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ABSTRACT 

β-Secretase (BACE1 or β-site APP cleaving enzyme) is an acid protease that releases the 
neurotoxic 40 - 42 residue peptides (β-amyloid or A-β) from its glycoprotein precursor, 
(APP or amyloid precursor protein) which when released in brain is thought to give rise to 
cognitive decline in patients with Alzheimer’s Disease. Most structural studies on 
β-secretase have previously been performed with recombinant forms of the protease, in 
which the transmembrane coding region has been deleted. However, interactions with pro-
teins of the same species are best studied using the full-length β-secretase as interactions are 
likely to be influenced by the hydrophobic nature and localization of its transmembrane re-
gions. Here we develop a multi-step purification procedure that isolates a complex con-
taining BACE1 from recombinant human cells using mild detergents in a procedure that 
retains other proteins within the complex and remains active in its β-site APP cleaving ac-
tivity. Some of these proteins, eg reticulon 4, are identified by proteomics, and are known by 
previous studies performed by others to regulate the activity of BACE1 against APP. These 
interactions may aid the development of small proteins and peptides that could inhibit the 
release of aggregated forms of β-amyloid, and thus be useful therapeutically. 

 

1. INTRODUCTION 
Alzheimer’s disease (AD) is a common age-related dementia, which is characterized pathologically by 

the appearance in the brain of two characteristic lesions which define AD: 1) amyloid plaques, which are 
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extracellular deposits primarily composed of aggregated forms of the 4-kDa, 40- to 42-amino-acid 
β-amyloid (A-β) peptide [1] a product of proteolysis of the amyloid precursor protein (APP); and 2) neu-
rofibrillary tangles, intracellular aggregates of the microtubule-associated protein tau [2]. The relation-
ships between amyloid plaques, neurofibrillary tangles, and the pathophysiological mechanisms underly-
ing AD have been controversial. However, evidence strongly suggests that A-β is critically involved at early 
stages in the pathogenesis of AD brain senile plaques. A-β is the collective term describing 39 - 43 residue 
peptides, covering the same region of APP, which are released by different proteolytic processing. The 
amyloidogenic pathway requires that APP is sequentially cleaved by β and γ secretases (Figure 1) 
β-Secretase (BACE1 also termed Memapsin-2 and Asp-2) cleaves APP close to the membrane to pro-
duce β APPs (secreted), and the 12-kDa, C100 transmembrane stub, subsequently cleaved by γ-secretase 
to produce the A-β peptides and cytoplasmic fragments with very short half life. α-Secretase cleaves APP 
within the A-β sequence thus preventing its formation, producing the N-terminal α APPs domain and 
the 10-kDa membrane-localised C-terminal stub, C83 (Figure 1). As aggregated A-β is thought to pro-
mote neuronal death [3, 4], the secretases represent potential drug targets for the treatment and/or pre-
vention of AD. 

The initially translated protein from the BACE1 gene, which is on chromosome 11q23 (near an area 
with LOD scores associated with early-onset Alzheimer’s) [9] is highly modified as it moves through the 
cell. As well as signal peptide cleavage, disulphide formation and pro-sequence removal, extensive glyco-
sylation, lipidation and phosphorylation occur. Moreover, the BACE1 protein forms dimers, and engages 
in important interactions with other proteins in ways which alter its mode of action, and its interaction 
with its substrate of the amyloid precursor protein (APP), and thus has implications for the release of A-β 
in the brain. The BACE1 gene codes for a signal peptide, a pro-peptide  
(22-TQHGIRLPLRSGLGGAPLGLRLPR-46), and two catalytic domains homologous to those in other as-
partyl proteinases, the transmembrane segment and a cytoplasmic C-terminal tail (Figure 2). Several 
cysteine residues are present, six of which are in the luminal domain which may form intramolecular dis-
ulphide bridges contributing to the folding of the active site [13]. BACE1 is extensively glycosylated [14] 
and phosphorylated [15], and contains S-palmitoyl groups which may aid membrane anchorage [16]. The 
post-translational modifications of BACE1 are summarized in Figure 2 [12]. In the mature protein, the 
lumenal domain extends from residues 46 - 460 and comprises the active site where BACE1 cleaves APP 
[7, 16]. BACE1 has two active site motifs, DTGS from residues 93 - 96 and DSGT from residues 289 - 292 
[17], mutations in which render BACE1 inactive [13]. BACE1 has several N-glycosylation and phosphory-
lation sites [15] and palmitate residues are known to modify C-terminal residues in the cytoplasmic do-
main [12, 17]. The signal for BACE1 intracellular transport, also known as the acid cluster dileucine 
(ACDL) sequence, is located in the C-terminal region (Figure 1). The N-terminal 21 residues of the in-
itially translated form of BACE1 act as a typical signal sequence to attach polysomes carrying its nascent 
chain to a pore complex in the membranes of the rough endoplasmic reticulum. Translocation occurs un-
til the membrane insertion sequence (residues 458 - 478) inserts into the membrane. N-glycosylation and 
disulphide formation occur at these early stages. The signal is cleaved off during or shortly after transloca-
tion at Thr22 to release the N-terminus of the 23/24-residue Pro sequence. Activation of acidic proteases 
by removal of a pro-sequence occurs either by autocatalysis, as in the case of pepsinogen, and other aspar-
tic proteases, or the action of additional proteases, such as pro-convertase or furin. We showed that puri-
fied recombinant BACE1 cleaves its own pro-peptide at pH 5 but not at pH 8.5, by the release of two pep-
tides from the pro-domain QHGIRLPLR and SGLGGAPLGLRLPR [17]. The furin inhibitor EDTA had no 
effect on the release of these peptides, whereas the BACE1 inhibitor  
(Lys-Thr-Glu-Glu-Ile-Ser-Glu-Val-Asn-Sta-Val-Ala-Phe-OH from Bachem) reduced the release of the pro 
peptides, showing that cleavage was by autocatalysis, and not by the activity of furin impurity. The low pH 
optimum of the Pro-peptide release indicates that Pro cleavage may be a late event in the targeting path-
way, at acidic endosomes. The results also showed that the possibility of treating Alzheimer’s with inhibi-
tors of furin activation is not viable. 
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Figure 1. A schematic showing proteolysis of APP. APP, a transmembrane glycoprotein, may be 
cleaved by β-secretase, to release a secreted portion of the glycoprotein, and a membrane-embedded 
stub, which rapidly degrades. Alternatively, APP is cleaved by β-secretase on the luminal side of the 
membrane, and by β-secretase in the membrane to release β-amyloid-40 or β-amyloid-42. Preseni-
lin-1 was suggested to be the ideal candidate for γ-secretase, whereas α-secretase has been characte-
rised as ADAM10 disintegrin and metalloprotease [5]. Several groups used expression cloning, ge-
nomic search, or purification and proteomic analysis [6-8] to clone and identify β-secretase as an 
aspartic endopeptidase (EC 3.4.23.46) named BACE1 (β-site APPcleavage enzyme 1), ASP-2 (aspar-
tic protease 2), or memapsin 2. An additional candidate, BACE2, ASP-1, or memapsin-1, has also 
been cloned [9-11] but BACE2, unlike BACE1, is not concentrated in brain, and does not release the 
full A-β sequence from APP. 

1.1. Glycosylation 

The BACE1 sequence contains four potential N-glycosylation sites (Figure 2). Tunicamycin reduces 
the activity of BACE1 to about 40% against APP, indicating the oligosaccharide moieties are important for 
activity. Three double mutants in which two of the acceptor Asn residues were replaced by non-acceptor 
residues, were only partially active (30% - 40%). All four Asn acceptor residues have heterogeneous oligo-
saccharides attached [14]. The oligosaccharides released from the mature protein are of bi-, tri-and te-
tra-antennary types, when expressed from mammalian cells in culture. Inhibition of β-secretase proteolyt-
ic activity was due either to induction of incorrect folding of the protein or by steric inhibition of APP 
binding by the changes in the oligosaccharides. Maturation of one of the complex oligosaccharides was 
found to be markedly affected by treatment of expressing cells with the cholesterol-biosynthesis inhibitor,  
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Figure 2. Modifications of BACE1. From Parsons & Austen (2008) [12]. 

 
lovastatin, which has been shown to lower risk of Alzheimer’s disease in the human population [18]. At 
least some of the terminal saccharides are sulphated. 

1.2. Aims of the Present Study 

A procedure was developed to purify a complex of proteins that included full-length BACE1. It is 
important to know what protein-protein interactions in the membranes of cells in brain regulate the re-
lease of β-amyloid; overexpression or chemical mimicry of inhibitory proteins and their binding sites 
could lead to the development of drugs that depress the release of β-amyloid, and thus have therapeutic 
properties. Many of those interactions depend on the membrane insertion and cytoplasmic domains, and 
thus can only be explored in complexes involving the full-length protein in human cells. 

2. PURIFICATION OF THE BACE1 COMPLEX 
2.1. Materials and Methods 

pcDNA3.1MycHis Asp2 engineered with a polyhistidine coding tag and a c-myc epitope downstream 
of the full coding sequence of the aspartic protease Asp 2 was kindly provided by GSK Laboratories (Har-
low, UK). Methods of cell culture and protein analysis were as described by [12]. BACE was detected using 
an anti-BACE affinity-purified rabbit polyclonal antibody, raised against residues 482 - 501  
(CLRQQHDDFADDISLLK) of BACE1 [developed in our laboratory, and purified on a form of the peptide 
which was immobilized at its N-terminus [12]. β-secretase activity kit was obtained from R&D systems 
(Abingdon, UK) (cat FP002). 

2.2. Purification of Full-Length BACE 

There is a great interest in studying potential protein-interactions that modulate BACE1 activity as 
they may provide therapeutic targets in the management and prevention of AD. However, as with many 
integral membrane proteins, purification of BACE1 is plagued with the problem of protein insolubility. 
BACE1 is expressed in organisms at low levels, and is therefore difficult to purify and requires a combina-
tion of detergents that retain solubility, whilst retaining function and activity in aqueous conditions. Un-
like previously reported purification systems for β-secretase [19], techniques to isolate and purify potential 
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binding partners of BACE1 are determined by the need to create conditions that do not disrupt a BACE1 
complex with other protein binding partners. BACE1 is active in acidic conditions with a pH optimum of 
6.0, but proteins that interact with BACE1 may require different optimum conditions for their activity, 
complicating their isolation and purification. Although several reports have described the purification of 
BACE1 truncated on the N-terminal side of its membrane-binding section from Drosophila melanogaster 
S2 cells and Escherichia coli [20-23], these organisms may not possess homologous interacting proteins. 
Therefore, isolating BACE1 from human cell lines and identifying its active binding partners will ulti-
mately provide a greater insight into how these protein interactions affect BACE1 and their role in the 
generation of β-amyloid. 

50 × 106 Asp2-transfected cells overexpressing full-length BACE1 protein were suspended in growth 
media, centrifuged then successively washed ×3 with Dulbecco’s modified saline (10 ml) at 4˚C, centri-
fuging at 1400 ×g for 10 min . Pellets were resuspended in 50 mM MES (10 ml), 150 mM NaCl and 5mM 
CaCl2 (pH 6.0) by homogenization in a Potter-Elvejehm glass homogenizer, and sonicated at 80 mHx 
twice for 20 secs in ice. Nuclei and unbroken cells were removed by centrifugation at 9700 ×g for 10 min, 
and intracellular membranes isolated as a pellet by centrifugation at 100,000 ×gav for 1 hr at 4˚C. The pellet 
was then washed with high pH sodium bicarbonate wash (0.1 M NaHCO3, pH 11.3) (5 ml at 4˚C) by pi-
petting up and down at 4˚C 30 times to remove peripheral membrane proteins and cytosolic proteins, 
whilst maintaining integral membrane proteins in pelleted form. The proteins in the pellet were then solu-
bilized in a neutral buffer (pH 7.0) containing 1%  
C3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and protease inhibitors in 
50mM HEPES, 150 mM NaCl, 5 mM MgCl2, 5 mM CaCl2. A further purification step was performed to 
separate and isolate the BACE1 complex according to its size and shape in a glycerol velocity gradient in a 
centrifuge at 200,000 ×gav for 15 hours. 1 mL of solubilised BACE1 preparation was loaded onto a column 
of 18% - 28% gradient glycerol solution prepared in 50 mM HEPES (pH7.0) and supplemented with 0.2% 
digitonin to maintain solubility. Western blot analysis was used to monitor the purification of BACE 
(Figure 3). 

1 mL solubilized bicarbonate extract was loaded onto a 18% - 28% glycerol-HEPES gradient supple-
mented with 1% digitonin and centrifuged at 200,000 gav for 16 h. Each 1 mL layer of glycerol-HEPES so-
lution was collected and analysed by western analysis (100 µg protein loaded onto gel) and revealed the 
presence of BACE1 in all membrane preps (Lane 1 to Lane 3) and glycerol velocity gradients fractions 
(lane 4 to lane 14). Heaviest staining for BACE1 was detected in the sodium bicarbonate wash supernatant 
(Lane 2) and solubilised BACE1 prep (Lane 3). 19% GVG fraction (Lane 5) showed very little BACE1 and 
20% GVG showed no BACE1. 24% and 26% GVG fractions revealed dimeric BACE1 with an approx. MW 
of 144 kDa (Lane 10 & Lane 12). 

Results showed that whereas a small amount of BACE was solubilized by bicarbonate, most BACE 
was purified into a membrane fraction that could be solubilized by buffers containing CHAPS or digitonin 
detergents. Gradient density centrifugation of the membrane fraction indetergent concentrated mono-
meric and dimeric BACE into fractions containing 24% - 26% glycerol (Figure 3). 

The membrane-associated BACE complex was further purified by IEC with DEAE Sephadex. 1.5 mL 
pooled 24% - 26% glycerol velocity gradient fractions of BACE1 complex was injected onto a gravi-
ty-assisted 5 mL-packed DEAE Sephadex column (pre-equilibrated in 10 mM HEPES, protease inhibitors 
and 0.2% digitonin) and incubated for 5 mins at 4˚C to allow proteins to bind to the charged resin. Bound 
proteins were steadily eluted from the column with a linear gradient of 50 ml 10 mM HEPES buffer con-
taining protease inhibitors and 0.2% digitonin mixing with 50 ml of the same buffer containing in addition 
1M NaCl. Eluate was assayed by a fluorometric assay for β-secretase (Figure 4). Activity was most con-
centrated in Fraction 7, which was then analysed by proteomics. 

Table 1 summarizes the measured activity of β-secretase/BACE1 following the multistep purification 
and the percentage of recovered proteins. It shows a large reduction in the percentage of recovered BACE 
activity and protein following high speed centrifugation (post-nuclear supernatant, detergent solubilisa-
tion of the BACE1 complex, density-centrifugation and anion-exchange chromatography with DEAE  
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Figure 3. Density gradient separation of membranes containing BACE. 
 

 
Figure 4. Purification of BACE1 complex by ion exchange chromatography (IEC).  

 
Table 1. Recovery of β-secretase in a 5-step purification procedure. 

Fraction 
Tot vol. 

(ml) 
Protein 
ug/μl 

Tot. protein 
(ug) 

Activity/50 ul Spec.activity Tot. activity Recovery % 

cell lysate 5 5.75 28,760 73.26 12.7 366,300 100 
Post-nuc SN 5 1.25 6250 18.9 15.1 94,500 25.8 

bicarb. pellet in det. 5 5.29 26,450 33.74 6.4 31,900 8.7 

Dens Grad Frs 24% - 26% 2 3.2 6390 37.44 11.7 23,420 6.4 

DEAE Fr7 5 1.05 5350 2.68 2.6 12,750 3.5 
 
sephadex were also observed, showing much of the secretase remained with the particulate material at this 
stage. The results showed considerable loss of activity during purification, especially in the IEC step, su-
gesting the procedure is far from optimum. The number of bands in an SDS-PAGE analysis of Fr7, how-
ever indicated only a few attached proteins in the complex (Figure 5), which were analysed by proteomics. 
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Figure 5. 2D-gel electrophoresis of fraction 7 of the BACE complex 
from DEAE-Sephadex chromatography run in digitonin, showing 
about 13 major proteins and a number of minor ones. 

3. IDENTIFICATION OF BINDING PARTNERS BY PROTEOMICS 
Gel bands were briefly dehydrated with 200 μL ACN and the solution aspirated. Residual ACN was evapo-
rated in a SpeedVac evaporator, at low temperature setting for 5 minutes. Proteins in gel slices were re-
duced in 100 μL 10 mM dithiothreitol (DTT) at room temperature for 30 minutes and then alkylated in 
100 μL 50 mM iodoacetamide in the dark for 30 minutes at room temperature; the supernatant solution 
was aspirated from the gel piece, which were dehydrated twice with 200 μL ACN and rehydrated with 100 
μL 100 mM ammonium bicarbonate, for 10 minutes and dried with a SpeedVac evaporator, for 5 minutes. 
Selected protein (gel bands) were excised and washed in 100 μL 100mM ammonium bicarbonate and in-
cubated with 30 μl sequencing-grade trypsin on ice for 45 min, then for 8 hr at 37˚C. 

17 bands were analysed, and tryptic fragments identified in the full Swissprot human data base using 
Mascot. Peptide scores represents the highestions score for each distinct peptide sequence and were esti-
mated by comparing the search results against an estimated random match population [24] (Table 2). 

As well as β-secretase itself, other proteins identified in the BACE1 complex by mass spectrometry 
(Table 2) were reticulon 4, endoplasmin and GRP-78, proteins from the endoplasmic reticulum thought to 
be involved in the maturation and processing of newly-synthesised proteins. Membrane bound reticulon 
(RTN) family proteins interact with BACE1 and negatively modulate BACE1 activity through preventing 
access of BACE1 to its cellular APP substrate. It has previously been shown by [25] that a C-terminal QID 
triplet conserved among mammalian RTN members is required for the binding of RTN to BACE1. Al-
though reticulons can form homo- or heterodimers in cells, BACE1 mainly binds to the RTN monomer 
and disruption of the QID triplet does not interfere with the dimerization. Correspondingly, the 
C-terminal region of BACE1 is required for the binding of BACE1 to RTNs. Furthermore, it has been 
shown by others that the negative modulation of BACE1 by RTN3 relies on the binding of RTN3 to 
BACE1. The knowledge from this study may potentially guide discovery of small molecules, maybe pep-
tides, that can mimic the effect of RTN3 on the inhibition of BACE1. An example of the MS1 and MS2 
spectra from peptide with a high matching score [24] from reticulon 4 is shown (Figure 6). 
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Table 2. Identification by mass. spec. of proteins isolated from 2D-separation of BACE1 complex. 

Spot No. Protein Accession Predicted MW Actual MW Peptide score 
1 Reticulon 4 RTN4_HUMAN 129.8 167.8 69 
2 β-Secretase (dimer) BACE1_HUMAN 111.2 128.2 154 
3 Endoplasmin ENPL_HUMAN 92.4 97.0 162 
4 Glucose regulated protein GRP78_HUMAN 72.2 85.6 238 
5 Heat shock cognate protein HSP7C_HUMAN 70.8 76.0 418 
6 Heat shock protein HSP71_HUMAN 70.0 68.8 131 
7 β-Secretase (monomer) BACE1_HUMAN 55.6 61.4 166 
8 Heat shock protein (mito) CH60_HUMAN 61.0 57.6 104 
9 ATPsynthase α mitochondrial ATPA_HUMAN 59.7 56.2 196 

10 ATPsynthase. β mitochondrial ATPB_HUMAN 56.5 53.6 138 
11 α-Enolase ENOA_HUMAN 47.1 47.4 152 
12 Cytochrome b-c1 QCR2_HUMAN 48.4 45.0 93 
13 β-Secretase 1 (monomer) BACE1_HUMAN 55.6 42.6 123 
14 β-Secretase 1 (monomer) BACE1_HUMAN 55.6 39.0 68 
15 Lactate dehydrogenase Bchain LDHB-HUMAN 36.6 36.8 178 

 

 
Figure 6. MS Spectral profile of peptide GPLPAAPPVAPER (protein ID 1-Reticulon 4).Liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) was performed using an LCQ-DECA 
Thermofinnigan Surveyor high performance liquid chromatography (HPLC) mass spectrometer 
(Thermo Scientific). Firstly, 3 μL of tryptic digests were separated by HPLC and eluted with a gra-
dient of acetonitrile in 0.1% formic acid at 400 μl/min over 55 min. The effluent was then injected 
(by electrospray) into an ion trap and ionized to generate the MS1 and MS2 spectras. MS2 was ob-
tained from the doubly charged parent ion m/z of 636.60. 
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The reticulons are known to stabilize the tubular structure of the endoplasmic reticulum, and also to 
regulate neurite growth. Reticulon 3 and -4 have been shown to inhibit β-secretase activity [25]. Overex-
pression of these reticulons (RTNs) resulted in a 30% - 50% reduction in the secretion of both Abeta40 
and Abeta42 from HEK293 cells expressing the AD-associated Swedish mutant amyloid precursor protein 
(APP), but did not affect Abeta secretion from cells expressing the APP beta-C-terminal fragment (be-
ta-CTF), indicating that these RTNs can inhibit BACE1 activity [26]. Reduction of the stability of reticulon 
3 is known to increase β-amyloid formation in transgenic (APP (PS1)) models of Alzheimer’s Disease. 
Thus understanding the interaction of β-secretase with reticulon 4 could lead to the development of small 
molecule or peptide inhibitors that would have therapeutic value in patients. Three regions, residues 59 - 
172, 544 - 725 and the loop 66 amino acids, between the two transmembrane domains, known as Nogo-66 
(neurite Outgrowth Inhibitor or nogo -66) loop, appear to be responsible for the inhibitory effect on neu-
rite outgrowth and the spreading of neurons. This Nogo-66 loop, mediates also the binding of RTN4 to its 
receptor. The TM1 and TM2 of RTN3 consist of 34 and 31 amino acid residues, respectively, longer than 
usual for transmembrane domains, which are typically ~20 amino acid residues in length. The other 
mammalian RTN family proteins and their homologs in lower organisms similarly contain two long hy-
drophobic regions [27]. The precise membrane topology of RTN proteins has not been resolved, although 
possible topological models are predicted [28]. It has been found that RTN3ΔTM1 and RTN3ΔTM2 bind 
to BACE1 but lack the ability to inhibit Aβ generation. The two-hydrophobic domain tertiary structure of 
reticulon proteins is critical for modulation of β-secretase BACE1 [29]. The N-terminal part, called 
Am-Nogo-B (1 - 200), is the functional domain for RTN4B-mediated signaling in endothelial and vascular 
smooth muscle cells. 

4. SUMMARY 
There is a great interest in studying potential protein-interactions that modulate BACE1 activity as 

they may aid structural design of therapeutic agents useful for the management and prevention of AD 
[30]. However, as with many integral membrane proteins, purification of BACE1 is plagued with the 
problem of protein insolubility. BACE1 is expressed in organisms at low levels, and is therefore difficult to 
purify and requires a combination of detergents that retain solubility, whilst retaining function and activi-
ty in aqueous conditions. Unlike previously reported purification systems for γ-secretase [19], techniques 
to isolate and purify potential binding partners of BACE1 were determined by the need to create condi-
tions that do not disrupt a BACE1 complex with other protein binding partners. BACE1 is active in acidic 
conditions with a pH optimum of 6.0, but proteins that interact with BACE1 may require different opti-
mum conditions for their activity, complicating their isolation and purification. Although several reports 
have described the purification of BACE1 truncated on the N-terminal side of its membrane-binding sec-
tion from Drosophila melanogaster S2 cells and Escherichia coli [20], these organisms may not possess 
homologous interacting proteins. Therefore, isolating BACE1 from human cell lines and identifying its 
active binding partners will ultimately provide a greater insight into how these protein interactions affect 
BACE1 and their role in the generation of β-amyloid. 
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