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[ABSTRACT] Two new nor-ent-halimane diterpenes and three previously unreported nor-clerodane diterpenes, designated callicain-
tides  A−E  (1−5),  were  isolated  from Callicarpa  integerrima.  Compounds 1 and 2 feature  a  distinctive  5/6-membered  ring  system,
while compounds 3−5 are characterized by progressively truncated carbon skeletons, containing 18, 17, and 16 carbons, respectively.
In  addition,  four  known  compounds 6−9 were also  identified.  Their  structures  were  elucidated  using  advanced  spectroscopic  tech-
niques, including nuclear magnetic resonance (NMR), high-resolution electrospray ionization mass spectrometry (HR-ESI-MS), ultra-
violet  (UV), infrared radiation (IR), optical rotatory dispersion (ORD), DP4+ analysis and electronic circular dichroism (ECD), sup-
ported by quantum chemical  calculations.  Compounds 1−9 were  evaluated for  their  anti-MRSA activity.  Among them,  compound 6
demonstrated significant anti-MRSA activity, with a minimum inhibitory concentration (MIC) of 16 μg·mL−1.
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 Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a
significant  antibiotic-resistant  pathogen  responsible  for  a
wide range of infections worldwide [1]. MRSA has developed
resistance to almost  all  categories of antimicrobial  agents [2],
with only a few medications, such as vancomycin and teico-

planin,  demonstrating  efficacy  against  MRSA [3].  However,
both low-  and  high-level  resistance  to  these  drugs  is  gradu-
ally increasing in clinical settings [4]. Consequently, there is a
pressing need  to  discover  novel  antibacterial  agents  and  in-
novative  strategies  to  combat  MRSA [5].  Medicinal  plants
have been utilized for treating various ailments since ancient
times [6].  The  relatively  low toxicity  of  plant-derived  natural
products  has  established  them  as  a  crucial  source  for  new
drug  development [6-8].  Numerous  small  molecules  from
medicinal  plants  have  been  identified  as  potent anti-MRSA
lead  compounds [7, 9].   For  instance,  naphthoquinone-derived
heterodimers from Eleutherine americana bulbs [10] and diter-
penes  isolated  from Coleus  blumei Benth [11] have demon-
strated significant antimicrobial activity.

Callicarpa integerrima, a vine or creeping shrub, is pre-
dominantly  found  at  elevations  ranging  from  200  to  700
meters  in  Guangdong,  Guangxi,  Fujian,  and  Jiangxi
provinces.  Recent  studies  have  documented  the  isolation  of
diterpenoids  and  phenylethanoid  glycosides  from  this  spec-
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ies [12-13].  Our previous investigation revealed the isolation of
a  series  of  novel  diterpenoid  compounds  were  isolated  from
C. integerrima [14].

To  further  investigate  potential  anti-MRSA  substances
from C.  integerrima,  we  conducted  a  comprehensive  study,
focusing specifically on diterpenoid metabolites. In total, nine
compounds were isolated and characterized,  comprising five
previously  undescribed  diterpenoids  (1−5)  and  four  known
diterpenoids  (6−9).  Compounds 1−2 display  a  rare  5/6-
membered ring  system,  representing  a  novel  class  of  hali-
mane diterpenes not previously reported. Compounds 3−5 are
characterized  as  unusual nor-clerodane diterpenes,  contain-
ing 18, 17, and 16 carbon atoms, respectively. This study de-
tails  the  biological  activity  of  these  compounds,  with  results
indicating  that  compound  6  exhibits  significant  anti-MRSA
efficacy.

 Results and Discussion

Nine  diterpenoids  (1−9),  comprising  two novel nor-ent-
halimane  diterpenes  and  three nor-clerodane  diterpenes
(1−5), along with four previously identified compounds 6−9,
were isolated from the EtOAc-soluble fraction of C. integer-
rima (Fig. 1). Their structures were elucidated through com-
prehensive analysis of spectral data interpretation.

Compound 1 was isolated  as  a  colorless  oil  with  a  mo-
lecular  formula  of  C19H26O6,  as  determined  by  high-resolu-
tion electrospray ionization mass spectrometry (HR-ESI-MS)
( m/z  351.1802 [M + H]+, Calcd. 351.1798) and nuclear mag-
netic resonance  (NMR)  data,  indicating  7  degrees  of  hydro-
gen deficiency.  The  infrared  radiation  (IR)  spectrum  re-
vealed  absorption  bands  for  hydroxy  (3458  cm−1) and  car-
bonyl (1743 cm−1) groups. The 1H and 13C NMR spectra of 1
displayed  one  ester  carbonyl  group  at δC 171.2  (C-15),  one

trisubstituted double signals bond (δH 5.78, H-14; δC 171.7, C-
13; δC 115.1, C-14), and a hemiacetal carbon (δC 98.1, C-16)
(Table 1),  which are characteristic signals of an α,β-unsatur-
ated-γ-hydroxybutyrolactone  moiety [15].  The  signal  at δC

224.2  (C-2)  indicated  a  keto  carbonyl  group.  The  signals  at
δC 91.5 (C-10) and δC 80.8 (C-5) confirmed the presence of a
5,10-epoxide, accounting for the extra oxygen and degree of
unsaturation. Additionally,  the  remaining  signals  correspon-
ded  to  four  methyl  groups,  four  methylene,  one  oxygenated
methine, one methine, and four quaternary carbons (Tables 1
and 2). The  presence  of  two  rings  in  the  molecule  was  im-
plied by the remaining two degrees of unsaturation. The het-
eronuclear  multiple  bond  correlation  (HMBC)  cross-peaks
from H-12 to C-14, C-13, and C-16 confirmed the γ-hydroxy
butyrolactone  connection  to  C-12,  while  the  HMBCs of  H3-
18  and  H3-19  to  C-2,  and  H3-18  to  C-19  indicated  the  two
methyl groups linked to C-4. Furthermore, the HMBC cross-
peaks  from  H3-20  to  C-8,  C-10,  and  C-11  revealed  that  the
5/6-fused double-ring scaffolds were connected to C-11 (Fig.
2).  Thus,  the  planar  structure  of 1 was established,  demon-
strating that compound 1 is an ent-halimanediterpenoid with a
novel 5/6-membered ring system.

The  relative  configuration  of 1 was  determined  through
nuclear overhauser  effect  spectroscopy  (NOESY)  correla-
tions.  The  correlations  between  H3-17  and  H3-20  indicated
that  Me-17  and  Me-20  were  positioned  on  the  same  side.
However,  determining  the  relative  configuration  of 1 solely
based on  the  NOESY  spectrum  proved  challenging.  To  fur-
ther  confirm  the  relative  configuration  of 1,  NMR  chemical
shifts  were  calculated  at  the  PCM/mPW1PW91/6-31  +  G(d,
p)  level.  The  DP4+ analysis  results  indicated  that  (5S,  10S,
12S,  16R)-1 was  the  most  probable  candidate  with  100.0%
probability (Fig. 4) . The absolute configuration of 1 was sub-

 

1
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Fig. 1    Structures of compounds 1−9.
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sequently  confirmed  through  electronic  circular  dichroism
(ECD)  analysis.  The  ECD  spectrum  of 1 corresponded  well
with the calculated curve, enabling the assignment of the ab-
solute  configuration  of 1 as  5S,  8R,  9S,  10S,  12S,  16R (Fig.
6). Consequently, the structure of 1 was established and giv-
en the trivial name Callicaintide A.

Compound 2 was isolated as a colorless oil, and its mo-
lecular formula was determined to be C19H24O4 with eight de-
grees  of  unsaturation  by  HR-ESI-MS  (m/z 339.1573  [M  +
Na]+,  Calcd.  for  C19H24O4Na  339.1575).  Detailed  analysis
and comparison of the 1H and 13C NMR data of 2 with those
of  compound 1 revealed  that  the  main  difference  between
them was the presence of the Δ11,12 double bond (δH 6.33, H-
11; δH 6.33, H-12; δC 152.4, C-11; δC 118.6, C-12) instead of
the hydroxyl group at C-12 (Tables 1 and 2),  absence of the
5,10-epoxide  found  in  compound 1.  The  HMBCs  (Fig.  2)
from H-6 to C-5 and C-10 and from H2-7 to C-5 indicated the
presence of the Δ5,6 double bond. Based on this evidence, the
planar  structure  of  compound 2 was confirmed,  as  shown in
Fig.  2. The  NOESY  correlations  between  H-10  and  H-8  re-
vealed that H-10 and H-8 were β-oriented (Fig. 3). However,
the NOESY experiment did not provide all necessary correla-

tions  for  a  complete  assignment  of  configuration.  Therefore,
the relative configuration of 2 was confirmed using theoretic-
al NMR calculations and the DP4+ probability (DP4+ probab-
ility = 73.6%) (Fig. 5). Finally, the calculated ECD spectrum
of 2 showed  agreement  with  the  experimental  data,  and  the
structure of 2 (8R, 9R, 10R, 16R) was determined by the bio-
genetic pathway  and  the  calculated  ECD,  named  Callicain-
tide B.

Compound 3 exhibited  a  quasi-molecular  ion  at m/z
299.1968  [M  +  Na]+ (Calcd.  for  C18H28O2Na,  299.1982)  in
the  positive-ion  HR-ESI-MS and  was  isolated  as  a  colorless
oil.  The  assignments  of  the 1H  and 13C NMR  data  were  de-
termined  through  detailed  analysis  of  its 1H-1H  COSY,
HSQC, and HMBC spectra, indicating that compound 3 could
be  a nor-diterpenoid.  The 13C NMR  and  DEPT  spectra  re-
vealed eighteen signals,  comprising four methyl groups, five
methylene  groups,  five  methines,  and  four  non-protonated
carbons  (Table  1).  The  signal  at  C-3  (δC 70.2) suggested  at-
tachment to  oxygen  atoms.  Additionally,  two  olefinic  car-
bons  at  C-11  (δC 161.8)  and  C-12  (δC 130.7) were  attribut-
able to one double bond. Analysis of the 1D NMR data indic-
ated that 3 possesses a skeleton similar to that of (3S, 5R, 8R,

 

Table 1    1H NMR data (600 MHz) for compounds 1−5 in CD3OD
 

No. 1 2 3 4 5

1a 2.90 d (16.7) 2.21 dd (18.7, 10.3) 1.62 dd (13.2, 3.7) 1.59 dd (12.9, 3.8) 1.85 d (12.5)

1b 2.03 d (16.7) 2.02 dd (18.7, 10.3) 1.38 m 1.41 m 1.52 m

2a 2.08 m 2.07 m 2.02 m

2b 1.18 overlap 1.15 m 1.13 m

3 4.24 dd (11.9, 5.4) 4.23 dd (12.0, 5.3) 4.15 dd (11.7, 5.2)

6a 2.01 m 5.49 q (3.3) 1.71 m 1.68 m 1.50 m

6b 1.54 m

7a 1.87 m 2.15 m 1.58 m 1.57 m 1.39 m

7b 1.54 m 1.71 m

8 1.80 m 1.79 m 1.46 m 1.39 m 1.75 m

10 2.91 m 1.18 overlap 1.10 m 1.29 m

11a 2.33 br s 6.33 d (16.4) 6.58 d (16.3) 6.53 d (15.8) 2.24 d (13.4)

11b 1.68 br s 2.16 d (13.4)

12a 4.94 t (8.7) 6.33 d (16.4) 6.00 d (16.3) 5.68 d (15.8)

14 5.78 br s 5.87 s

16 6.05 s 6.18 s

17 1.00 d (6.6) 0.78 d (6.6) 0.75 d (6.6) 0.74 d (6.7) 0.82 d (6.5)

18a 1.20 s 1.01 s 4.97 s 4.95 s 4.82 s

18b 4.75 s 4.73 s 4.58 s

19 1.01 s 1.00 s 1.10 s 1.08 s 0.96 s

20 1.13 s 0.79 s 0.96 s 0.94 s 0.70 s

12-COCH3 2.25 s
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9S,  10R)-3,16-dihydroxycleroda-4(18),11(E),13(Z)-trien-15,
16-olide,  a  clerodane  diterpenoid  previously  isolated  from
Callicarpa  arborea [16].  The  primary  difference  was  the
COCH3 at C-12 in 3 replacing the typical α,β-unsaturated al-
dehyde  group,  confirmed  by  HMBCs  from  H-12  (δH 6.00)
and H-11 (δH 6.58) to the ketone (δC 201.4) (Fig. 2). The rel-
ative  configuration  of 3 was  determined  based  on  NOESY
correlations  (Fig.  3),  where  correlations  of  H-3/H3-19,  H3-
17/H3-20, and H3-19/H3-20 suggested that H-12, Me-17, Me-
19,  and  Me-20  were α-oriented.  NOESY  cross-peaks  of  H-
8/H-10  revealed  their β-orientation.  The  final  structure  with

absolute  configuration  (3S,  5R,  8R,  9R,  10R)  was  determi-
ned by ECD calculation (Fig. 6). Consequently, the structure
of compound 3 was identified and trivially named Callicain-
tide C.

Compound 4 was  isolated  as a  colorless  powder  with  a
molecular  formula of  C17H26O3, as  determined  by  the  sodi-
um  adduct  ions  at m/z 277.1808  [M  −  H]+ (Calcd.  for
C17H25O3, 277.1809), indicating five indices of hydrogen de-
ficiency.  The 1H  and 13C  NMR  spectra  of 4 were  similar  to
those of 3, with the primary difference being the presence of
a carboxyl group (δC 172.0) in 4 instead of the COCH3 group

 

Table 2    13C NMR data or compounds 1−5 in CD3OD
 

No. 1 2 3 4 5

1 44.7 37.2 23.5 23.4 22.4

2 224.2 221.6 38.1 38.2 38.1

3 70.2 70.2 70.3

4 53.2 48.9 163.1 163.1 163.4

5 80.8 145.2 40.6 40.6 41.5

6 25.4 117.4 38.4 38.5 38.5

7 26.4 31.2 27.4 27.4 28.4

8 33.6 37.3 41.9 42.0 38.8

9 46.7 41.1 46.1 45.7 42.0

10 91.5 44.2 56.7 53.3 50.8

11 41.5 152.4 161.8 160.9 44.5

12 71.9 118.6 130.7 122.5

13 171.7 162.8

14 115.1 114.9

15 171.2 172.4

16 98.6 98.4

17 15.6 15.4 17.0 17.0 16.7

18 21.7 21.1 100.6 100.6 100.2

19 19.0 25.4 21.5 21.5 21.6

20 15.2 7.4 12.4 12.4 17.6

11-COOH 176.5

12-COCH3 201.4

12-COCH3 27.2

12-COOH 172.0

 

1 2 4

COSY HMBC

5

 
Fig. 2    Key HMBCs of compounds 1−2 and 4−5.
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in 3 at  C-12.  As  illustrated  in Fig.  3,  NOESY  cross-peaks
between H-8 and H-10 suggested that these protons were on
the  same  side,  arbitrarily  assigned  as β orientation. Con-
versely,  NOESY cross-peaks  between H-3/H3-19,  H3-19/H3-
20,  and H3-17/H3-20 indicated that  H-3,  Me-17,  Me-19,  and
Me-20 were  α-oriented. The absolute configuration of 4 was
established as 3S, 5R, 8R, 9R, 10R through comparison of ex-
perimental  and  calculated  ECD  curves  (Fig.  6). Con-
sequently,  the  structure  of  compound 4 was  elucidated  and
named Callicaintide D.

Compound 5 was  isolated  as  a  colorless  powder.  The
molecular formula C16H27O6 was established by the HR-ESI-
MS  at m/z 289.1775  [M  +  Na]+ (Calcd.  for  C16H27O6Na
289.1774). Detailed 2D NMR analysis revealed that the struc-
ture of 5 resembled that of 4 in terms of the ring system but
differed in the side chain. This inference was corroborated by
HMBCs  from  the  methylene  to  C-9  and  C-20  and  from  the
carboxyl to C-11, indicating the methylene linked to C-9 and
the carboxyl linked to C-11. NOESY correlations of H-3/H3-
19/H3-20/H3-17 and H-8/H-10 were utilized to determine the

α-orientation of CH3-17, CH3-19, and CH3-20, and the β-ori-
entation of the hydroxyl (C-3),  H-8,  and H-10.  The absolute
configuration (3S,  5R,  8R,  9R,  10R)  of 5 was determined by
the biogenetic pathway and ECD (Fig. 6). Consequently, the
structure of 5 was confirmed and named Callicaintide E.

Additionally, four  previously  identified  clerodane  diter-
penes  were  isolated  and  confirmed  through  a  comparison  of
their spectral data with published literature. The known com-
pounds  (6−9)  were  characterized  as  12(S),16ξ-di-
hydroxycleroda-3,13-dien-15,16-olide  (6) [17],  3β,12(S)-Di-
hydroxycleroda-4(18),13-dien-15,16-olide  (7) [17],  (3S,  5R,
8R,  9S,  10R,  12S,  16R)-16-methoxy-3,12-dihydroxy-cleroda-
4(18),13(Z)-dien-15,16-olide  (8) [16],  and  (3S,  5R,  8R,  9S,
10R)-3-hydroxycleroda-4(18),12(E)-dien-15-methoxycar-
bonyl-16-al (9) [16].

All  isolates  (1−9)  underwent  evaluation  for  their  anti-
MRSA  activity.  Compound 6 exhibited  notable  efficacy,
demonstrating  a  minimum  inhibitory  concentration  (MIC)
value of 16 μg·mL−1 (Fig. 7a). To further elucidate its mech-
anism of action,  membrane permeability was analyzed using

 

1 2 43

NOESY α-face NOESY β-face

5

 
Fig. 3    Key ROESY correlations of compounds 1−5.
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propidium iodide  (PI) [18].  The  absorbance  of  MRSA treated
with  compound 6 increased  markedly  in  a  dose-dependent
manner,  corroborating  that  compound 6 compromised  the
membrane integrity of MRSA.

 Experimental

 General experimental procedures
Optical rotation values were determined using a Rudolph

AP-IV  polarimeter  from  Rudolph  Research  Analytical  in
Hackettstown,  USA.  Ultraviolet  (UV) spectra  were  recorded
using a  Shimadzu  UV-2401PC  spectrophotometer.  IR  spec-
tra  were  obtained  from  a  VERTEX  70  FT-IR  spectrometer.

NMR spectra were measured on a Bruker AscendTM 600 MHz
NMR instrument (Bruker, Karlsruhe, Germany). HR-ESI-MS
data  of  the  isolated  compounds  were  acquired  on  a  Thermo
Scientific  TSQ  Endura  mass  spectrometer  (Thermo,  USA).
Semi-preparative  HPLC  was  performed  on  an  Agilent  1260
Infinity II instrument (Agilent Technologies Inc., Waldbronn,
Germany) coupled with a Zorbax SB-C18 column (5 μm, 9.4
mm  × 250 mm) (Agilent  Technologies  Inc.,  California,
USA).  Column  chromatography  (CC)  was  conducted  with
silica  gel  (80−100  or  200−300  mesh,  Qingdao  Haiyang
Chemical Co., Ltd.), MCI gel (CHP20/P120), reversed-phase
C18 (RP-C18) (S-50 μm, 12 nm, YMC Co., Ltd.), and Sepha-
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dex LH-20 gel (Amersham Biosciences). Pre-coated silica gel
GF254 plates were used for thin-layer chromatography (TLC)
monitoring  (Qingdao Haiyang Chemical  Co.,  Ltd.,  Qingdao,
China). Circular  dichroism (ECD) spectra  were  obtained us-
ing the Gaussian 09 method.
 Plant material

Twigs and leaves of Callicarpa integerrima were collec-
ted  in  March  2019  from  Yuanyang,  located  in  the  Honghe
Continental District of Yunnan Province, China.

The plant material was identified by CHEN Yu from the
Kunming Institute of Botany, Chinese Academy of Sciences.
A  voucher  specimen  (YUN20190316)  was  deposited  at  the
Key Laboratory  of  Medicinal  Chemistry  for  Natural  Re-
sources, Ministry of Education, Yunnan University.
 Extraction and isolation

A  total  of  20  kg  of  shade-dried  twigs  and  leaves  of C.
integerrima underwent  extraction  with  95% methanol  (3  ×
30 L × 1 d) at room temperature, yielding a crude extract (4.0
kg) after evaporation under reduced pressure. The remaining
methanol  extract  was  dissolved  in  water  and  subjected  to
three successive partitions with ethyl acetate, resulting in re-
spective  extracts.  The  ethyl  acetate-soluble  extract  (2.0  kg)
underwent silica gel column chromatography (80−100 mesh;
petroleum ether/ethyl acetate 10 : 1, 6 : 1, 4 : 1, 2 : 1, 1 : 1,
V/V),  yielding  six  fractions  (Fr.  A−Fr.  F).  Fraction  E  (178.3
g) was subjected to MCI gel column chromatography, using a
gradient of MeOH/H2O (from 0 : 100 to 100 : 0, V/V), lead-
ing to seven fractions (Fr. G1−Fr. G7). Fraction G4 (24.0 g)
underwent ODS column chromatography, employing a gradi-
ent of MeOH/H2O (from 50 : 50 to 100 : 0, V/V), resulting in
six  subfractions  (Fr.  G4.1−Fr.G4.6).  Fraction  G4.3  (8.3  g)
was run on a Sephadex LH-20 column using MeOH to yield
four fractions  (Fr.  G4.3.1−Fr.  G4.3.4),  which  were  sub-
sequently  purified  through  semi-preparative  HPLC  (48%
ACN/H2O),  resulting  in  compounds 3 (1.8  mg), 4 (2.9  mg),
and 5 (1.0  mg).  Fraction  G4.5  (5.9  g)  underwent  silica  gel
column  chromatography  and  was  eluted  with  CHCl2/
CH3COCH3 (5  :  1 V/V),  yielding  eight  fractions  (Fr.
G4.5.1−Fr.  G4.8).  Fraction  G4.5.2  (123.0  mg)  was  further
separated  through  semi-preparative  HPLC  (3.0  mL·min−1,
CH3OH/H2O,  82  :  12 V/V),  resulting  in  compounds 1 (3.7
mg), 2 (2.1  mg), 6 (8.3  mg), 7 (5.3  mg), 8 (4.5  mg),  and 9
(36.3 mg).

[α]25
DCallicaintide  A  (1):  Colorless  oil;  +21.4  (c 0.05,

MeOH λmax (log ε)  226  (3.28);  IR  (νmax):  3458,  2962,  2929,
1743 cm−1; 1H NMR data (Table 1) and 13C NMR data (Table
2). HR-ESI-MS m/z 351.1802 [M + H]+ (Calcd. for C19H27O6,
351.1798).

[α]25
DCallicaintide  B (2):  Colorless  oil;  +44.4  (c 0.05,

MeOH λmax (log ε)  266  (3.71);  IR  (νmax):  3350,  2964,  2927,
1741 cm−1; 1H NMR data (Table 1) and 13C NMR data (Table
2).  HR-ESI-MS m/z 339.1578  [M  +  Na]+ (Calcd.  for
C19H27O6Na, 339.1575).

[α]25
DCallicaintide  C (3):  Colorless  oil;  −18.2  (c 0.07,

MeOH λmax (log ε)  230  (3.78);  IR  (νmax):  3452,  2929,  2865,

1737, 1672 cm−1; 1H NMR data (Table 1) and 13C NMR data
(Table  2).  HR-ESI-MS m/z 299.1968  [M  +  Na]+ (Calcd.  for
C18H28O2Na, 299.1982).

[α]25
DCallicaintide  D (4):  Colorless  oil;  −6.00  (c 0.03,

MeOH λmax (log ε)  259  (3.28);  IR  (νmax):  3341,  2927,  2862,
1692, 1646 cm−1; 1H NMR data (Table 1) and 13C NMR data
(Table  2).  HR-ESI-MS m/z 277.1808  [M  −  H]+ (Calcd.  for
C17H25O3, 277.1809).

[α]25
DCallicaintide  E (5):  Colorless  oil;  −13.3  (c 0.03,

MeOH λmax (log ε)  256  (3.78);  IR  (νmax):  3354,  2922,  2859,
1754, 1650 cm−1; 1H NMR data (Table 1) and 13C NMR data
(Table  2).  HR-ESI-MS m/z 289.1775  [M  +  Na]+ (Calcd.  for
C16H27O6Na, 289.1774).
 Quantum chemistry calculations

The conformational analysis for the test compounds and
their corresponding  diastereoisomers  with  the  opposite  con-
figuration  was  performed  using  the  molecular  mechanics
force  field  (MMFF)  within  the  Spartan14  software  package.
Furthermore, additional  geometry  optimization  was  per-
formed at the B3LYP/6-31G (d, p) level of theory in methan-
ol  as  the  solvent  using  the  PCM  model,  implemented  in
Gaussian 09 [19]. Frequency calculations were also conducted
to determine the nature of the identified stationary points. The
magnetic shielding constants (σ) were calculated using Gauge-
Independent  Atomic  Orbital  (GIAO)  calculations  for  NMR
chemical  shifts  through Density Functional  Theory (DFT) at
the  PCM/mPW1PW91/6-31G  (d,  p)  level  of  theory  in
MeOH [20, 21].  The  reference  standard,  TMS,  had  its  NMR
chemical  shifts  computed  at  the  same  level  for  comparison.
To  calculate  linear  correlation  coefficients  (R2), the  com-
puted  NMR  chemical  shifts  were  linearly  regressed  against
the  experimental  values.  DP4+ calculations  were  conducted
using the  Excel  spreadsheets  available  on  the  freely  access-
ible website sarotti-NMR.weebly.com [22],  following Boltzm-
ann weighting of  the  computed chemical  shifts  of  each con-
former.  ECD calculations  of  the  optimized  conformers  were
performed  at  the  B3LYP/6-31G(d,p)  level  with  the  PCM
model to compare with the experimental CD spectra.
 Anti-MRSA activity assay

Determination  of  minimal  inhibition  concentration
(MIC) was  conducted  for  the  compounds  and  their  derivat-
ives  following  a  standardized  protocol [23]. A  series  of  dilu-
tions (4, 8, 16, 32, 64, 128 μg·mL−1) were prepared in 96-well
microtiter plates. MRSA [24] was introduced to the antibiotic-
containing plates and incubated for 16 h at 37 °C. OD600 val-
ues were measured using a Biotek Synergy HT2 multi-mode
reader to determine the MICs. For an enhanced visual repres-
entation of MIC values, an additional set of controls was in-
cluded  by  adding  30  μg·mL−1 resazurin  (Shanghai  Aladdin
Bio-Chem Technology Co., Ltd. Shanghai, China). All exper-
iments were performed in triplicate.

MRSA  was  centrifuged  and  resuspended  in  phosphate-
buffered saline (PBS) to adjust the bacterial suspensions to an
OD600  of  approximately  0.2,  followed  by  the  addition  of
compound 6 (final concentrations of 2 ×, 4 ×, and 8 × MIC).
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The bacterial suspensions were incubated for 30 min at 37 °C
in  dark  conditions.  Subsequently,  the  suspensions  were
treated  with  PI  (Beijing  Solarbio  Science  and  Technology
Co.,  Ltd.  Beijing,  China)  at  a  final  concentration  of  1
μg·mL−1. Following  a  30-min  incubation  period,  fluores-
cence  measurements  were  obtained  using  a  SpectraMax
Gemini XPS Microplate  Reader  (Molecular)  with  an  excita-
tion  wavelength  (Ex)/emission  wavelength  (Em)  of  535/
615 nm.

 Supplementary Materials

Supplementary information  can  be  obtained  by  contact-
ing the corresponding authors via email.
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