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Graphical Abstract

New series of TBA amino acid/dipeptide derivatives were synthesized and evauated
for their antitumor activity. BA-25 was found to be the most active one.
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Abstract: The lead compoun@iBA, 33-Hydroxy-lup-20(29)-ene-28-oic acid-3,
5, 6-trimethylpyrazin-2-methyl ester, which exhdat promising antitumor
activity and induced tumor cell apoptosis in vasiocancer cell lines, had
previously been reported. Moreover, reports havealked that the introduction
of amino acid to betulinic acid could improve sélex cytotoxicity as well as
water solubility. Thus, a series of nov€@BA amino acid and dipeptide
derivatives were designed, synthesized and scretaredelective cytotoxic
activity against five cancer cell lines (HepG2, B9-Hela, BCG-823 and A549)
and the not malignant cell line MDCK by standard Massay. Most of the
tested TBA-amino acid and dipeptide analogues showed stronger
anti-proliferative activity against all tested tumeell lines thanTBA. Among
them, BA-25 exhibited the greatest cytotoxic activity on tuncetl lines (mean
ICs50= 2.31+0.78 uM), that was twofold than the positivag cisplatin DDP),
while it showed lower cytotoxicity on MDCK cell nthan DDP. Further cell
apoptosis analyses indicatBé-25-induced apoptosis was associated with loss
of mitochondrial membrane potential and increaseantfcellular free C4

concentration.

Keywords: Betulinic acid, Amino acids derivativd3ipeptide derivatives, Selective

cytotoxicity, Structure-activity relationships, Aposis;
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1. Introduction

Cancer is one of the major diseases which threatsah life and health seriously
[1-2]. The cytotoxic agents are still one of theimalinical treatments for the
malignant tumor. However, these drugs usually hesme severe side effects with
poor patients compliance, therefore the discovérthe targeted anti-tumor drugs is
of great significance [3-6]. Because of their sy@elective cytotoxicity and potent
apoptosis induction activity, pentacyclic triterpeds and their derivatives had
become the focus of scientific interest [7-10].

Ligustrazine (2,3,5,6-tetramethylpyrazine, TMP)major effective component of
traditional Chinese medicine Rhizoma Chuanxiobgguysticum, chuanxiong Hort),
has been used for the treatment of cardiovascaldrcarebrovascular diseases in the
clinic in China for many years [11-13]. Recentligulstrazine was found to possess
anticancer activityin vivo and in vitro, it could induce cancer cell apoptosis and
reverse multidrug resistance in tumors [14-16]. Meaile, recent researches revealed
that the introduction of ligustrazine to the amtior components could increase their
cytotoxicity and selectivity [17, 18]. This hasrstilated interest in using ligustrazine
as the scaffold to synthesize new anticancer ageyntsombination it with other
anti-tumor ingredients [16, 19-21]. In our previaiady, we successfully synthesized
a series of novel ligustrazine-triterpenes denaesti and observed that these
derivatives possessed potent selective cytotoxicity of which,
3B-Hydroxy-lup-20(29)-ene-28-oic acid-3, 5, 6-trimgiyrazin-2-methyl esterTBA)
displayed promising selective cytotoxicity ¢4< 5.23 uM) [17-19, 21, 22]. In
addition, reports have shown that the introductodnamino acid or dipeptide to
triterpenes could improve selective cytotoxicity vasll as water solubility [8, 21,
23-25]. Based on the above, we attempted the syistioé several BA amino acids
and dipeptide derivativeBA-X by introducing various amino acids or dipeptides t
the C3 of TBA, in order to improve its antitumor activities atuor targeting. All
newly synthesized compounds were fully charactdribg ‘H-NMR, *C-NMR,
HRMS and tested for cytotoxic activity against agleof tumor cell lines and normal

cell line, including HepG2, HT-29, Hela, BGC823,4%and MDCK. Meanwhile, the
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preliminary anti-tumor mechanisms of the most pbteompound were also
investigated by fluorescence staining observatiod #ow cytometric analysis in
present study. In addition, the structure-activéhationships of these derivatives were

briefly discussed.

2. Results and discussion

2.1. Chemistry

The designed derivatives were prepared followirgy ghocedures in Scheme 1-4.
The compoundl'BA (BA-01) was prepared according to our previous study with
some modifications [19]. According to the literauprocedure, the intermediate
(3,5,6-trimethylpyrazin-2-yl)methanol) was successively obtained [26]. Then the
intermediatet was further reacted with tosyl chloride (TsCltetrahydrofuran (THF)
in the presence of triethylamine (TEA) and 4-diny&iminopyridine (DMAP) to
yield the important intermediate 2-(chloromethy/%.8-trimethylpyrazine &)
(Scheme 1). Subsequently, it wunderwent alkylatioreaction in N,
N-dimethylformamide (DMF) with betulinic acid (BAp afford the compound@BA
(BA-01) (Scheme 2).

(Insert Scheme 1)

(Insert Scheme 2)

The TBA amino acid derivative88A-02---BA-15 (Scheme 3, Table 1) were
obtained by 1-Ethyl-3-(3-dimethylaminopropyl)cariiodde hydrochloride (EDCI)
mediated esterification from the correspondinggutad (N-Boc, N-Cbz) amino acids
and TBA. Deprotection was performed with trifluoroaceticica (TFA) in dry
dichloromethane (DCM) or by treating the compouwith Pd/C (10%) in methanol
(MeOH). It was worth noting that, to avoid the fation of undesirable by-products,
the hydroxyl groups of Cbz-L-serine and Cbz-L-timee should be protected with
tert-Butyldimethylsilyl chloride (TBDMSCI) beforesterification withTBA in the

synthesis o0BA-14 andBA-15. Removal of the TBDMS groups was achieved using
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1M tetrabutylammonium fluoride (TBAF) solution irHF (Scheme 3).
(Insert Scheme 3)

(Insert Table 1)

(Insert Table 1)

In similar fashions, the TBA dipeptide derivativBs\-16---BA-27 were prepared
according to the procedures in Scheme 4. In bitef, TBA amino acids derivatives
BA-02, BA-04, BA-06 and BA-12 underwent peptide coupling reactions with the
corresponding N-Boc protected amino acids (L-GlySdr, L-Pro, L-Ala) in the
presence of EDCI, 1-hydroxybenzotriazole (HOBt) &hdN-Diisopropylethylamine
(DIPEA) in dry DCM to afford the correspondinDBA dipeptide intermediates,
which were further treated with TFA in dry DCM taveg the final compounds
BA-16---BA-27 (Table 2). The structures of all target derivagiveere confirmed by
spectral fH-NMR, **C-NMR and HRMS) analysis.

(Insert Scheme 4)
(Insert Table 2)

2.2. Biology
2.2.1 Cytotoxicity Assay

Thein vitro antitumor activity ofTBA amino acids and dipeptide derivatives was
evaluated on five tumor cell lines (HepG2, HT-2®l& BCG-823, A549) using the
standard MTT assay, and their toxicity was tess@dgiMDCK cells. The Ig values
were summarized in Table 3. As shown in Table @&rafombination with amino acid
or dipeptide, most of the targeted compounds showegiificantly improved
cytotoxicity on all tested tumor cell lines compéte the starting materidlBA. The
cytotoxicity detection also revealed that mostT&A amino acids derivatives (such
as BA-02, BA-09, BA-10, BA-12 et al) and nearly alTBA dipeptide derivatives
exhibited better antiproliferative activities th#ime positive drug DDP, while they
showed lower cytotoxicity than DDP on MDCK cell énAmong the candidates,
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BA-25 was the most active one, which exhibited perfetipeoliferative activities
(mean IGy= 2.31+0.78 uM) on all tested cancer cell linest Ewample, the 16
values ofBA-25 for HT-29, Hela and BGC-823 (1.70+0.34 uM, 1.7480uM,
1.7940.28 pM) is much lower than those of the pasitdrug cisplatin (DDP)
(4.10+1.17 pM, 5.60+0.78 uM, 4.25+0.32 uM). Meana/BA-25 exhibited higher
cytotoxic selective towards MDCK cells @§&= 10.84+0.27 uM) than DDP. 1t is
worth noting that, although the compouli-10, BA-23 and BA-24 exhibited
slightly lower cytotoxicity tharBA-25 on the tested cancer cells, their pronounced
cytotoxic selective (therapeutic index (T1)>10) snds MDCK cells distinguished

them from this series. Their dgvalue for MDCK cells was more than 40 ulkee

Table 3.

From the obtained results, it was observed fhBA aliphatic amino acids
derivatives exhibited better anti-proliferative iaities than those aromatic amino
acids and heterocyclic amino acids derivativesgxamplified byBA-02, BH-04,
BA-10, BA-12 > BA-03, BA-11; Structure-activity relationship analysis among th
TBA aliphatic amino acids derivatives also revealeat the compounds with small
molecule aliphatic amino acids seemed to be motweathan those with high
molecular weight aliphatic amino acids, suchBas02, BA-04 > BA-07, BA-08. In
addition, it was observed tHeBA basic amino acids derivatives seemed to be more
active than those acidic amino acids derivativashsasBA-10 > BA-05. The result
also revealed that thEBA dipeptide derivatives were more active than thénam
acids derivatives. Potency is an important critefr assessing leads, but it is not the
only consideration when selecting a lead compouwnrdfurther optimization into a
drug [27, 28]. The selectivity, solubility and hgghobicity were also essential to the
perfect drug candidates, because these propertege wlosely associated with
absorption, distribution, metabolism, excretion doxicity (ADMET) properties of
the compounds [29-31]. Thus the compoi#A+10, BA-23, BA-24 andBA-25 was
selected for further pharmacodynamics and pharmiaet& evaluation, including the
in vivo antitumor activity and plasma stabilityy vivo pharmacokinetics, in the hope
of producing drug candidates for drug developmAnt the results will be reported
in due course. Meanwhile the most active compdBAe25 (mean 1Gy= 2.31+0.78
UM) was selected for further analysis to studymechanism of growth inhibition on
HepG2 cell line in this study.
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(Insert Table 3.)

2.2.2. Analyses of apoptosis
2.2.2.1. Morphological detection of apoptosis usBigmsa staining

To investigate the mechanism of HepG2 cell deatthuéed byBA-25, the
morphologic changes of cells were observed by Gaestaining. As shown in Fig. 1,
the morphology of HepG2 cells in the negative aanmivas normal; When the cells
treated withBA-25 (1.5, 3, 6uM) for 72 h, typical signs for apoptosis were found
Even at low concentration @dA-25 (1.5 uM), cells had showed typical apoptosis
morphological features, such as cell shrinkageprolatin margination and nuclear
fragmentation. With the increase of the concerdrabf BA-25, the characteristic of
apoptosis was more and more obvious. When the otnaten ofBA-25 was raised
up to 6uM, almost all cells showed typical apoptotic moraigical changes such as
nuclear condense, nuclear fragmentation. Theseltsesndicated thatBA-25
significantly induced HepG2 cells apoptosis.

(Insert Fig. 1)

2.2.2.2. Morphological detection of apoptosis udd#P|I staining

To further characterize the effects of apoptostiation ofBA-25 on HepG2, the
nucleus morphological changes BA-25-treated HepG2 were observed by DAPI
staining. AfterBA-25 treatment for 72 h, HepG2 cells showed nucleampmaogical
changes typical of apoptosis in a dose-dependentnema such as nuclear

condensation, nuclear fragmentation and the foonaif apoptotic bodies (Fig. 2).
(Insert Fig. 2)

2.2.2.3. Detection of apoptosis using Annexin V-EIF| staining

To further perform a comprehensive view on the &msip induced byBA-25,
apoptotic rates were analyzed by flow cytometryngsan Annexin V-FITC/PI
staining. As shown in Fig. 3, the HepG2 cells destiated a remarkable response to
the apoptotic effect oBA-25 in a dose-dependent fashion. The apoptotic effest
determined by counting the apoptosis ratios (indgdhe early and late apoptosis
ratios). Following different concentrations (2, 8,uM) of BA-25 treatment, the
apoptosis ratios increased from 6.3% of the contml10.9%, 17.8%, 36.8%,
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respectively. These results indicated tB&t-25 had the potential to induce HepG2

cell apoptosis.
(Insert Fig. 3)

2.2.2.4. Measurement of mitochondrial membranertiate

Disruption of mitochondrial membrane potentiad#m) is one of the earliest
intracellular events that occur following the onsétapoptosis [32, 33]. To study
whether the mitochondrial events were involvedhie apoptosis induced [BA-25,
A¥Pmwas measured quantitatively using flow cytometryhvaell-permeable cationic
dye Rhodamine 123 (Rh123). Rh123 accumulates imalomitochondria due to its
high negative charge, and the reduction! &m will lead to the release of Rh123 and
reduction of its fluorescence intensity [34]. Asosim in Fig. 4, the fluorescent
intensity decreased in a dose-dependent manneGHegplls treated witlBA-25 (2
uM, 3 uM, 4 uM) for 72 h exhibited a lower fluorescent intendiMFI: 6416, 5411,
2147) compared with untreated HepG2 cells (MFI:1Z84Fig. 4).

(Insert Fig. 4)

2.2.2.5. Assessment of intracellular Freé'Ca

A sustained increase in intracellular®Ceoncentrations is recognized as a factor for
cell death or injury [35]. The membrane-permeabké*Gensitive fluorescent dye
Fluo-3AM was used to evaluate the level changeécellular free Cdin HepG2
cell line after co-culture witlBA-25. The Fluo-3 AM can across the cell membrane
and be cut into Fluo-3 with the cells. The Fluoah specifically combine with the
C&" and has a strong fluorescence with an excitatiametength of 488 nm [36, 37].
As shown in Fig. 5, with the increase®A-25 concentration, intracellular free €a
fluorescence increased dramatically (MFI 2743, 3B3%3) compared with the control
group (MFI 1992). The results indicated that theréase of intracellular Gawas
related withBA-25-induced HepG2 cell apoptosis (Insert Fig. 5).

3. Conclusions
In this study, we successfully synthesized 27 n@®RA amino acid and dipeptide
derivatives by attaching different amino acids gregtides to the C3 ofBA. Their

cytotoxicity was determined by the standard MTTagssThe result indicated that
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most of the synthesizedBA-amino acid and dipeptide analogues showed
significantly improved selective cytotoxicity againall tested tumor cell lines
compared toT BA. From the obtained result, we also observed tmatcbompounds
with small molecule aliphatic amino acids seemetidamore active than those with
high molecular weight aliphatic amino acids, susiBA-02, BA-04 > BA-07, BA-08;
The TBA dipeptide derivatives were more active than thénanacids derivatives.
Among all the new derivatives, compouBA-25 showed the greatest cytotoxicity on
tumor cell lines (IG = 2.31+0.78 uM), that was twofold than the positirug DDP,
while it showed lower cytotoxicity on MDCK cell knthan DDP. Further anti-tumor
mechanistic investigation showed thgA-25-induced apoptosis in HepG2 cells was
involved loss of the mitochondria membrane potérdiad increase of intracellular
free C&* concentration. In addition, although the compow®-10, BA-23 and
BA-24 exhibited slightly lower cytotoxicity thaBA-25 on the tested cancer cells,
their pronounced cytotoxic selective towards MDC#I< distinguished them from
this series. And the compourA-10, BA-23, BA-24 and BA-25 was selected for
further pharmacodynamics and pharmacokinetic etialuaincluding thein vivo
antitumor activity and plasma stabilityp vivo pharmacokinetics, in the hope of
producing drug candidates for drug development.s&éhesults suggested that the
attempt to discover high selectivity anti-tumordeeompounds by introduction of

amino acid or oligopeptides to cytotoxic agents wiable.

4. Experimental Section

4.1. Chemistry
Reagents were bought from commercial suppliersowitlany further purification.

Melting points were measured at a rate of 5 °C/asimg an X-5 micro melting point
apparatus (Beijing, China) and were not corrediahctions were monitored by TLC
using silica gel coated aluminum sheets (Qingdaryasg Chemical Co., Qingdao,
China). The specific rotation was measured usm4gutopol I(Rudolph Instruments)
automatic polarimeter at 25 °C in MeOH. NMR spewutsae recorded on a BRUKER
AVANCE 500 NMR spectrometer (Fallanden, Switzerlandth tetramethylsilane

(TMS) as an internal standard; chemical shiftsvere given in ppm and coupling



236 constants) in Hz. HR-MS were acquired using a Thermo SienfliM LTQ Orbitrap
237 XL hybrid FTMS instrument (Thermo Technologies, N&ark, NY, USA). Cellular
238 morphologies were observed using an inverted femmece microscope (Olympus
239 IX71, Tokyo, Japan).

240  (3,5,6-trimethyl pyrazin-2-yl)methanol (4). Compound! was prepared according to
241 the method described by Deng et al. [26].

242  2-(chloromethyl)-3,5,6-trimethylpyrazine (5). To a solution of the important
243 intermediate  (3,5,6-trimethylpyrazin-2-yl)methanol(4) (10mmol) in dry
244  tetrahydrofuran (20 mL), TsCl (13mmol), TEA (20mmahd DMAP (2mmol) were
245 added. The mixture was allowed to stir at room terajpre for 12 h. Then the
246 solution was evaporated under vacuum and washedd bvine. After drying the
247 organic layer over anhydrous M0, and evaporating the solvent under vacuum, the
248 crude product was purified by flash chromatogragéilica gel, petroleum ether:
249 acetone = 10:1).

250  3p-Hydroxy-lup-20(29)-ene-28-oic acid-3,5,6-trimethylpyrazin-2-methyl ester (TBA).
251 Compound (5.0 mmoL) and betulinic acid (5.0 mmoL) were dlged in 25 mL dry
252 DMF, then KCOs; (5.0 mmoL) was added and the mixture was at 250tCL2 h.
253 Then the reaction mixture was poured into ice-wated the crude product was
254 extracted with ethyl acetate. After drying the angalayer over anhydrous H&O,
255 and evaporating the solvent under vacuum, the cpudduct was purified by flash
256 chromatography (silica gel, petroleum ether: acetenl10:1). White powder, yield
257 54.1%, mp: 184.6-185.4 °Cq]p = +16 (c 0.50, MeOH)*H-NMR (CDCk) (ppm):
258 0.78, 0.80, 0.82, 0.96, 0.98, 1.67 (s, 3H, 30;©HBA), 2.51 (s, 3H, -Ch), 2.53 (s,
259 3H, -CH), 2.57 (s, 3H, -Ch), 3.02 (m, 1H), 3.19(m, 1H), 4.61, 4.74 (each, ki3,
260 =CHy), 5.20, 5.23 (each, d,= 12.5 Hz, 1H, -Ch); *C-NMR (CDCE) (ppm): 14.7,
261 15.4, 15.9, 16.1, 18.3, 19.4, 20.4 (-H20.9, 21.4 (-CH), 21.6 (-CH), 25.5, 27.4,
262 28.0, 29.7, 30.6, 32.1, 34.4, 36.9, 37.2, 38.17,388.9, 40.7, 42.4, 46.9, 49.5, 50.6,
263 55.4,56.7, 64.3 (-Ch), 79.0, 109.6, 145.4, 148.7, 148.9, 150.5, 15078,5 (-COO-);
264 HRMS (ESI) m/z: 591.45212 [M + H]calcd. for GgHsgN2Os 590.44474.

265 4.1.1. General Procedure for the Preparation of TBA amino acids derivatives
266 BA-02---BA-13
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4.1.1.1. General procedure for esterification avaa C3 (method A)

The compound BA (1 equiv.) was dissolved in dry DCM (25 mL), DMA®.1 equiv.)
and the protected amino acid (1.3 equiv.) were édddter addition of EDCI (1.5
equiv.), the mixture was stirred at 25 °C for 12 he reaction mixture was diluted with
50 ml CHCI,, then successively washed with water and brinen{L@ach), dried over
sodium sulphate and filtered, and the solvent wapa@rated. Then the crude product

was purified by flash chromatography (silica g&htbromethane: methanol = 40:1).

4.1.1.2. General procedure for deprotection (metiod

To a solution of the Boc-protected compound in BgM (10 mL), TFA (1 mL/10
mL DCM) was added. The mixture was allowed to stirice bath for 2 h. After
completion of the reaction (as monitored by TL@ solution was evaporated and
washed with a saturated sodium carbonate soluB®m{L). The aqueous layer was
extracted with DCM (3 x 25 mL), the combined orgaektracts were washed with
brine (20 mL), dried over sodium sulfate, filtratadd evaporated. Purification was

performed by flash chromatography (silica gel, icdmethane: methanol = 40:1).

4.1.1.3. General procedure for the deprotectiorti{oteC)

Pd/C (10%; 80 mg) was added to a solution of the-@btected compound in 30 mL
MeOH. The mixture was stirred at room temperatarel? h. After completion of the
reaction (as monitored by TLC), the solvent waeifdd to remove Pd/C. The filtrate
was concentrated in vacuum and the residue wa$igouby flash chromatography

(silica gel, dichloromethane: methanol = 40:1).

36-(Glycyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl ester
(BA-02). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 75.3%; mp: 104.7-105.4 °Gy]p = +22 (c 0.50, MeOH)'*H-NMR (500 MHz,
CDCl3): 0 (ppm) 0.77, 0.83, 0.93 (s, each, 3H, 3xs0Hethyl of BA), 0.82 (s, each,
6H, 2x-CHs, methyl of BA), 1.67 (s, 3H, 30-G4bf BA), 2.48, 2.50, 2.53 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH, 3.44-3.47 (m, 2H,
-CH,NH,), 4.50-4.53 (m, 1H, -OCOCH-), 4.58, 4.71 (brs fedd, =CH), 5.17, 5.20

(d, each, 1H,) = 15Hz, -OCH-); *C-NMR (125 MHz, CDCJ): § (ppm) 14.8, 16.0,
16.3, 16.6, 18.3, 19.5, 20.6 (-@H21.0, 21.5 (-Ch), 21.8 (-CH), 23.9, 25.6, 28.1,
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30.7, 32.2, 34.4, 37.1, 37.2, 38.0, 38.2, 38.53,442.5 (-CHNH,), 47.0, 49.6, 50.6,
55.6, 56.8, 64.5 (-C4), 81.9 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.9914 150.6,
151.1 (-CH=C-), 173.9 (-CON#}{ 175.7 (-COO-); HRMS (ESI) m/z: 648.47040
[M+H]", calcd. for GoHeiN3O, 647.46621.

3p-(L-Phenylalanyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-03). Obtained froml BA by method A and method C as a colorless powder;
Yield: 65.3%; mp: 82.0-82.7 °Cq], = +186 (c 0.50, MeOH):H-NMR (500 MHz,
CDCls): o (ppm) 0.76, 0.77, 0.80, 0.82, 0.94 (s, each, 3HCHBI, methyl of BA),
1.67 (s, 3H, 30-CKlof BA), 2.48, 2.50, 2.54 (s, each, 3H, 3x{khethyl of TMP),
2.82-2.86 (m, 1H, -CbCH-), 2.96-3.02 (m, 1H, -CCHG#H), 3.15-3.18 (m, 1H,
-CH,CH-), 3.72-3.76 (m, 1H, -CHN#), 4.49-4.52 (m, 1H, -OCOCH-), 4.59, 4.71 (brs,
each, 1H, =Ch), 5.17, 5.20 (d, each, 1H,= 15Hz, -OCH-), 7.19-7.33 (m, 5H,
-CeHs); *C-NMR (125 MHz, CDGJ): 6 (ppm) 14.6, 15.9, 16.2, 16.6, 18.1, 19.3, 20.5
(-CHs), 20.9, 21.4 (-Ch), 21.7 (-CH3), 23.7, 25.5, 28.0, 29.6, 30.5, 3342, 36.9,
37.1, 37.9, 38.1, 38.3, 40.7, 41.1, 42.4, 46.%480.4, 55.4, 56.1, 56.7, 64.4 (-gH
81.9, 109.7 (-CH=C-), 126.8, 128.6, 129.3, 137.35.3, 148.8, 150.5, 156.0
(-CH=C-), 174.4, 175.5 (-COO-); HRMS (ESI) m/z: 788666 [M+HT, calcd. for
C47He7N304 737.51316.

3p-(L-Alanyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl  ester
(BA-04). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 73.0%; mp: 126.3—-127.2 °Gy]p = +20 (c 0.50, MeOH)*H-NMR (500 MHz,
CDCl3): 0 (ppm) 0.78, 0.84, 0.93 (s, each, 3H, 3xsHethyl of BA), 0.82 (brs, 6H,
2x-CHs, methyl of BA), 1.67 (s, 3H, 30-CHof BA), 2.48, 2.50, 2.53 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH, 3.45-3.55 (m, 1H, -CHNY),
4.48-4.51 (m, 1H, -OCOCH-), 4.58, 4.71 (brs, eddh, =CH), 5.17, 5.20 (d, each,
1H, J = 15Hz, -OCH-); Y*C-NMR (125 MHz, CDG): § (ppm) 14.8, 16.0, 16.3, 16.7,
18.3, 19.5, 20.6 (-C#), 20.8, 21.0, 21.5 (-C§jl 21.8 (-CH), 23.8, 25.6, 28.1, 29.8,
30.7, 31.1, 32.2, 34.4, 37.0, 37.2, 38.1, 38.25,380.8, 42.5, 47.0, 50.5 (-CHNH
50.6, 55.5, 56.8, 64.5 (-Gl 81.6 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.991%}



326
327

328
329
330
331

332
333
334
335
336
337
338
339
340
341
342
343
344
345

346
347
348
349
350
351
352
353

150.6, 151.1 (-CH=C-), 175.7 (-COCH-), 176.3 (-CQOHRMS (ESI) m/z:
662.48627 [M+H], calcd. for GiHesN3O4 661.48186.

3p-(L-Aspartyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl  ester
(BA-05). Obtained fromT BA by method A and method C as a colorless powdeldi
45.6%; mp: > 210 °C,o]p = +36 (c 0.50, MeOH); HRMS (ESI) m/z: 706.47534
[M+H] ", calcd. for GoHg3N306 705.47169.

3p-(L-Prolyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl  ester
(BA-06). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 72.7%; mp: 147.4-148.3 °Gy]p = +13 (c 0.50, MeOH)*H-NMR (500 MHz,
CDCl3): o0 (ppm) 0.77, 0.83, 0.93 (s, each, 3H, 3xsCiethyl of BA), 0.82 (brs, 6H,
2x-CHs, methyl of BA), 1.67 (s, 3H, 30-CHof BA), 2.48, 2.50, 2.53 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH 3.22-3.25 (m, 1H,
-CH,CHy-), 4.10-4.13 (m, 1H, -NHCHCH), 4.47-4.56 (m, 1H, -OCOCH-), 4.59,
4.71 (brs, each, 1H, =GH 5.17, 5.20 (d, each, 1H,= 15Hz, -OCH-); *C-NMR
(125 MHz, CDC}): 6 (ppm) 14.8, 16.0, 16.3, 16.7, 18.2, 19.5, 20.6 (CBIL.0, 21.5
(-CHg), 21.8 (-CH), 23.8, 24.6, 25.5, 28.2, 29.7, 29.8, 30.6, 334L3, 37.0, 37.2,
38.2, 38.4, 40.8, 42.5, 46.4, 47.0, 49.6, 50.65,55%6.8, 59.7 (-NHCH-), 64.5 (-G}
83.5 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.9, 149%0.6, 151.1 (-CH=C-), 171.5
(-COCH-), 175.7 (-COO-); HRMS (ESI) m/z: 688.5012®1+H]", calcd. for
Ca3HesN30O4 687.49751.

3p-(L-Leucyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl  ester
(BA-07). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 58.4%; colorless powder; mp: 81.8-82.5 °@]p[= +24 (¢ 0.50, MeOH);
'H-NMR (500 MHz, CDC}): 6 (ppm) 0.78, 0.83 (s, each, 3H, 2x-§Hkhethyl of BA),
0.84 (brs, 6H, 2x-Cgimethyl of BA), 1.67 (s, 3H, 30-G}bf BA), 2.48, 2.50, 2.54 (s,
each, 3H, 3x-Ck] methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH| 3.48 (brs, 1H,
-CHNH,), 4.48-4.51 (m, 1H, -OCOCH-), 4.59, 4.71 (brs,redH, =CH), 5.17, 5.20

(d, each, 1H,) = 15Hz, -OCH-); ®*C-NMR (125 MHz, CDCJ): § (ppm) 14.8, 16.0,
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16.3, 16.8, 18.3, 19.5, 20.6 (-QH21.0, 21.5 (-Ch), 21.8 (-CH), 22.0, 23.1, 23.8,
25.0, 25.6, 28.2, 29.8, 30.7, 32.2, 34.4, 37.12,338.1, 38.2, 38.5, 40.8, 42.5, 47.0,
49.6, 50.6, 55.6, 56.8 (-CHNM 64.5 (-CH), 69.1, 81.9 (-OCOCH-), 109.8
(-CH=C-), 145.5, 148.9, 149.0, 150.6, 151.1 (-CH@75.7 (-COO-); HRMS (ESI)
m/z: 704.53546 [M+H], calcd. for GsHeosNz04 703.52881.

36-(L-1soleucyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl ~ ester
(BA-08). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 60.5%; mp: 88.6-89.4 °Cy]pp = +27 (c 0.50, MeOH)*H-NMR (500 MHz,
CDCls): 6 (ppm) 0.78, 0.82 (s, each, 3H, 2x-glhethyl of BA), 0.85 (brs, 6H,
2x-CHs, methyl of BA), 1.67 (s, 3H, 30-Gbf BA), 2.48, 2.50, 2.54 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH 3.48 (brs, 1H, -CHN}J,
4.50-4.53 (m, 1H, -OCOCH-), 4.59, 4.71 (brs, eddt, =CH), 5.17, 5.20 (d, each,
1H, J = 15Hz, -OCH-); *C-NMR (125 MHz, CDCJ): J (ppm) 11.9, 12.0, 14.8, 15.9,
16.0, 16.3, 16.9, 18.3, 19.5, 20.6, 21.0 (s5R1.5 (-CH), 21.8 (-CH), 23.9, 24.8,
25.6, 26.2, 28.2, 29.8, 30.7, 32.2, 34.4, 37.12,337.9, 38.2, 38.5, 40.8, 42.5, 47.0,
49.6, 55.6, 56.8 (-CH-N}), 59.3, 64.5 (-Ch), 82.5 (-OCOCH-), 109.8 (-CH=C-),
136.9, 145.5, 148.9, 149.0, 150.6, 151.1 (-CH=C?5.7 (-COO-); HRMS (ESI) m/z:
704.52814 [M+H], calcd. for G4HesgN3O,4 703.52881.

36-(L-Pyroglutamyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-09). Obtained froml' BA by method A as a colorless powder; Yield: 52.8%;
mp: 118.2-119.1 °C,a]p = +24 (c 0.50, MeOH)*H-NMR (500 MHz, CDC}): &
(ppm) 0.78, 0.82, 0.93 (s, each, 3H, 3xsJHethyl of BA), 0.83 (brs, 6H, 2x-CH
methyl of BA), 1.67 (s, 3H, 30-CHof BA), 2.48, 2.50, 2.54 (s, each, 3H, 3x-{H
methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH, 4.22-4.24 (m, 1H, -NHCH-),
4.52-4.55 (m, 1H, -OCOCH-), 4.59, 4.71 (brs, eddh, =CH,), 5.17, 5.20 (d, each,
1H,J = 15Hz, -OCH-); Y*C-NMR (125 MHz, CDG): § (ppm) 14.8, 16.0, 16.3, 16.7,
18.3, 18.5, 20.5, 21.0 (-GH 21.5 (-CH), 21.7 (-CH), 23.8, 25.2, 25.6, 28.2, 29.4,
29.7, 29.8, 30.7, 32.1, 34.3, 37.0, 37.2, 38.12,388.4, 40.8, 42.5, 47.0 (-CH-NH-),
49.6, 50.6, 55.5, 55.8, 56.8, 64.4 (gHB2.7 (-OCOCH-), 109.8 (-CH=C-), 145.6,
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148.8, 149.1, 150.6, 151.0 (-CH=C-), 171.7 (-COGHLy5.7 (-COO-), 177.7
(-CONH-); HRMS (ESI) m/z: 702.48419. [M+H]calcd. for GaHgaN3Os 701. 47677.

3p-(L-Lysyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl ester
(BA-10). Obtained fromTBA by method A and method C as a colorless powder;
Yield: 56.8%; mp: >220 °C,d]p = +30 (c 0.50, MeOH)*H-NMR (500 MHz,
CD30OD): ¢ (ppm) 0.67, 0.88, 0.89, 0.91, 1.00 (s, each, 3HCH, methyl of BA),
1.67 (s, 3H, 30-Cklof BA), 2.52, 2.53, 2.60 (s, each, 3H, 3x-Lidethyl of TMP),
2.93-3.01 (m, 2H, -ChbNH,), 3.01-3.04 (m, 1H, -CCHCH), 3.57-3.60 (m, 1H,
-CHNH,), 4.52-4.55 (m, 1H, -OCOCH-), 4.61, 4.71 (brs,redd, =CH), 5.23, 5.27
(d, each, 1H,) = 20Hz, -OCH-); **C-NMR (125 MHz, CRCI+ CD;OD): J (ppm)
14.0, 15.1, 15.5, 15.9, 17.6, 18.5, 19.3 (s5120.3 (-CH), 20.4 (-CH), 21.7, 23.1,
25.0, 26.4, 27.4, 29.1, 30.0, 31.5, 31.6, 33.73,386.6, 37.4, 37.7, 37.9, 38.7, 40.2,
41.9, 46.6, 48.9, 50.0, 52.9, 55.0, 56.3 (-CHNH63.5 (-CH), 82.5 (-OCOCH-),
111.5 (-CH=C-), 145.2, 148.6, 149.3, 150.0, 156CHEC-), 168.7 (-COCH-), 175.4
(-COO0-); HRMS (ESI) m/z: 719.54608. [M+H]calcd. for G4H-oN4O, 718.53971.

36-(L-Tryptophanyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-11). Obtained fromlBA by method A and method C as a colorless powder;
Yield: 61.2%; mp: 119.8-120.6 °Gy]p = +30 (c 0.50, MeOH)!H-NMR (500 MHz,
CDCl): 0 (ppm) 0.78 (s, 6H, 2x-Ckimethyl of BA), 0.83 (s, 6H, 2x-CHimethyl of
BA), 0.94 (s, 3H, -Ch methyl of BA), 1.67 (s, 3H, 30-Gbf BA), 2.49, 2.50, 2.54
(s, each, 3H, 3x-Ckimethyl of TMP), 2.95-3.02 (m, 2H, -GNH>), 3.35-3.37 (m,
1H, -CCHCH-), 3.70-3.81 (m, 1H, -CHN}J, 4.45-4.53 (m, 1H, -OCOCH-), 4.68,
4.72 (brs, each, 1H, =Gl 5.18, 5.21 (d, each, 1H,= 15Hz, -OCH-), 7.05-7.20,
7.29-7.37, 7.60-7.63 (m, 4H, ¢8s); *C-NMR (125 MHz, CDCJ) : § (ppm) 14.8,
16.0, 16.3, 16.7, 18.3, 19.5, 20.6, 21.0 (s5R1.5 (-CH), 21.8 (-CH), 23.8, 25.6,
28.1, 29.8, 30.1, 30.7, 32.2, 34.4, 37.1, 37.21,388.2, 38.5, 40.8, 42.5, 47.0, 49.6,
50.6, 54.9, 55.5, 56.8 (-CH-NN 64.5 (-CH), 82.5 (-OCOCH-), 109.8 (-CH=C-),
110.3, 111.6, 111.4, 118.8, 119.6, 122.3, 123.81GN-), 127.3, 136.5, 145.5, 148.9,
148.9, 150.6, 151.1 (-CH=C-), 175.7 (-CO-); HRMSS(Em/z: [M+H]" 777.53125,
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calcd. for GoHgsN4O4 776.52406.

36-(L-Sarkosyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl ~ ester
(BA-12). Obtained fromTBA by method A and method B as a colorless powder;
Yield: 76.9%; mp: 172.6-173.4 °Gy]p = +42 (c 0.50, MeOH):H-NMR (500 MHz,
CDCl) : 6 (ppm) 0.77, 0.84, 0.93 (s, each, 3H, 3xsHethyl of BA), 0.82 (brs, 6H,
2x-CHg, methyl of BA), 1.67 (s, 3H, 30-CHof BA), 2.40, 2.50, 2.53 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH|, 3.52 (brs, 2H, -CkNH-),
4.48-4.51 (m, 1H, -OCOCH-), 4.56, 4.59 (brs, eddt, =CH), 5.17, 5.20 (d, each,
1H, J = 15Hz, -OCH-); *C-NMR (125 MHz, CDGJ): 6 (ppm) 14.8, 16.0, 16.3, 16.6,
18.3, 19.5, 20.6, 21.0 (-GH 21.5 (-CH), 21.8 (-CH), 23.9, 25.6, 28.2, 29.8, 30.7,
32.2, 34.4, 34.6, 37.0, 37.2, 38.0, 38.2, 38.58,442.5, 47.0, 49.6, 50.6, 50.7, 55.6,
56.8 (-CH-NH), 64.5 (-CH), 83.2 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.99.14
150.6, 151.1 (-CH=C-), 168.6 (-COCH-), 175.7 (-CQ®RMS (ESI) m/z: [M+H]
662.48975, calcd. for 4He3N30,661.48186.

3p-(L-Valyl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl ester
(BA-13). Obtained fromTBA by method A and method C as a colorless powder;
Yield: 52.3%; mp: > 220 °C,ofp = +20 (c 0.50, MeOH)-NMR (500 MHz,
CDCl3): 0 (ppm) 0.78, 0.82, 0.94 (s, each, 3H, 3xsHethyl of BA), 0.85 (brs, 6H,
2x-CHs, methyl of BA), 1.67 (s, 3H, 30-CiHof BA), 2.48, 2.50, 2.54 (s, each, 3H,
3x-CHs, methyl of TMP), 2.96-3.01 (m, 1H, -CCHGH, 3.33-3.34 (m, 1H, -CHNY),
4.49-4.52 (m, 1H, -OCOCH-), 4.59, 4.71 (brs, edd, =CH,), 5.17, 5.20 (d, each,
1H, J = 15Hz, -OCH-); **C-NMR (125 MHz, CDGJ): § (ppm) 14.8, 16.0, 16.3, 16.8,
18.3, 17.1, 18.3, 19.5, 19.6, 20.6, 21.0 (35R1.5 (-CH), 21.8 (-CH), 23.9, 25.6,
28.2, 29.8, 30.7, 31.6, 32.2, 34.4, 37.1, 37.20,388.2, 38.5, 40.8, 42.5, 47.0, 49.6,
50.6, 55.6, 56.8 (-CH-N§), 60.2, 64.5 (-Ch), 82.2 (-OCOCH-), 109.8 (-CH=C-),
145.5, 148.9, 149.0, 150.6, 151.1 (-CH=C-), 175@00-); HRMS (ESI) m/z:
[M+H] " 690.52112, calcd. for fgHe7/N30O4 689.51316.
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4.1.2. General Procedure for the Preparation of TBA amino acids derivatives
BA-14---BA-15

It was worth noting that, to avoid the formationbyfproducts, the hydroxyl groups
of Cbz-L-serine Cbz-L-threonine should be protectedth TBDMSCI before
esterification withTBA in the synthesis oBA-14 and BA-15. To a magnetically
stirred solution of the corresponding N-Cbz-pratdcamino acid (N-Cbz-L-serine
N-Cbz-L-threonine) (1.0 equiv.) and imidazole (2Quiv.) in dry N, N-dimethyl
formamide (10 mL) at 0°C, the TBDMSCI (1.5 equmwas added. Then the reaction
mixture was allowed to warm to room temperature atided for 24h. After
completion of the reaction (as monitored by TL®g teaction mixture was poured
into ice-water, and the sediment was filtered aadived with water. Then the residue
was dissolved with DCM, dried over sodium sulfatel @vaporated under vacuum,
and the crude product (N-Cbz-TBDMS-L-serine, N-Q&BMS-L-threonine) was
obtained.

The starting material BA (1 equiv.) was dissolved in dry DCM (20 mL), DMA®.1
equiv.) and the protected amino acid (1.3 equie)enadded. After addition of EDCI
(1.5 equiv.), the mixture was stirred at 25 °C f@rh. Then the solution was washed
with brine. After drying the organic layer over gdhous NaSO, and evaporating the
solvent under vacuum, the crude product was pdrliieflash chromatography (silica
gel, dichloromethane: methanol = 40:1).

The Cbz-protected compound was dissolved in 20 neOM, Pd/C (10%; 80 mg)
was added. The mixture was allowed to stir at re@mperature for 12 h and filtered
to remove Pd/C. The filtrate was concentrated icuuan and the residue was further
reacted with 1.5 equivalents of 1M TBAF in THF fob h at 25 °C. Then the solvent
was evaporated under vacuum. Purification was pedd by flash chromatography

(silica gel, dichloromethane: methanol = 40:1).

36-(L-Threonyl)-lup-20(29)-ene-28-oic  acid-3,5,6-trimethylpyrazin-2-methyl  ester
(BA-14). Yield: 46.7%; colorless powder; mp: 103.1-103.9 {&p = -4 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): é (ppm) 0.78, 0.85, 0.86 (s, each, 3H, 3xsCH
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methyl of BA), 0.82 (brs, 6H, 2x-CG§imethyl of BA), 1.67 (s, 3H, 30-CGHof BA),
2.48, 2.50, 2.54 (s, each, 3H, 3x-CHhethyl of TMP), 2.97-3.00 (m, 1H, -CCHGH
3.39-3.58 (m, 1H, -CHNp), 3.85-3.98 (m, 1H, -CHOH), 4.54-4.55 (m, 1H,
-OCOCH-), 4.58, 4.71 (brs, each, 1H, =H5.16, 5.19 (d, each, 1H, = 15Hz,
-OCH,-); *C-NMR (125 MHz, CDG)): ¢ (ppm) 14.8, 16.0, 16.3, 16.8, 18.3, 19.5
(CH3CH-), 20.6, 21.0 (-CH), 21.5 (-CH), 21.8 (-CH), 23.9, 25.5, 27.7, 28.2, 29.0,
29.7, 30.6, 32.1, 34.3, 37.0, 37.2, 38.0, 38.25,380.8, 42.5, 47.0, 49.6, 50.5, 55.6
(-CH-NHy), 56.8, 64.5 (-Ch), 67.2 (-CHOH), 82.6 (-OCOCH-), 95.8, 109.8
(-CH=C-), 145.5, 148.9, 149.0, 150.6, 151.1 (-CHs@75.75 (-CO-); HRMS (ESI)
m/z: [M+H]*692.49957, calcd. for ZHesN3Os 691.49242.

3p-(L-Seryl)-lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl ester
(BA-15). Yield: 47.5%; colorless powder; mp: 133.2-134.1 f@p = +16 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): ¢ (ppm) 0.77, 0.82, 0.93 (s, each, 3H, 3xsCH
methyl of BA), 0.83 (brs, 6H, 2x-C§imethyl of BA), 1.66 (s, 3H, 30-CHof BA),
2.48, 2.50, 2.53 (s, each, 3H, 3x-Lkethyl of TMP), 2.97-3.00 (m, 1H, -CCHGH
3.32-3.35 (s, 1H, -CHNp, 3.63 (brs, 1H, -OH), 3.72-3.75 (m, 1H, -€3H),
3.86-3.94 (m, 1H, -ChOH), 4.52-4.56 (m, 1H, -OCOCH-), 4.58, 4.71 (bcte 1H,
=CH,), 5.16, 5.19 (d, each, 1H,= 15Hz,-OCH-); *C-NMR (125 MHz, CDCJ): ¢
(ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 19.5, 20.60 2ACH,), 21.5 (-CH), 21.8 (-CH),
23.9, 24.3, 25.5, 28.1, 29.7, 30.6, 32.1, 34.30,337.2, 38.1, 38.2, 38.4, 40.8, 42.5,
47.0, 49.6, 50.5, 55.5 (-CH-NH 56.8, 62.5 (-CHDH), 64.5 (-CH), 82.4
(-OCOCH-), 82.7, 109.8 (-CH=C-), 145.5, 148.9, D49150.6, 151.1 (-CH=C-),
175.7 (-COO-); HRMS (ESI) m/z: [M+H]678.48480, calcd. for fHsaN3Os
677.47677

4.1.3. General Procedure for the Preparation of TBA dipeptide derivatives
BA-16---BA-27

The corresponding TBA amino acid derivativB#\(02, BA-04, BA-06, BA-12) (1.0
equiv.), DMAP (0.1 equiv.) and N-Boc-protected amimacids (Boc-L-glycine,

Boc-L-alanine, Boc-L-sarcosine, Boc-L-proline) welissolved in 25 mL dry DCM,
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EDCI (0.1 equiv.) was added. The mixture was stiaeroom temperature overnight.
Then the solution was washed with brine, dried ®mgetium sulfate, filtered and the
solvent was evaporated. Purification was perforimgdlash chromatography (silica
gel, dichloromethane: methanol = 40:1). Then the-pmtected compounds were
further reacted with TFA (1mL per 10mL DCM) in dBCM in ice bath for 2 h. After

completion of the reaction (as monitored by TLQ®g solution was evaporated and
washed with a saturated sodium carbonate soluB®m{L). The aqueous layer was
extracted with DCM (3 x 25 mL), the combined orgaektracts were washed with
brine (20 mL), dried over sodium sulfate, filtratadd evaporated. Purification was

performed by flash chromatography (silica gel, thobmethane: methanol = 30:1).

36-[ (L-Glycyl)-L-Glycyl] -lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl

ester (BA-16).Yield: 52.8%; colorless powder; mp: 130.8-131.7 f@p = +15 (c
0.50, MeOH):*H-NMR (500 MHz, CROD): 6 (ppm) 0.67, 0.98 (s, each, 3H, 2x-EH
methyl of BA), 0.88 (brs, 9H, 3x-C§imethyl of BA), 1.67 (s, 3H, 30-CHof BA),
2.52, 2.53, 2.60 (s, each, 3H, 3x-£Hethyl of TMP), 2.98-3.04 (m, 1H, -CCHGH,
3.35 (s, 2H, -CklNH,), 3.98 (s, 2H, -ChNH-), 4.50-4.53 (m, 1H, -OCOCH-), 4.61,
4.71 (brs, each, 1H, =GH 5.23, 5.26 (d, each, 1Hd,= 15Hz, -OCH-), 5.51 (s, 1H,
-NH-). ®C-NMR (125 MHz, CROD): J (ppm) 15.1, 16.4, 16.7, 16.9, 19.2, 19.5, 20.4,
21.2 (-CH), 21.4 (-CH), 22.0 (-CH), 24.6, 26.7, 28.4, 30.7, 31.6, 33.1, 35.4, 37.8,
38.2, 39.0, 39.6, 41.9 (-GHNH-), 42.1, 43.5 (-CKNHy), 45.6, 50.6, 51.7, 54.8, 56.8,
57.9, 65.0 (-Ch), 83.4 (-OCOCH-), 110.4 (-CH=C-), 147.1, 150.301% 151.7,
152.5 (-CH=C-), 160.0, 171.3 (-CONH-), 175.7 (-CO©H177.0 (-COO-); HRMS
(ESI) m/z: [M+HJ 705.49500, calcd. for SHesN4Os 704.48767.

36-[ (L-Sarkosyl)-L-Sarkosyl] -lup-20(29)-ene-28-oic
acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-17). Yield: 62.3%; colorless powder;
mp: 118.4-119.2 °C,op = +12 (c 0.50, MeOH)*H-NMR (500 MHz, CDC}): &
(ppm) 0.76, 0.81, 0.93 (s, each, 3H, 3xsOHethyl of BA), 1.66 (s, 3H, 30-CGiof
BA), 2.48, 2.50, 2.53 (s, each, 3H, 3x-Ckhethyl of TMP), 3.04-3.17 (m, 2H,
-CH,NH-), 2.98 (s, 3H, CkIN-), 2.98-3.04 (m, 1H, -CCHCH), 3.96 (s, 3H,



526
527
528
529
530
531
532
533

534
535
536
537
538
539
540
541
542
543
544
545
546
547

548
549
550
551
552
553
554

CHs-NH-), 3.96-4.12 (m, 2H, -CH-), 4.50-4.51 (m, 1H, -OCOCH-), 4.58, 4.70 (brs,
each, 1H, =Ch), 5.16, 5.19 (d, each, 1H,= 15Hz, -OCH-); *C-NMR (125 MHz,
CDCly):  (ppm) 14.8, 16.0, 16.3, 16.7, 18.4, 19.5, 21.0 QCHL.5 (-CH), 21.8
(-CHa), 23.8, 25.6, 28.1, 29.7, 30.7, 32.2, 33.4, 38518 (CHN-), 37.0, 37.3, 38.0,
38.2, 38.8, 39.0, 40.8, 42.5, 47.0, 49.6, 50.68,55.4 (-CH-NH), 56.8, 64.5 (-Ch),
79.1 (CHNH-), 82.9 (-OCOCH-), 109.7 (-CH=C-), 145.5, 148199.0, 150.7, 151.1
(-CH=C-), 163.3, 168.4 (-C4£00-), 175.7 (-CO-); HRMS (ESI) m/z: [M+H]
733.52527, calcd. for GHesN3Os 732.51897.

3p-[ (L-Prolyl)-L-Sarkosyl] -lup-20(29)-ene-28-oic

acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-18). Yield: 60.7%; colorless powder;
mp: 158.5-159.3 °C,dfp = +52 (c 0.50, MeOH)'H-NMR (500 MHz, CDCY): &
(ppm) 0.78, 0.81, 0.93 (s, each, 3H, 3xs0Hethyl of BA), 0.82 (s, 6H, 2x-Cl
methyl of BA), 1.67 (s, 3H, 30-GHof BA), 2.50, 2.53, 2.56 (s, each, 3H, 3xCH
methyl of TMP), 2.95-2.99 (m, 1H, -CCHGH), 3.11 (s, 3H, CkN-), 3.42, 3.46 (brs,
each, 1H, -ChNH-), 3.68-3.71 (m, 1H, -CHNH-), 4.51-4.53 (m, 1HDCOCH-),
459, 4.71 (brs, each, 1H, =@H5.18, 5.21 (d, each, 1H, = 15Hz, -OCH-);
3C-NMR (125 MHz, CDC)): d (ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 19.5, 20.40 21.
(-CHs), 21.5 (-CH), 21.8 (-CH), 23.9, 25.6, 28.2, 29.4, 29.8, 30.7, 32.1, 33634,
37.0, 37.2, 38.0, 38.2, 38.5, 40.8, 42.5, 47.06,480.4, 50.6, 55.5, 56.8, 58.3, 62.4,
64.4 (-CH), 83.1 (-OCOCH-), 109.8 (-CH=C-), 145.8, 148.69B4 150.6, 151.1
(-CH=C-), 163.3, 168.0 (-CK£OO-), 169.3 (-CON-), 175.6 (-COO-); HRMS (ESI)
m/z: [M+H]" 759.54059, calcd. for 4gH70N4Os 758.53462.

36-[ (L-Alanyl)-L-Glycyl] -lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-19). Yield: 58.9%; colorless powder; mp: 117.8-118.7&}p = +17 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): § (ppm) 0.77, 0.83, 0.93 (s, each, 3H, 3xsCH
methyl of BA), 0.82 (s, 6H, 2x-Ciimethyl of BA), 1.67 (s, 3H, 30-G+bf BA), 2.48,
2.50, 2.53 (s, each, 3H, 3x-GHnethyl of TMP), 2.87-2.95 (s, each, 2H, -NH
2.96-3.01 (m, 1H, -CCHCH), 3.61-3.63 (m, 1H, -CH-), 4.01 (d, 2H, -NH&M
4.50-4.53 (m, 1H, -CHC¥), 4.58, 4.70 (brs, each, 1H, =¢)H5.17, 5.20 (d, each, 1H,
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J = 15HZ, -OCH-), 7.80 (s, 1H, -NH-Ch); *C-NMR (125 MHz, CDGJ):  (ppm)
14.8, 16.0, 16.3, 16.6, 18.3, 19.5, 21.0, 20.6 (CPL.4, 21.5 (-Ch), 21.8 (-CH),
23.8, 25.6, 28.1, 29.7, 30.7, 32.2, 34.4, 37.02,338.0, 38.2, 38.5, 39.0, 40.8, 41.4
(-NH-CHy-), 42.5, 47.0, 49.6, 50.6 (-CHNM 50.7, 55.5, 56.8, 64.5 (-GH 82.6,
109.8 (-CH=C-), 145.5, 148.9, 149.0, 150.6, 152AHCC-), 169.9 (-CHCOO-),
175.7 (-COO-); HRMS (ESI) m/z: [M+H]719.51080, calcd. for HssN4Os
718.50332.

36-[ (L-Prolyl)-L-Glycyl] -lup-20(29)-ene-28-oic  acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-20). Yield: 59.3%; colorless powder; mp: 122.6-123.5 [&d]p = +4 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): 6 (ppm) 0.77, 0.83, 0. 93 (s, each, 3H, 3xsCH
methyl of BA), 0.82 (s, 6H, 2x-C§imethyl of BA), 1.67 (s, 3H, 30-Gibf BA), 2.48,
2.50, 2.53 (s, each, 3H, 3x-GHnethyl of TMP), 2.99-3.03 (m, 2H, -GNH-),
3.07-3.12 (m, 1H, -CCHCH), 3.94-3.97 (m, 1H, -NHCH-), 4.00-4.02 (m, 2H,
-CH,CHy-), 4.49-4.52 (m, 1H, -OCOCH-), 4.58, 4.71 (brsgctealH, =CH), 5.17,
5.20 (d, each, 1H) = 15Hz,-OCH-), 8.19 (s, 1H, -NH-);"*C-NMR (125 MHz,
CDCl): 6 (ppm) 14.8, 16.0, 16.3, 16.6, 18.3, 19.5, 20.60 JACHs), 21.5 (-CH),
21.8 (-CH), 23.8, 25.6, 26.1, 28.2, 29.8, 30.7, 30.8, 32424, 37.1, 37.2, 38.0, 38.2,
38.5, 40.8 (-NHCH-), 41.4, 42.5, 47.0, 47.3, 490.6, 55.5, 56.8, 60.5, 62.4
(-CHNH-), 64.5 (-CH), 82.6 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.908
151.1 (-CH=C-), 169.9 (-CONH-), 175.7 (-COOCH-) 517 (-COO-); HRMS (ESI)
m/z: [M+H]" 745.52527, calcd. for gHesN4Os 744.51897.

36-[ (L-Sarkosyl)-L-Glycyl] -lup-20(29)-ene-28-oic

acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-21). Yield: 57.6%; colorless powder;
mp: 117.8-118.6 °C,op = +16 (c 0.50, MeOH)*H-NMR (500 MHz, CDC}): &
(ppm) 0.77 (s, each, 3H, -GHnethyl of BA), 0.82 (brs, 9H, 3x-Ciimethyl of BA),
0.93 (s, 6H, 2x-Ckl methyl of BA), 1.67 (s, 3H, 30-G+bf BA), 2.48, 2.50, 2.53 (s,
each, 3H, 3x-Ck methyl of TMP), 2.97-3.01 (m, 1H, -CCHGH, 3.32 (s, 2H,
-NHCH,-), 3.78-4.03 (m, 2H, -C§C0O-), 4.50-4.53 (m, 1H, -OCOCH-), 4.58, 4.71
(brs, each, 1H, =C#), 5.16, 5.19 (d, each, 1H,= 15Hz, -OCH-); **C-NMR (125
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MHz, CDCk): 6 (ppm) 14.8, 16.0, 16.3, 16.6, 18.3, 19.4, 20.60 AiCH;), 21.5
(-CHs), 21.8 (-CH), 21.9, 22.0, 23.7, 25.6, 28.0, 29.7, 30.7, 3344, 34.6, 37.0,
37.2, 38.0, 38.2, 38.5, 40.8, 42.5, 47.0, 49.65,985.5 (-NHCH-), 56.8, 64.5 (-Ch),
82.6 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.9, 149%0.1, 151.1 (-CH=C-), 168.6
(-CONH-), 170.8 (-COOCH-), 175.7 (-COO-); HRMS (E&l/z; [M+H]" 719.51044,
calcd. for GsHesN4Os 718.50332.

36-[ (L-Alanyl)-L-Alanyl] -lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-22). Yield: 53.1%; colorless powder; mp: 118.3-119.2 f@}p = -2 (c 0.50,
MeOH); 'H-NMR (500 MHz, CDCJ): § (ppm) 0.78, 0.94 (s, each, 3H, 2x-§H
methyl of BA), 0.82-0.83 (m, 9H, 3x-GHmethyl of BA), 1.67 (s, 3H, 30-GHof
BA), 2.48, 2.50, 2.54 (s, each, 3H, 3x-Lkhethyl of TMP), 2.96-3.01 (m, 1H,
-CCHCH,-), 3.56-3.60 (m, 1H, NCH-), 4.49-4.52 (m, 1H, -OCOCH-), 4.52-4.57
(m, 1H, -NHCH-), 4.58, 4.71 (brs, each, 1H, =5.17, 5.20 (d, each, 1Hd= 15Hz,
-OCHy-), 7.75-7.76 (d, 1H, -NH-)**C-NMR (125 MHz, CDCJ): J (ppm) 14.8, 16.0,
16.3, 16.7, 18.3, 18.7, 19.5, 20.6, 21.0 (s5R1.5 (-CH), 21.8 (-CH), 23.8, 25.6,
28.1, 29.8, 30.7, 32.2, 34.4, 37.1, 37.2, 38.12,388.4, 40.8, 41.6, 42.5, 47.0, 48.4
49.6 (NHCH-), 50.6, 55.5, 56.8 (-NHCH-), 64.5 (-Gk 82.4 (-OCOCH-), 109.8
(-CH=C-), 145.5, 148.9, 149.0, 150.1, 151.1 (-CH=Q:72.8 (-COOCH-), 175.7
(-COO-); HRMS (ESI) m/z: [M+H]733.52606, calcd. for GHegN4Os 732.51897.

36-[ (L-Glycyl)-L-Alanyl] -lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl

ester (BA-23). Yield: 55.3%; colorless powder; mp: 172.4-173.3 fd}p = -2 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): 6 (ppm) 0.78, 0.83, 0.94 (s, each, 3H, 3x:CH
methyl of BA), 0.82 (s, 6H, 2x-C§imethyl of BA), 1.67 (s, 3H, 30-Gibf BA), 2.48,
2.50, 2.54 (s, each, 3H, 3x-GHnethyl of TMP), 2.97-3.01 (m, 1H, -CCHGH} 3.56
(brs, 2H, -CHNH,), 4.49-4.52 (m, 1H, -OCOCH-), 4.58 (m, 1H, -NHCH4)58, 4.71
(brs, each, 1H, =CH), 5.17, 5.20 (d, each, 1d= 15Hz, -OCH-), 7.87 (s, 1H, -NH-);
13C-NMR (125 MHz, CDG)): § (ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 18.8, 19.56,20.
21.0 (-CH), 21.5 (-CH), 21.8 (-CH), 23.8, 25.6, 28.1, 29.8, 30.7, 32.2, 34.4, 37.1,
37.2, 38.1, 38.2, 38.4, 40.8, 42.5 (pGH,-), 47.0, 48.2, 49.6, 50.6, 50.7, 55.5
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(-NHCH-), 56.8, 64.5 (-Ch), 82.3 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.99.4
150.6, 151.1 (-CH=C-), 172.9 (-COCH-), 175.7 (-CQ®RMS (ESI) m/z: [M+H]
719.51044, calcd. for fgHseN4Os5 718.50332.

36-[ (L-Prolyl)-L-Alanyl] -lup-20(29)-ene-28-oic acid-3,5,6-trimethyl pyrazin-2-methyl
ester (BA-24). Yield: 56.4%; colorless powder; mp: 113.7-114.5 fédp = -6 (c 0.50,
MeOH); *H-NMR (500 MHz, CDCY): 6 (ppm) 0.77, 0.79, 0.93 (s, each, 3H, 3x:CH
methyl of BA), 0.81-0.86 (m, 6H, 2x-GHmethyl of BA), 1.67 (s, 3H, 30-CHof
BA), 2.48, 2.49, 2.53 (s, each, 3H, 3x-Ckhethyl of TMP), 2.65-2.70 (m, 1H,
-NHCH-), 2.91-3.03 (m, 2H, -C}H-), 3.04-3.08 (m, 1H, -CCHC#H), 3.82-3.83 (m,
1H,-CHNH-), 4.47-4.56 (m, 1H, -OCOCH-), 4.70, 4.73s(beach, 1H, =C}}, 5.186,
5.19 (d, each, 1H] = 15Hz, -OCH-), 8.07-8.09 (d, 1H, -NH-)}**C-NMR (125 MHz,
CDCl): 6 (ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 19.5, 20.60 Z4CHs), 21.5 (-CH),
21.8 (-CH), 23.8, 25.6, 28.1, 29.7, 30.7, 31.0, 32.2, 33730, 37.2, 38.0, 38.2, 38.5,
40.8, 42.5, 47.0, 47.3, 49.6, 50.0, 50.6 (-NHCHH.5, 56.8, 60.5, 62.8, 64.5 (-QH
78.9, 82.2 (-OCOCH-), 109.8 (-CH=C-), 145.5, 148.99.0, 150.6, 151.1 (-CH=C-),
170.8 (-CONH-), 174.7 (-COOCH-), 175.7 (-COO-); HBMESI) m/z: [M+H]
759.54053, calcd. for 4gH70N4Os 758.53462.

36-[ (L-Sarkosyl)-L-Alanyl] -lup-20(29)-ene-28-oic

acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-25). Yield: 58.7%; colorless powder;
mp: 136.5-137.3 °Cglp = -2 (c 0.50, MeOH)*H-NMR (500 MHz, CDCY):  (ppm)
0.77, 0.83, 0.93 (s, each, 3H, 3x-Clrhethyl of BA), 0.82 (s, 6H, 2x-CGfimethyl of
BA), 1.67 (s, 3H, 30-Chlof BA), 2.48, 2.50, 2.53 (s, each, 3H, 3x-Chiethyl of
TMP), 2.63-2.73 (m, 1H, -NHCH-) 2.94-3.01 (m, 1l &GHCH,-), 3.35-3.44 (m, 2H,
-NHCH,-), 4.48-4.51 (m, 1H, -OCOCH-), 4.58, 4.71 (brgkedH, =CH), 5.17, 5.20
(d, each, 1HJ = 15Hz, -OCH-), 7.80-7.82 (d, 1H, -NH-)}*C-NMR (125 MHz,
CDCl): 6 (ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 18.7, 19.562@1.0 (-CH), 21.5
(-CHg), 21.8 (-CH), 23.8, 25.6, 28.1, 29.8, 30.7, 32.2, 34.4, 3821, 37.2, 38.1,
38.2, 38.4, 40.8, 42.5, 47.0, 48.2, 49.6, 50.67,585.5, 56.8, 64.5 (-C}jf 82.4
(-OCOCH-), 109.8 (-CH=C-), 145.5, 148.9, 149.0, .B50151.1 (-CH=C-), 172.7
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(-CONH-), 175.7 (-COO-); HRMS (ESI) m/z: [M+H]733.52521, calcd. for
Ca4HgaN4Os5 732.51897.

36-[ (L-Glycyl)-L-Sarkosyl] -lup-20(29)-ene-28-oic

acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-26). Yield: 78.5%; colorless powder;
mp: 117.2-118.1 °C,o]p = +14 (c 0.50, MeOH),lH-NMR (500 MHz, CDCY): o
(ppm) 0.77, 0.79, 0.93 (s, each, 3H, 3xs0Hethyl of BA), 0.81 (s, 6H, 2x-Cl
methyl of BA), 1.67 (s, 3H, 30-GHof BA), 2.48, 2.50, 2.53 (s, each, 3H, 3xH
methyl of TMP), 2.97-3.01 (m, 1H, -CCHGH, 3.00-3.06 (m, 2H, -CHNH,),
3.95-4.13 (m, 3H, CENH-), 4.48-4.56 (m, 2H, -CH), 4.58, 4.70 (brs, each, 1H,
=CH,), 5.16, 5.20 (d, each, 1H,= 15Hz, -OCH-); **C-NMR (125 MHz, CDCJ): ¢
(ppm) 14.8, 15.5, 16.0, 16.3, 16.7, 18.3, 19.56201.0 (-CH), 21.5 (-CH), 21.8
(-CHs), 25.6, 28.1, 28.2, 29.8, 30.7, 31.1, 32.2, 3374], 37.2, 37.3, 38.0, 38.2, 38.5,
40.8, 42.5 (-CHNH,), 47.0, 49.6, 50.6, 55.5, 56.8 (-N&H 64.5 (-CH), 79.1, 109.8
(-CH=C-), 145.5, 148.9, 149.0, 150.6, 151.1 (-CH=Q75.7 (-COOCH); HRMS
(ESI) m/z: [M+H] 719.51044, calcd. for gHeeN4Os 718.50332.

36-[ (L-Alanyl)-L-Sarkosyl] -lup-20(29)-ene-28-oic

acid-3,5,6-trimethylpyrazin-2-methyl ester (BA-27). Yield: 79.8%; colorless powder;
mp: 136.2-137.1 °C,dfp = +34 (c 0.50, MeOH)'H-NMR (500 MHz, CDCY): &
(ppm) 0.78, 0.93 (s, each, 3H, 2x-EIrhethyl of BA), 0.81 (s, 9H, 3x-Cfimethyl of
BA), 1.67 (s, 3H, 30-Cklof BA), 2.48, 2.49, 2.53 (s, each, 3H, 3x-Clrhethyl of
TMP), 2.87, 2.95 (s, each, 2H, -&l 4.01 (brs, 2H, -CN}J, 4.06 (brs, 3H, -NC¥J,
458, 4.70 (brs, each, 1H, =@H5.16, 5.20 (d, each, 1H, = 15Hz, -OCH-);
13C-NMR (125 MHz, CDG)): § (ppm) 14.8, 16.0, 16.3, 16.7, 18.3, 19.5, 19.66,20.
21.0 (-CH), 21.5 (-CH), 21.8 (-CH), 23.8, 25.6, 28.2, 29.8, 30.7, 31.6, 32.2, 34.4,
36.6 (-NCH), 37.0, 37.2, 38.0, 38.2, 38.5, 40.8, 41.6, 42A0, 49.6, 50.2, 50.6,
55.5, 56.8 (-NCH), 64.5 (-CH), 82.7, 109.81 (-CH=C-), 145.5, 148.9, 149.0, &650.
151.1 (-CH=C-), 162.7 (-CHCOO-), 175.6 (-COOCH); HRMS (ESI) m/z: [M+H]
733.52545, calcd. for 4HesN4Os 732.51897.
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4.2. Bio-Evaluation Methods

4.2.1. Céll Culture

The human hepatocellular carcinoma cell line (Hep@&Aman colon carcinoma cell
line (HT-29), human cervical cancer cell line (Helauman lung cancer cell line
(A549), human gastric cancer cell line (BGC-823) atadin-Darby canine kidney
cell line (MDCK) were obtained from the Chinese Aemy of Medical Sciences &
Peking Union Medical College. The cultures of thellsc were maintained as
monolayer in RPMI 1640 supplemented with 10% (Weat inactivated fetal bovine
serum and 1% (v/v) enicillin/streptomycin (Thermechnologies, New York, NY,
USA) and incubated at 37 °C in a humidified atm@&sphwith 5% CQ The TBA
derivatives under study were dissolved in DMSO 1&g St. Louis, MO, USA) and
added at required concentrations to the cell cailtur

4.2.2. Cytotoxicity Assay

The cytotoxicity of the compounds was evaluatedvitro via the MTT method
against HepG2, HT-29, Hela, BGC-823, A-549 celkk$irwith cisplatin as the positive
control. Tumor cells growing in the logarithmic gleawere seeded in 96-well plates
at a density 3 x focells/well and incubated overnight. The followiday, cells were
then treated with serial dilutions of the testedhpounds for 72h. At the end of this
incubation, 2QL of 5 mg/mL methylthiazol tetrazolium (MTT) was @&t to each
well and incubation proceeded at 37°C for anothler After the supernatant medium
was thrown away, 150L dimethylsulphoxide (DMSO) were added to each \aell
absorbance was measured at 490 nm using a plagerrg®IORAD 550
spectrophotometer, Bio-rad Life Science Developménd., Beijing, China).
Experiments were performed in triplicates and thkei@s were the average of three (n
= 3) independent experiments. The concentratiath@fcompound which gives 50%
growth inhibition corresponds to the s4C Tumor cell growth inhibitory rate was

calculated in the following Equation (1):

% inhibition = (1 — Sample group OD/Control group>x 100% (1)

4.2.3. Morphological detection of apoptosis using Giemsa staining

To observe the changes in cell morphology afteattnent withBA-25, Giemsa

staining was performed as previously described. [B8Efly, exponentially growing



701 HepG2 cells (4 x TOcells/well) were cultured in 6-well plates ovetmigand then
702 treated with various concentrations BA-25 (1.5, 3, 6uM) for an additional 72 h.
703 Following twice washes with PBS and fixing with dahethanol, cells were stained
704 with 6% Giemsa (Giemsa, Molecular Probes/Invitrogéa Technologies, Carlsbad,
705 CA, USA) solution for 5 min, washed with water aghied. The cell morphological

706 changes were observed under a fluorescent micre4&88p.
707 4.2.4. Morphological detection of apoptosis using DAPI staining

708 Morphological observation of nuclear changes wasopmed by DAPI staining in
709 this assay. HepG2 cells were seeded in the six plates at a density of 4 x 30
710 cells/well and were allowed to grow for 12 h. Thére cells were treated with
711 different concentration ranges &A-25 (1.5, 3, 6 uM) for 72 hours. After the
712 treatment period, cells were washed with PBS axedfwith 4% paraformaldehyde.
713 Then the liquid was removed and the cells werasthvith 1 mg/mL DAPI (DAPI,
714 Molecular Probes/Invitrogen Life Technologies, Ghadd, CA, USA) for 1 min in

715 dark. After staining, cells were visualised undéluarescence microscope [39].
716 4.2.5. Detection of apoptosis using Annexin V-FITC/PI staining

717 To determine early apoptosis and secondary necidspG2 cells were stained with
718 annexin-V FITC apoptosis detection kit (Beijing Biee Biotech. Co., Ltd., Beijing,
719 China) as per manufacturer instruction. After exppedoBA-25 (2, 3, 4uM) for 72
720 h, HepG2 cells were collected, washed twice witld BS and centrifuged at 1000
721 rpm for 5 min. The resulting pellet was mixed wRB0 uL binding buffer of the
722  Annexin V-FITC kit, then 10uL FITC labeled annexin V was added and mixed
723 gently. After incubation at 4°C for 15min in therklathe cells were washed twice and
724  resuspended in 300L binding buffer containing 1L PIl. Then the cells were
725 immediately analyzed with a flow cytometry [40].

726  4.2.6. Measurement of mitochondrial membrane potential

727 Evaluation of mitochondrial membrane potential isp&2 cells was performed by
728  flow cytometry using the rhodamine 123 (Rh123)rstaj. HepG2 cells (1 x f@ells/

729 well) in logarithmic growth phase were incubated6hwell culture plate for 24 h.
730 Then the cells were exposed to 2, 3 andM BA-25 for 72h and harvested by
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trypsinnization. After twice washes with cold PBBe cells were incubated at 37°C
with 10 pg/mL Rh123 (Rh123, Beijing BioDee Biotech. Co., | t#8eijing, China) for
30 min. Following twice washes with PBS, fluoreddetensities were determined by
flow cytometry with excitation and emission wavajémnset at 488 nm and 530 nm,
respectively [33, 36].

4.2.7. Assessment of intracellular Free Ca?*

For the measurement of intracellular free*'CalepG2 cells were seeded in 6-well
plate at 1 x 10cells/well and were allowed to grow for 24h. Af@h-25 (2, 3, 4uM)
treatment for 72h, the cells were harvested anchedhswice with cold PBS, then
resuspended in HBSS buffer with g Fluo-3AM (Fluo-3AM, Shanghai Beyotime
Biotech. Co., Ltd., Shanghai, China), and incubdted30 min at 37 °C in the dark.
The cells were then subjected to flow cytometri@algsis at 488 nm excitation
wavelength [36, 37].
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Captionsto the Tables, Fig.sand Schemes.
Tablel The structures of BA amino acids derivativeBA-02---BA-15.
Table 2 The structures of BA dipeptides derivativeBA-16---BA-27.

Table 3 The 1Gy values of TBA amine acids or dipeptide derivativBs\-X for

different tumor cells and MDCK cells.

Fig. 1. Morphological detection of apoptosis using Gienssaining (200x): &)
Control group; ) 1.5 uM; (¢) 3 uM; and @) 6 uM. The cell morphology was
observed under the light microscope after Giemasisgy. The most representative

fields are shown. Arrows indicate the typical ajpbigtcell.

Fig. 2. Morphological detection of apoptosis using DARising (200x): &) control
group; ) 1.5uM; (c) 3 uM; and @) 6 uM. The cell morphology was observed under
the fluorescence microscope after DAPI staininge Thost representative fields are

shown. Arrows indicate the typical apoptotic cell.

Fig. 3. Detection of apoptosis using Annexin V-FITC/Plisitag: (@) control group;
(b) 2 uM; (c) 3uM; and d) 4 uM.

Fig. 4. Effect of BA-25 on mitochondrial membrane potential) control group; 1) 2
uM; (c) 3 uM; and () 4 uM. Cells were determined by flow-cytometric anadysi
stained with Rhodamine 123 for 30 min. Resultsexpressed as mean fluorescent

intensity (MFI).

Fig. 5. Effect of BA-25 on intracellular free CAin HepG2 cells:d) control group; If)
2 uM; (c) 3 uM; and @) 4 uM. After being treated with 2.0, 3.0 and 40 BA-25
for 72 h, cells were determined by flow-cytometaitalysis stained with Fluo-3AM

for 30 min. Results are expressed as mean fluanesdensity (MFI).

Scheme 1. Synthesis of the intermediate 2-(chloromethyl)&;Bimethylpyrazine§).
Reagents and Conditions. (a) aceticacid (AcOH), 30% J,, reflux, 90°C, 6h; (b)
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acetic anhydride (A©), reflux, 105°C, 2h; (c) THF: MeOH: =3:1:1, NaOH, 1h;
(d) THF, TsCl, TEA, DMAP, 12h.

Scheme 2. Synthesis of the derivativEBA (BA-01). Reagents and Conditions: (a)
dry DMF, dry K,CO;3, 25 °C, 12h.

Scheme 3. Synthesis of th@ BA amino acids derivativeBA-02---BA-15. Reagents

and Conditions: Boc-amino acids or Cbz-amino acids, DCM, DMAP, BDZ5°C,

12h; (b) TFA in dry DCM, 0°C, 2h or Pd/C (10%), Me(25°C, 12h; (c)TBDMSCI,
Imidazole, DMF, 25°C, 12h; (d) TBAF, THF, 25 °C5h.

Scheme 4. Synthesis of th@ BA dipeptide derivativeBA-16---BA-27. Reagents and
Conditions. (a) Boc-amino acids, HOBt, EDCI, DIPEA, 25°C, 1Zh) TFA in dry
DCM, 0°C, 2h.



950 Tablel The structures of BA amino acids derivativeBA-02---BA-15

Compound R Compound R
BA-02 L-Gly BA-09 L-Pyr
BA-03 L-Phe BA-10 L-Lys
BA-04 L-Ala BA-11 L-Trp
BA-05 L-Asp BA-12 L-Sar
BA-06 L-Pro BA-13 L-Val
BA-07 L-Leu BA-14 L-Thr
BA-08 L-lle BA-15 L-Ser
951 Table 2 The structures of BA dipeptides derivativeBA-16---BA-27
compound R R,
BA-16 L-Gly L-Gly
BA-17 L-Sar L-Sar
BA-18 L-Sar L-Pro
BA-19 L-Gly L-Ala
BA-20 L-Gly L-Pro
BA-21 L-Gly L-Sar
BA-22 L-Ala L-Ala
BA-23 L-Ala L-Gly
BA-24 L-Ala L-Pro
BA-25 L-Ala L-Sar
BA-26 L-Sar L-Gly
BA-27 L-Sar L-Ala
952 Table 3 The 1G, values ofT BA amine acids or dipeptide derivativiga-X for
953 different tumor cells and MDCK cells
1Cs0 (1M)
Compd
HepG2 HT-29 Hela BGC-823 A549 MDCK

BA-01 5.70+1.77 7.41+2.34 8.00+1.89 6.87+0.21 3.56+0.31 18.20+0.18



954

BA-02

BA-03

BA-04

BA-05

BA-06

BA-07

BA-08

BA-09

BA-10

BA-11

BA-12

BA-13

BA-14

BA-15

BA-16

BA-17

BA-18

BA-19

BA-20

BA-21

BA-22

BA-23

BA-24

BA-25

BA-26

BA-27

DPP

6.77+0.67
>40
>20
>20
4.54+0.46
>40
12.73+0.8
5.86+0.45
2.39+0.70
>40
4.5+0.65
5.91+0.05
3.64+0.49
4.03+0.22
4.0+0.87
3.94+0.02
3.75+0.36
2.27+0.67
3.48+1.13
5.27+1.29
1.93+0.49
2.17+0.26
3.39+1.01
3.09+1.49
4.94+0.04
4.27+0.25

3.42+0.68

3.97+0.59
>20
7.74+0.14
>20
2.73+0.35
>20
15.89+2.9
3.78+0.89
2.64+0.5
7.41+2.34
1.10+0.67
>20
6.66+0.92
4.35+1.31
3.19+0.4
8.32+1.07
5.98+0.29
3.67+0.42
4.11+1.05
3.37+2.59
4.18+1.20
4.38+2.39
3.56+0.07
1.70+0.34
3.31+0.28
3.86+1.33

4.1+1.17

4.24+0.70
>40
6.62+1.41
>20
6.33+0.02
>20
>20
6.59+0.34
2.62+0.36
>20
3.96+1.08
8.63+0.75
8.39+0.58
2.74+0.97
2.40+0.04
5.08+1.61
3.02+0.12
3.19+0.97
2.20+0.43
7.38+0.38
4.49+0.82
5.57+0.55
2.33+0.46
1.74+0.99
2.62+1.13
4.55+1.49

5.60+0.78

3.87+0.22
>20
6.16+0.58
>20
3.47+0.2
>20
>20
4.70+0.42
2.16+1.10
>20
3.97+2.15
7.14+1.70
7.05+0.53
6.21+0.29
2.88+0.42
4.10+0.13
1.83+1.07
4.99+0.33
0.84+0.39
2.07+0.99
2.51+1.68
1.49+0.63
2.52+0.16
1.79+0.28
3.43+0.42
4.38+0.57

4.25+0.32

3.62+0.31
>40
6.33+0.17
>20
3.36+0.48
>20
14.52+5.3
4.11+0.56
1.26+0.83
>20
3.05+0.34
6.90+0.37
4.18+0.81
4.39+2.76
1.95+0.58
4.83+0.01
3.91+1.13
3.25+0.15
2.98+1.61
3.02+1.08
2.54+0.44
2.45+0.80
4.08+0.45
3.25+1.10
2.96+0.76
5.18+1.33

3.85+0.63

5.82+0.50
>40
>40
>40
10.15+4.05
>40
>40
9.24+0.21
>40
>40
9.08+0.22
>40
>40
8.56+1.19
7.45+1.15
10.91+1.4
11.28+0.21
16.23+5.90
6.63+0.41
20.64+5.89
10.21+1.14
>40
>40
10.84+0.27
8.08+0.13
14.56+1.88

12.38+1.23
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Fig. 2. Morphological detection of apoptosis using DARIising (200x).
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Fig. 4. Effect of BA-25 on mitochondrial membrane potential.
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Scheme 2. Synthesis of the derivativEBA (BA-01).
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Highlights

a  Twenty-six TBA amino acid/dipeptide derivatives were synthesized.

b. TBA amino acid/dipeptide derivatives showed potent cytotoxicity on tumor cell,
and low toxicity on normal cell.

c. BA-25-induced apoptosis was associated with loss of mitochondrial membrane

potential.

d. BA-25-induced apoptosis was associated with increase of intracellular free Ca?*

concentration.



