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ABSTRACT: β-Site amyloid protein cleaving enzyme 1 (BACE1)
is a promising therapeutic target for developing inhibitors to
alleviate Alzheimer’s disease (AD). Herein, we established an
inductively coupled plasma mass spectrometry (ICPMS)-based
inhibitor screening platform. A biotin-labeled lanthanide-coded
peptide probe (LCPP; biotin-PEG2-EVNLDAEC-DOTA-Ln) was
designed to determine the activity of BACE1 and evaluate the
degree of inhibition of inhibitors. The platform was first validated
with two commercially available inhibitors (BSI I and BSI IV) in
terms of IC50 values and then applied to two newly designed
inhibitors (inhibitors II and III) based on the crystal structure of
BACE1 interacting with inhibitor I, and each of them contained an
acylguanidine core structure. We found that their inhibition effects were improved as evaluated by the sensitive and accurate LCPP−
ICPMS platform, demonstrating its ability for new drug screening.
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BACE1, also known as β-site amyloid precursor protein
(APP)-cleaving enzyme 1 or β-secretase, is the rate-

limiting enzyme that produces toxic peptides Aβ40 and Aβ42,
according to the amyloid cascade hypothesis.1,2 Several studies
observed a lower production of Aβ with minor effects on
normal physiological processes of mice whose BACE1 gene
was knocked out.3,4 Recent studies revealed that BACE1 levels
increased in the cortices and plasma of Alzheimer’s disease
(AD) patients.5,6 Therefore, BACE1 is considered as a
promising therapeutic target for AD treatment, and a growing
number of BACE1 inhibitors with different structures have
been constantly reported.7−12

The development of a simple, sensitive, and reliable method
to detect BACE1 and screen its inhibitors is crucial for clinical
diagnosis and treatment of AD. Until now, several methods
such as enzyme-linked immunosorbent assay, surface plasmon
resonance (SPR), and fluorescence resonance energy transfer
(FRET) have been developed for this purpose.13−16 Among
them, FRET is most frequently used one mainly due to its
sensitivity and high-throughput capability. However, conven-
tional FRET assay presents shortcomings such as narrow
Stokes shifts and spectral overlap of near-UV excitation
wavelengths of some fluorophores with the absorption peaks
of many small background molecules containing aromatic
rings, so the choice of suitable donor/acceptor pairs has to be
varied from study to study for their applications.16−19

Furthermore, the peptide substrates should be carefully

optimized to achieve high FRET efficiency, avoiding the
frequently encountered steric hindrance and low solubility
issues owing to the presence of hydrophobic fluorophores at
each end of the peptide substrates.16,18 Although use of
quantum dots and layered tungsten disulfides has been
attempted to solve these problems, they could not be used
in acid pH medium in which BACE1 exhibits higher
activity.14,16 More seriously, the synthetic and natural
inhibitors containing aromatic rings could absorb or quench
the light signals, leading to false-positive or false-negative
results in some cases.20,21

Inductively coupled plasma mass spectrometry (ICPMS) is
an ideal technology capable of determining multiple metallic
elements simultaneously at ppt level with high accuracy and
broad dynamic range.22 In ICP, a hard ion source, molecules
are completely broken down into atomic ions; the signal
response is therefore independent of species and matrix.23,24

Because of these unique features, ICPMS has been applied to
the quantification of proteins, DNA, and bacteria as well as
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viruses with the aid of diverse element-tagging strategies.25−33

On the other hand, metal-tagged substrates have also been
applied to measure protease activity, demonstrating the
advantage of ICPMS compared with the reported optical
methods for enzyme assay.34,35 We previously reported an
ICPMS-based multiplex protease assay through Ln-coded
protease-specific peptide-nanoparticle probes, during which
only a centrifugation step was needed to separate the cleaved
probes from the uncleaved ones for ICPMS analysis.35

Herein, we established an ICPMS-based inhibitor screening
platform enabling not only BACE1 activity assay but also
inhibitor screening through a Ln-coded peptide probe (LCPP,
Scheme 1A). To start with, we chose EVNLDAE, the Swedish

mutated sequence of APP that can be specifically recognized
by BACE1 as the substrate.36 It was further chemically
modified to add cysteine (C) to glutamic acid (E) on the C-
terminal end, resulting in EVNLDAEC. Afterward, a biotin
group was conjugated to the amino group on the N-terminal
end using biotin-PEG2-NHS, the hydrophilic PEG2 linker of
which may improve the solubility of the probe in aqueous
solutions. In order to read out element signal in ICPMS, we
conjugated lanthanide-loaded 1,4,7,10-tetraazacyclododecane-
1,4,7-tris(acetic acid)-10-maleimidoethylacetamide (MMA-
DOTA-Ln) to biotin-PEG2-EVNLDAEC on the cysteine
residue based on a Michael addition reaction to obtain
LCPP (Scheme S1). Detailed procedures can be found in
Methods section and ESI-MS spectra for the synthesized
biotin-peptide-MMA-DOTA-Ln (Ln = Eu, La, Pr, Nd) LCPP
probes are shown in Figure S1 in the Supporting Information.
When BACE1 meets LCPP, it cleaves LCPP specifically at

the peptide bond between leucine (L) and aspartic acid (D),
resulting in biotin-EVNL and DAEC-MMA-DOTA-Ln
(Scheme 1A). The resulting biotin-EVNL and the remaining
uncleaved LCPP can be pulled down using streptavidin-
functionalized magnetic beads because of the strong
interaction between biotin and streptavidin, while the
DAEC-MMA-DOTA-Ln in the supernatant can be subjected
to ICPMS quantification via the determination of Ln (Scheme

1B). When a BACE1 inhibitor is present, BACE1 activity is
blocked, resulting in reduced LCPP cleavage and therefore the
corresponding Ln ICPMS signal decrease (Scheme 1B). The
decrease in the ICPMS Ln-signal intensity is correlated with
the degree of inhibition of the inhibitor, meaning that stronger
inhibitors cause lower Ln-signal on ICPMS. In this way, we are
able not only to determine the activity of BACE1 on the
LCPP−ICPMS platform but also to assess the inhibition effect
of its potential inhibitors, thus effectively screening BACE1
inhibitors.
In order to confirm that BACE1 could hydrolyze LCPP, in a

preliminary experiment we incubated 40 nM BACE1 and 10
μM LCPP in sodium acetate buffer and monitored the cleaved
products by HPLC-ESI-MS. As shown in Figure 1, LCPP was

precisely hydrolyzed by BACE1 at the cutting site between L
and D. The two cleaved products of DAEC-MMA-DOTA-Eu
(peak 1 at 22.0 min) and biotin-EVNL (peak 2 at 27.5 min)
were confirmed by ESI-MS (Figure S2), demonstrating the
feasibility of our designed probe for BACE1 cleavage.
Next, we optimized the reaction conditions to improve the

probe performance. The results obtained from the experiments
on time-dependent cleavage of LCPP by BACE1 indicated that
the ICPMS signal of BACE1-cleaved DAEC-MMA-DOTA-Eu
increased along with the increase in the incubation time from 0
to 60 min, and then gradually reached a plateau after 60 min
(Figure S3A). We therefore chose 60 min as the incubation
time for the following experiments. The pH value of the
reaction buffer has a significant influence on BACE1 activity.
BACE1 exerts its enzymatic activity through a general acid−
base mechanism, in which Asp228 acts as a base to activate a
bridging catalytic water, while Asp32 acts as an acid to
protonate the substrate carbonyl group.37−39 It was reported
that BACE1 cleavage occurs in cellular acid compartments, for
example, endosomal or trans-Golgi network,40 so we chose pH
values varying from 3.5 to 6.0 to study the pH-dependent
BACE1 activity. As shown in Figure S3B, the maximum 153Eu
signal was obtained at pH 4.5, which is consistent with the
results reported in the literature.41,42 Previous simulation
studies revealed a detailed mechanism of the pH-regulated
enzymatic activity. When the catalytic dyad is monoprotonated
at pH 4.5, a binding-competent state is highly occupied, which
is conducive to substrate binding.43 We therefore chose 4.5 as
the optimal pH in the subsequent experiments.

Scheme 1. (A) Structure of Ln-Coded Peptide Probe
(LCPP) and (B) Schematic Illustration of ICPMS-Based
BACE1 Assay and Inhibitor Screening Using LCPP

Figure 1. Selected ion chromatograms from HPLC-ESI-MS
monitoring the cleaved products of LCPP. LCPP (10 μM, red
peak) and BACE1 (40 nM) were first incubated in sodium acetate
buffer (20 mM, pH 4.5) at 37 °C for 120 min; the cleaved products
were then monitored by HPLC-ESI-MS. Peaks 1 and 2 represent
DAEC-MMA-DOTA-Eu (blue peak) and biotin-EVNL (black peak),
respectively.
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To further confirm the specificity of LCPP toward BACE1, 1
μM probe was incubated with 20 nM pepsin, trypsin, papain,
pectinase, bovine serum albumin (BSA), and BACE1. As
depicted in Figure 2A, significant 153Eu signal was determined

only in the presence of BACE1, while other enzymes and
proteins produced negligible signals under the same reaction
conditions, demonstrating the high specificity of LCPP toward
BACE1.
After the LCPP working conditions were optimized, we

applied the probe for BACE1 assay. As shown in Figure 2B,
with increase of the BACE1 concentration from 4 to 40 nM, a
linear increase of 153Eu signal intensity from the cleaved probe
was detected by ICPMS. The limit of detection (LOD, 3σ) was
calculated to be 0.5 nM BACE1, which is much lower than the
results obtained using quantum dot−gold nanoparticle
assembly (0.15 μM) and SPR (10 nM) reported in the
literature.14,16 In addition, the LOD obtained from the FITC-
labeled probe that we synthesized (Figure S4A) was found to
be 22 nM BACE1. The possible reason for the lower sensitivity
obtained from the FITC-labeled probe is the lower
fluorescence emission of FITC (Figure 4B) at pH 4.5, the
optimal pH for BACE1 (Figure S3B).
In order to validate that this probe can be applied to screen

BACE1 inhibitors, two commercially available BACE1
inhibitors were selected to evaluate their IC50 values. BSI I is
a statine-based peptide mimetic inhibitor with an IC50 value of
30 nM, while BSI IV is a cell-permeable isophthalamide
compound containing a hydroxyethylamine moiety with an
IC50 value of 29 nM.7,13 After BACE1 was first treated with
different concentrations of BSI I and BSI IV for 30 min, the
IC50 values were measured on the established LCPP−ICPMS
platform and determine to be 32 ± 3 nM for BSI I (Figure 3A,
n = 3) and 37 ± 2 nM for BSI IV (Figure 3B, n = 3). These
results demonstrated the ability of LCPP−ICPMS to screen
BACE1 inhibitors. In addition to the well-known BACE1
inhibitors BSI I and BSI IV, we also chose donepezil, which is
an acetylcholinesterase inhibitor, to further validate the
LCPP−ICPMS screening platform. No inhibitory effect was
observed even when the concentration of donepezil was up to
1 mM (Figures 3C). This is a correct result because donepezil
is an inhibitor of acetylcholinesterase but not of BACE1, being
consistent with results accessed using unlabeled substrates by
CE-MS and MALDI-MS.44,45 However, an inhibition effect of
donepezil in sub-micromolar range toward BACE1 using the
FRET substrate was reported.20,46 These conflicting results
might be due to the quenching of fluorophore by donepezil in
a concentration-dependent manner.44−47 Conclusively, our

study confirmed that accurate result could be obtained on the
established LCPP−ICPMS platform.
Furthermore, on the basis of the crystal structure of BACE1

complexed with acylguanidine-based inhibitor I (IC50 = 3.7
μM,48 Figure 4A, http://www1.rcsb.org/structure/2QU2), we
designed two new inhibitors that are expected to have higher
inhibitory ability toward BACE1. The acylguanidine moiety of
inhibitor I forms four key hydrogen-bonding interactions with
the catalytic aspartic acids, Asp32 and Asp228. The two aryl
groups (P1, P2′) extend into the S1 and S2′ pockets,
respectively, and the para position of the P1 phenyl group
projects directly toward the unoccupied S3 pocket, providing
an opportunity to add substituents to the P1 phenyl that may
extend into the S3 pocket; therefore additional interactions will
increase the binding affinity. On the other hand, the S2′ pocket
provides access to more polar and charged groups, thus
offering the potential to form additional hydrogen bonds
directly with BACE1. Moreover, one of the nitrogen groups of
the acylguanidine moiety faces away from the catalytic residues
toward the S1′ pocket; substitution on this nitrogen might
allow access to the unoccupied S1′ pocket, thus presenting
potential opportunities to form polar or hydrogen-bonding
interactions. Based on these possibilities, inhibitor II was
designed by introducing two F atoms on the P2′ phenyl group
to facilitate hydrogen bonds with the S2′ pocket (Figure 4C),
while inhibitor III was designed by introducing a para-n-
butoxyphenyl substitution on the P1 phenyl group and a
propanol substitution of the acylguanidine moiety to extend
into the S3 pocket and S1′ pocket (Figure 4D), respectively.
We further replaced the P2′ phenyl with pyrimidine to
facilitate a hydrogen bond with the S2′ pocket (Figure 4D).
The detailed chemical synthesis and characterization are
shown in Scheme S2, Scheme S3 and Figures S5−S18.

Figure 2. (A) Specificity of LCPP toward BACE1. LCPP was
incubated with 20 nM pepsin, trypsin, papain, pectinase, BSA, or
BACE1. (B) Linear relationship between 153Eu signals and the
concentration of BACE1. Experiments were performed in sodium
acetate buffer (20 mM, pH 4.5) containing 1 μM LCPP (n = 3).

Figure 3. Sigmoidal dose response curves of BACE1 activity versus
logarithmic concentration of the compositionally and structurally
different BSI I (A), BSI IV (B), and donepezil (C). Experiments were
performed in sodium acetate buffer (20 mM, pH 4.5) containing 1
μM LCPP and 20 nM BACE1.
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Considering that ICPMS can easily distinguish and quantify
multiple Ln, we encoded LCPP with different Ln ions to
measure the IC50 values of the newly synthesized BACE1
inhibitors. As shown in Scheme S4, to determine the IC50
values of the acylguanidine-based inhibitors using three
different Ln-encoded LCPPs (Ln = La, Pr, Nd), the BACE1-
cleaved DAEC-MMA-DOTA-Ln in the supernatants were
combined and analyzed by ICPMS simultaneously. The
determined IC50 values of inhibitors I, II, and III were 1.01
± 0.25 μM, 186 ± 2 nM, and 382 ± 2 nM (n = 3) (Figure 4B−
D), suggesting that inhibitor II resulting from the simple
introduction of two F atoms on P2′ phenyl group of inhibitor I
is more efficacious than inhibitor III with the more
complicated structure. Clearly, sophisticated design of
BACE1 inhibitory molecules is much more desired in the
future, and they can be precisely evaluated on the established
LCPP−ICPMS platform.
In summary, we have successfully developed a sensitive and

accurate LCPP−ICPMS platform for not only BACE1 assay
but also BACE1 inhibitor screening. The LCPP features a

peptide substrate of which one end is tagged with a DOTA-Ln
that can be encoded with different Ln ions on demand and the
other end is labeled with a biotin group enabling the highly
efficient separation of the cleaved Ln from uncleaved LCPP for
accurate ICPMS quantification. Such a design allows us to
screen BACE1 inhibitors via switching the determination of
the hydrolyzed polypeptide fragments to quantification of Ln
on ICPMS. To the best of our knowledge, this is the first
example applying ICPMS for inhibitor screening. This
methodology should be very much expected to be applied to
the screening of other enzymes inhibitors, not limited to
BACE1 demonstrated here.

■ METHODS
Synthesis of LCPP and FITC-Labeled Probe. Triethylamine

(TEA, 4.3 μL, 32.4 μmol) and biotin-NHS ester (8.1 mg, 16.2 μmol)
were added into peptide EVNLDAEC (9.6 mg, 10.8 μmol) with
anhydrous N,N-dimethylformamide (DMF, 100 μL) as solvent. After
overnight reaction, the mixture was purified using the semipreparative
HPLC with a TechMate C18-ST column (10.0 i.d. × 250 mm in
length, 5 μm particle size), during which H2O/ACN mixture was used
as the mobile phase with a gradient elution program from 70/30
H2O/ACN to 20/80 H2O/ACN in 30 min at a flow rate of 4.0 mL/
min, followed by reduced pressure distillation and freeze-drying to
give biotin-EVNLDAEC (10.0 mg, yield 72%). Then, the obtained
biotin-EVNLDAEC (10.0 mg, 7.82 μmol) and MMA-DOTA-Eu
(13.5 mg, 20 μmol) were dissolved in ammonium acetate buffer (0.2
mL, 100 mM, pH 6.4) and stirred for 3 h at 37 °C and then purified
by HPLC to obtain biotin-peptide-DOTA-Eu (13.0 mg, yield 85%).
Biotin-peptide-MMA-DOTA-Ln (Ln = La, Pr, Nd) were prepared in
the same way as biotin-peptide-MMA-DOTA-Eu. (Scheme S1) They
were characterized using ESI-MS (Figure S1). The synthetic route for
FITC-labeled probe was similar to that for LCPP just using FITC
instead of MMA-DOTA-Ln. The obtained biotin-EVNLDAEC (5.0
mg, 3.9 μmol) and MMA-FITC (4.3 mg, 10 μmol) were dissolved in
ammonium acetate buffer (0.2 mL, 100 mM, pH 6.4) and stirred for 3
h at 37 °C, then purified by HPLC to obtain FITC-labeled probe (5.0
mg, yield 75%).

Synthesis of 1-(2,4-Difluorophenyl)-4-phenylbutane-1,4-
dione (Compound 1). To a solution of ZnCl2 (5.0 g, 36.7 mmol)
in toluene (40 mL) was added diethylamine (DEA, 2.9 mL, 27.5
mmol) followed by t-BuOH (2.6 mL, 27.5 mmol). The mixture was
stirred at room temperature (RT) for 2 h until it was mostly
dissolved; then acetophenone (3.3 mL, 27.5 mmol) and 2-bromo-
2′,4′-difluoroacetophenone (4.3 g, 18.4 mmol) were added to the
reaction mixture for 6 h reaction under stirring, and the reaction
mixture was diluted with water (40 mL), extracted with CH2Cl2 (3 ×
40 mL), dried with MgSO4, and filtered through a funnel in sequence.
The filtrate was concentrated in vacuo and purified by silica gel flash
column chromatography (EtOAc/petroleum ether (PE), 1/40) to
give a yellow powder, compound 1 (2.1 g, yield 42%) (Scheme S2).
1H NMR (500 MHz, CDCl3) δ 8.07−7.99 (m, 2H), 7.96 (td, J = 8.6,
6.7 Hz, 1H), 7.61−7.54 (m, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.01−6.92
(m, 1H), 6.89 (ddd, J = 11.1, 8.7, 2.5 Hz, 1H), 3.42 (dhept, J = 9.5,
2.8 Hz, 4H). 13C NMR (125 MHz, CDCl3) δ 198.4, 195.3 (d, J = 4.7
Hz), 166.8 (d, J = 12.2 Hz), 164.8 (d, J = 12.4 Hz), 163.9 (d, J = 12.6
Hz), 161.9 (d, J = 12.5 Hz), 136.7, 133.1, 132.7 (dd, J = 10.6, 4.3 Hz),
128.6, 128.1, 122.0 (dd, J = 13.2, 3.6 Hz), 112.2 (dd, J = 21.4, 3.5
Hz), 104.8 (dd, J = 27.7, 25.4 Hz), 37.2 (d, J = 8.4 Hz), 32.5 (d, J =
2.3 Hz). MS calcd for C16H12F2O2 [M + H]+ m/z 275.0878, found
275.0870.

Synthesis of 2-(2-(2,4-Difluorophenyl)-5-phenyl-1H-pyrrol-
1-yl) Acetic Acid (Compound 2). A solution of compound 1 (2.1 g,
7.5 mmol) and glycine (1.7 g, 22.5 mmol) in acetic acid (20 mL) was
refluxed at 130 °C overnight. The mixture was naturally cooled to RT,
diluted with H2O (20 mL), extracted with EtOAc (3 × 20 mL), dried
with MgSO4, and filtered through a funnel in sequence. The filtrate
was concentrated in vacuo and purified by silica gel flash column

Figure 4. (A) The bonding mode of inhibitor I with BACE1. X-ray
crystal structure of inhibitor I binding with BACE1 (PDB code 2QU2,
left); the relative locations of the different binding pockets of the
active site are labeled, and key amino acid residues and key binding
interactions (right) are given. Sigmoidal dose response curves of
BACE1 activity versus logarithmic concentration of inhibitor I (B),
inhibitor II (C), and inhibitor III (D). Experiments were performed in
sodium acetate buffer (20 mM, pH 4.5) containing 1 μM LCPP and
20 nM BACE1.
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chromatography (EtOAc/PE/HCOOH, 1/10/0.01) to obtain com-
pound 2 as a white powder (2.3 g, yield 98%) (Scheme S2). 1H NMR
(500 MHz, CDCl3) δ 7.42−7.28 (m, 3H), 6.89 (t, J = 8.7 Hz, 1H),
6.33 (d, J = 3.5 Hz, 1H), 6.31 (d, J = 3.6 Hz, 1H). 13C NMR (125
MHz, CDCl3) δ 174.6, 163.9 (d, J = 12.1 Hz), 161.9 (d, J = 12.0 Hz),
161.1 (d, J = 12.2 Hz), 159.1 (d, J = 12.5 Hz), 137.0, 133.5 (dd, J =
9.2, 4.3 Hz), 132.7, 129.2, 128.7, 128.6, 127.7, 117.2−116.5 (m),
111.7 (dd, J = 20.8, 4.1 Hz), 111.2, 109.8, 104.3 (t, J = 25.9 Hz), 46.5
(d, J = 3.1 Hz). MS calcd for C18H13F2NO2 [M + H]+ m/z 314.0987,
found 314.1020.
Synthesis of N-(Diaminomethylene)-2-(2-(2,4-difluorophen-

yl)-5-phenyl-1H-pyrrol-1-yl) Acetamide (Inhibitor II). To a
solution of compound 2 (2.3 g, 7.4 mmol) in anhydrous DMF (4.0
mL) was added 1,1′-carbonyldiimidazole (CDI, 1.7 g, 10.5 mmol),
and the mixture was stirred at RT for 1 h. To the reaction mixture was
added a solution of guanidine hydrochloride (2.5 g, 26.1 mmol) and
TEA (3.6 mL, 26.1 mmol) in DMF (6.5 mL). After stirring for 6 h,
the above mixture was poured into H2O (10 mL). The aqueous phase
was extracted with EtOAc (3 × 10 mL), and the combined organic
layers were dried with MgSO4 and then filtered through a funnel. The
filtrate was concentrated in vacuo and purified by silica gel flash
column chromatography (EtOAc/PE/HCOOH, 2/8/0.01) to obtain
inhibitor II (2.6 g, yield 98%) (Scheme S2). 1H NMR (500 MHz,
CDCl3) δ 7.88 (d, J = 3.5 Hz, 4H), 7.33−7.27 (m, 4H), 7.25 (ddd, J =
8.6, 5.2, 2.3 Hz, 2H), 6.82 (ddt, J = 16.3, 9.1, 4.6 Hz, 2H), 6.29−6.24
(m, 2H), 4.58 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 172.5, 163.9
(d, J = 12.2 Hz), 161.9 (d, J = 12.2 Hz), 161.1 (d, J = 12.5 Hz), 159.1
(d, J = 12.2 Hz), 156.2, 137.3, 134.0−133.1 (m), 132.6, 129.1, 128.8,
128.7, 127.8, 116.7 (dd, J = 15.0, 4.4 Hz), 111.8 (d, J = 24.5 Hz),
111.5, 110.0, 104.4 (t, J = 25.8 Hz), 49.1. MS calcd for C19H16F2N4O
[M + H]+ m/z 355.1370, found 355.1365.
Synthesis of 1-(4-Butoxyphenyl)-3-(dimethylamino) Prop-

an-1-one (Compound 3). A solution of 4′-butoxyacetophenone
(2.5 g, 13.0 mmol), dimethylamine hydrochloride (DMA, 1.4 g, 14.6
mmol), paraformaldehyde (PA, 0.6 g, 19.7 mmol), and 12 N HCl (25
μL) in ethanol (10 mL) was refluxed at 100 °C overnight. The
solution was naturally cooled to RT, and the ethanol was evaporated
under vacuum; a 20% aqueous solution of NaOH was added to adjust
pH = 10, and then the residue was extracted with EtOAc (3 × 20
mL). The combined organic layers were dried with MgSO4 and
filtered through a funnel. The filtrate was concentrated in vacuo and
purified by silica gel flash column chromatography (EtOAc/MeOH,
10/1) to give compound 3 (1.6 g, yield 49%) (Scheme S3). 1H NMR
(500 MHz, CDCl3) δ 7.93 (d, J = 9.0 Hz, 2H), 6.92 (d, J = 8.9 Hz,
2H), 4.02 (t, J = 6.5 Hz, 2H), 3.10 (dd, J = 8.0, 6.8 Hz, 2H), 2.75 (dd,
J = 8.0, 6.8 Hz, 2H), 2.29 (s, 4H), 1.79 (dq, J = 8.2, 6.7 Hz, 2H),
1.55−1.44 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz,
CDCl3) δ 197.6, 163.1, 130.3, 129.8, 114.2, 67.9, 54.6, 45.5, 36.5,
31.1, 19.2, 13.8. MS calcd for C15H23NO2 [M + H]+ m/z 250.1802,
found 250.1750.
Synthesis of Pyrimidine-2-carbaldehyde (Compound 4). To

a solution of 2-iodoxybenzoic acid (IBX, 7.6 g, 27.3 mmol) in ACN
(20 mL) was added 2-pyrimidinemethanol (1.0 g, 9.1 mmol), and the
reaction mixture was stirred at 80 °C for 3 h in N2 atmosphere, then
filtered through a funnel and concentrated in vacuo to give crude
compound 4 (Scheme S3), which was directly used for next step of
synthesis.
Synthesis of 1-(4-Butoxyphenyl)-4-(pyrimidin-2-yl) Butane-

1,4-dione (Compound 5). To a well stirred solution of compound 3
(1.6 g, 6.4 mmol) in 1,4-dioxane (10 mL) was added compound 4
(0.8 g, 7.4 mmol), 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium
bromide (EHMB, 0.5 g, 2.0 mmol), and TEA (5 mL). The reaction
mixture was refluxed at 120 °C for 16 h, the solution was naturally
cooled to RT and diluted with H2O (20 mL), then the mixture was
extracted with EtOAc (3 × 30 mL). The combined organic layers
were dried over anhydrous MgSO4, filtered through a funnel, and
concentrated in vacuo. The residue was purified by silica gel flash
column chromatography to give compound 5 (1.0 g, yield 50%)
(Scheme S3). 1H NMR (500 MHz, DMSO-d6) δ 8.68 (d, J = 4.9 Hz,
2H), 7.37−7.26 (m, 2H), 7.22−7.12 (m, 2H), 7.06−6.97 (m, 2H),

6.24 (d, J = 3.8 Hz, 1H), 5.15−4.96 (m, 2H), 4.01 (t, J = 6.4 Hz, 2H),
1.79−1.63 (m, 2H), 1.52−1.35 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C
NMR (125 MHz, CDCl3) δ 198.6, 196.8, 163.2, 160.0, 157.7, 130.4,
129.5, 123.0, 114.2, 67.9, 33.1, 32.7, 31.1, 19.2, 13.8. MS calcd for
C18H20N2O3 [M + H]+ m/z 313.1547, found 313.1467.

Synthesis of 2-(2-(4-Butoxyphenyl)-5-(pyrimidin-2-yl)-1H-
pyrrol-1-yl) Acetic Acid (Compound 6). The synthetic procedure
for compound 6 (Scheme S3) was the same as that for compound 2.
1H NMR (500 MHz, DMSO-d6) δ 8.68 (d, J = 4.9 Hz, 2H), 7.41−
7.24 (m, 2H), 7.22−7.08 (m, 2H), 7.08−6.93 (m, 2H), 6.24 (d, J =
3.8 Hz, 1H), 4.01 (t, J = 6.4 Hz, 2H), 1.76−1.63 (m, 2H), 1.52−1.33
(m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ
171.5, 159.9, 159.0, 157.3, 140.4, 131.7, 130.7, 124.6, 117.8, 115.3,
115.1, 109.5, 79.6, 67.7, 49.4, 31.2, 19.2, 14.1. MS calcd for
C21H22N2O3 [M + H]+ m/z 352.1656, found 352.1413.

Synthesis of 1-(3-Hydroxypropyl) Guanidine (Compound
7). Compound 7 (Scheme S3) was prepared according to a published
procedure.45

Synthesis of (E)-N-(Amino((3-hydroxypropyl)amino)-
methylene)-2-(2-(4-butoxyphenyl)-5-(pyrimidin-2-yl)-1H-pyr-
rol-1-yl) Acetamide (Inhibitor III). Compound 6 (386.0 mg, 1.1
mmol) and CDI (0.9 g, 5.5 mmol) were dissolved in anhydrous DMF
(5.0 mL), and the mixture was stirred at RT for 0.5 h. Compound 7
(1.3 g, 11.0 mmol), TEA (1.5 mL, 11.0 mmol), and 4-
dimethylaminopyridine (DMAP, 13.4 mg, 0.1 mmol) were added to
the reaction mixture, and the mixture was stirred for 12 h at RT. Then
the mixture was concentrated in vacuo and purified by silica gel flash
column chromatography to obtain inhibitor III (50.0 mg, yield
10.1%) (Scheme S3). 1H NMR (500 MHz, CD3OD) δ 8.59 (d, J =
4.9 Hz, 1H), 7.35 (d, J = 8.7 Hz, 1H), 7.24 (dd, J = 8.8, 3.7 Hz, 1H),
7.04 (dd, J = 11.5, 6.7 Hz, 1H), 6.96 (t, J = 6.3 Hz, 1H), 6.23 (dd, J =
7.5, 3.9 Hz, 1H), 5.08 (d, J = 12.6 Hz, 1H), 4.01 (t, J = 6.4 Hz, 1H),
3.61 (dt, J = 29.5, 4.2 Hz, 1H), 3.30 (ddd, J = 15.8, 8.4, 4.2 Hz, 2H),
1.82−1.71 (m, 2H), 1.52 (dq, J = 14.8, 7.4 Hz, 1H), 1.29 (d, J = 4.6
Hz, 1H), 1.00 (td, J = 7.4, 2.6 Hz, 2H). 13C NMR (214 MHz,
CD3OD) δ 171.2, 159.6, 159.4, 156.5, 156.5, 141.1, 130.3, 130.3,
124.4, 116.8, 115.1, 114.3, 109.1, 67.4, 67.4, 58.5, 58.3, 48.9, 48.4,
38.2, 31.1, 31.0, 18.9, 12.8. MS calcd for C24H30N6O3 [M + H]+ m/z
451.2452, found 451.2351.

Measurement of the IC50 Values of Inhibitors I, II, and III.
The inhibitors at different concentrations were incubated with 20 nM
BACE1 in CH3COONa (20 mM, pH 4.5) containing 0.01% Triton
X-100 at 37 °C for 30 min, and then 1 μM LCPP (La for inhibitor I,
Pr for inhibitor II, Nd for inhibitor III) was added, and the reaction
was incubated at 37 °C for 60 min with gentle shaking (600 rpm).
Subsequently, streptavidin magnetic beads and MOPS buffer (100
mm, pH 7.4) were added to the mixture, and it was incubated on a
rotary mixer for 15 min and set on the magnet for 3 min for
separation of the uncleaved LCPP from the cleaved DAEC-MMA-
DOTA-Ln (Ln = La, Pr, Nd). Finally, the supernatants were mixed
and diluted with 2% HNO3 for ICPMS measurement to obtained the
inhibitor-mediated BACE1 activity. Sigmoidal dose response curves of
the inhibition percentage (%) versus logarithmic concentration of
inhibitor I, inhibitor II, and inhibitor III were thus constructed
(Figure 4). From the sigmoidal dose response curves, the IC50 value
was obtained.
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