amino group and the susceptibility towards a nucleo-
philic attack at the carbonyl carbon of the beta-lactam ring in BP. Also, a 
hydrogen-bond was found between Glu 4, Phe4 and Arg5, and the 
carbonyl and hydroxyl oxygen atoms of the carboxylic group of BP with 
the guanidino group of Arg5. In addition, a π-stacking interaction be-
tween the aromatic rings of BP and Phe4 is observed (Fig. 9 C). 

Although all the nucleophilic groups in Aβ were shown to be targets 
for BP, molecular docking and MS studies (the following section) on the 
full-length Aβ showed that the terminal amino group of Aβ is more 
favourable for the proposed nucleophilic interaction with BP. The ligand 
is predicted via these docking calculations to prefer the general 

Fig. 9. BP docked into Aβ(1-42) (PDB code 1IYT). (A) and (B) show the panoramic views of the docked pose with and without molecular surface covering the peptide, 
respectively. (C) shows the detailed reversible attractive interactions anchoring BP and the proposed nucleophilic attack of the terminal amine of Asp1 on the 
β-lactam ring of BP. 
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proximity of the terminal amino group of Aβ which is in agreement with 
the MS studies of the full-length Aβ that confirmed the interaction be-
tween BP and Aβ through the N-terminal amino group. 

4. Conclusion 

The neuroprotective role of antibiotics was first reported by Chui and 
co-workers [50], as prevalence of dementia was significantly decreased 
in leprosy patients who received long-term treatment with antibiotics. 
Several antibiotics (listed in the introduction) were reported to have a 
neuroprotective role in neurodegenerative diseases such AD. Many an-
tibiotics can cross the blood-brain barrier (BBB) and have been used for a 
long time without serious toxic effects [51]. Furthermore, some antibi-
otics including the beta-lactam antibiotic ceftriaxone [52], were re-
ported to exhibit antioxidant and strong anti-inflammatory properties, 
which can be of value in neurodegenerative disease. Antibiotics as 
multi-target molecules with anti-oxidant, anti-inflammatory and protein 
disaggregation properties constitute a promising approach for tackling 
neurodegenerative diseases such as AD. Several clinical studies reported 
that treatment with antibiotics at sub-antimicrobial doses do not affect 
the native human microbiota [53,54] even when used long-term [53,55, 
56], or lead to the emergence of antibiotic resistance [53,54]. Oral an-
tibiotics capable of reaching the brain at protective levels, without 
affecting microbiota, can be of value in halting the formation of toxic 
amyloid species [51]. 

The specific interaction of Aβ with BP suggests the possibility of 
structure-based drug design, leading to the identification of new drug 
candidates against AD. Moreover, the good pharmacokinetics of beta- 
lactam antibiotics and safety of long-term use make them valuable 
candidates for potential drug repurposing towards AD. 

Despite the structural diversity of the anti-aggregation antibiotics, it 
has been suggested that some of these small molecules target a common 
structural arrangement in Aβ. Structural analysis of these molecules 
infers the prevalence of the motif O––CCCOH (as in the tetracyclines 
doxycycline and minocycline, amphotericin B and rifampicin) or 
O––CCNH (as in D-cycloserine and gramicidine S). The O––CCNH motif 

is also present in BP, which constitutes a hydrogen bond donor/acceptor 
pair arrangement that interacts with a parallel motif in the Aβ protein 
backbone [51,57,58]. Also, as suggested by the 3D-QSAR computational 
analysis, the presence of aromatic rings in the antibiotics mediate 
π-stacking interactions with Aβ (such as Phe4), which is associated with 
their anti-amyloidogenic activity [59,60]. In addition to their important 
non-covalent interactions in the anti-amyloidogenic activity, these in-
teractions would increase the nucleophilicity of the terminal amino 
group and the susceptibility towards a nucleophilic attack at the 
carbonyl carbon of the beta-lactam ring in BP. 

BP was found to bind to Aβ and modulate the process of aggregation 
and toxicity through initial recognition via reversible binding in-
teractions (e.g., hydrogen bonding, electrostatic attraction, π-stacking, 
etc.) followed by covalent bonding between specific functional groups 
within the Aβ peptide and the beta-lactam ring (Fig. 10). The interaction 
between BP and Aβ involves nucleophilic attack and opening of the beta- 
lactam ring, with the proposed nucleophiles being serine hydroxyl 
groups, lysine ε-amino groups and the N-terminus of the Aβ peptide. 

The biggest challenge in the search for Aβ-aggregation modulator 
drug candidates is finding molecules that specifically bind to Aβ and 
inhibit its aggregation. This research may help identify a specific 
mechanism of interaction with Aβ which may offer scope for structure- 
based drug design for AD and lead to the development of specific and 
potent Aβ aggregation modulators. Moreover, the multifunctional 
properties and safety of beta-lactam antibiotics make them promising 
candidates for clinical trials to treat AD. 
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and its amino analogues as zwitterions to bacterial RNA polymerase, Org. Biomol. 
Chem. 10 (2012) 8283–8297. 

I. Alsalahat et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2405-5808(21)00037-6/sref43
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref43
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref44
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref44
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref44
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref44
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref45
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref45
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref45
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref46
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref46
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref46
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref47
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref47
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref47
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref47
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref48
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref48
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref48
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref49
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref49
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref49
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref50
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref50
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref50
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref51
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref51
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref51
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref51
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref52
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref52
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref52
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref52
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref53
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref53
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref53
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref54
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref54
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref54
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref55
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref55
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref55
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref56
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref56
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref57
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref57
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref58
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref58
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref58
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref59
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref59
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref59
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref60
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref60
http://refhub.elsevier.com/S2405-5808(21)00037-6/sref60

	Inhibition of aggregation of amyloid-β through covalent modification with benzylpenicillin; potential relevance to Alzheime ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and instrumentation
	2.2 Sample preparation of Aβ peptide
	2.3 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell toxicity assay
	2.4 Thioflavin T (ThT) aggregation inhibition assay
	2.5 Atomic force microscopy (AFM)
	2.6 Mass spectrometry
	2.7 Molecular docking

	3 Results and discussion
	3.1 MTT cell toxicity assay
	3.2 Thioflavin T (ThT) fluorescence assay
	3.3 Atomic force microscopy (AFM) studies
	3.4 Mass spectrometry
	3.5 Molecular docking

	4 Conclusion
	Funding
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


