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Guided by the inhibitory activities of indole-containing natural products against isocitrate lyase (ICL)
from Candida albicans and sortase A (SrtA) from Staphylococcus aureus, a series of compounds structurally
analogous to natural products were synthesized. Eight SrtA inhibitors and an ICL inhibitor having higher
activities than the natural products were discovered by screening the enzyme inhibitory activities of
synthesized compounds. Among the SrtA inhibitors discovered, six exhibited higher activities than
p-hydroxymercuribenzoic acid, which suggests that these compounds have great potential as alternative
antibacterial agents.
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Natural products have been regarded as a major source of phar-
maceutical leads and therapeutic agents.1 They are mostly second-
ary metabolites obtained by the action of various enzymes, which
implies that they have great potential of efficiently interacting
with enzymes. Nevertheless, natural products have attracted little
research interest in recent years due to the limited quantities that
can be obtained from nature, lengthy and low-yielding syntheses,
and non-druggable physicochemical properties.2 To overcome
these disadvantages, efforts have been made to construct chemical
libraries based on natural products.3 Compounds bearing the struc-
tural features of natural products as well as druggable properties
have been synthesized and constituted into chemical libraries. In
continuation of our researches on the discovery of inhibitors of en-
zymes related to antimicrobial activities,4 we have built a small
chemical library with indole-type natural product scaffolds and
examined the enzyme inhibitory activities of the library com-
pounds. Sortase A (SrtA) and isocitrate lyase (ICL) were selected
as target enzymes since they play crucial roles in the survival or
virulence of various pathogenic bacteria and fungi.5–8

SrtA is an enzyme that catalyzes the covalent attachment of
surface proteins to the peptidoglycan cell layer in Gram-positive
bacteria such as Staphylococcus aureus.5 Since surface proteins
promote interactions between the invading pathogen and animal
tissues, thereby providing strategies for bacterial escape from the
host’s immune response, SrtA has been regarded as a promising
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target in the development of efficient antibacterial agent. The
development of SrtA inhibitors has been attempted by examining
natural products or high-throughput screening of chemical
libraries; however, efficient SrtA inhibitors have not been discov-
ered yet.

ICL is an enzyme that transforms isocitrate into glyoxylate in
the glyoxylate cycle. The glyoxylate cycle is a reaction sequence
in which acetates are converted to succinates during the energy
production and biosynthesis of cell constituents; this cycle enables
bacteria and fungi to grow on acetate in a hostile environment in-
side the macrophage where glucose is not available.6 It has been
discovered that the microbial virulence of Candida albicans signifi-
cantly decreased in the case of mutant strains lacking the ICL.
However, limited examples of ICL inhibitors have been reported
thus far, and they have mostly not been successful due to their
low activities or high toxicities.8

In a previous work, we had reported the discovery of six known
5-hydroxyindole compounds (2–7) along with a novel compound
6-hydroxydihydro-b-carboline 1 from the tropical sponge Hyrtios
sp. and examined their inhibitory activities against ICL from C. albi-
cans (Fig. 1).4a Among them, bis-5-hydroxyindole containing gly-
oxy linker (7) showed promising activity level (IC50: 29 lg/mL,
89.0 lM). Subsequently, the inhibitory activities of these com-
pounds against SrtA from S. aureus were examined;10 however,
inhibitions were not observed with any of the compounds except
dihydro-b-carboline 1 that exhibited moderate inhibitory activity
(IC50: 67 lg/mL, 290 lM) (Table 1). Consequently, compounds 1
and 7 were considered to be attractive scaffolds for the construc-
tion of our chemical library due to their promising levels of
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Figure 1. Compounds obtained from the tropical marine sponge Hyrtios sp.

Table 1
Inhibitory activities of natural products 1–7 against ICL and SrtAa

Entry Compound ICL IC50
b (lg/mL, lM) SrtA IC50 (lg/mL, lM)

1 1 87 (380) 67 (290)
2 2 >100 >100
3 3 >100 >100
4 4 53 (301) >100
5 5 61 (318) >100
6 6 40 (247) >100
7 7 29 (89) >100
8 3-NPc 6.0 (51) —
9 p-HMBd — 42 (124)

a Enzyme inhibitory activities were measured as described in Refs. 4,10.
b Previously reported data.4a

c 3-Nitropropionate, an ICL inhibitor used as a positive control.
d p-Hydroxymercuribenzoic acid, a SrtA inhibitor used as positive control.
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activities as well as druggable physicochemical properties.11 In
addition, easy and fast syntheses of various analogs are possible
N
H

R1
R2 oxalyl chloride, THF, 0 ºC

then, DIPEA, Aniline or water, 
78 ~ 82 %yield

Indole, 2-methylindole
5-hydroxyindole, 5-methoxyindole

Scheme 1. Synthesis of indoleglyoxamide (8

Table 2
SrtA and ICL inhibitory activities of 8a

N
H

R1

O

Entry Compound R1 R2 R

1 8a H H N
2 8b OH H N
3 8c OMe H N
4 8d H Me N
5 8e H H O
6 8f OH H O
7 8g OMe H O
8 8h H Me O

a Enzyme inhibitory activities were measured as described in Refs. 4,10.
b IC50 of 3-nitropropionate (positive control) = 6.0 lg/mL (50 lM).
c IC50 of p-HMB (positive control) = 42 lg/mL (142 lM).
since methods for the syntheses of indoles and b-carbolines have
been well studied and established.

We began our research by examining the analogs of 7. One of
the indole moieties was substituted with functionalities bearing
a hydrogen bond donor (OH, NH) adjacent to the carbonyl group.
Reactions between the corresponding indoles and oxalyl chloride
followed by the addition of aniline or water afforded desired prod-
ucts (8a–8h) with high yields (78–82%) (Scheme 1).12 Disappoint-
ingly, the synthesized analogs listed in Table 2 showed no ICL
inhibitory activities; this suggests that both the indole moieties
of 7 are required.9 In the case of SrtA inhibitory activity, however,
the compounds obtained from indole (8a and 8e; entries 1 and 5)
and 2-methylindole (8d and 8h; entries 4 and 8) exhibited potent
activities, while the compounds containing 5-hydroxy and 5-meth-
oxyindole moieties exhibited no activities (entries 2, 3, 6, and 7). In
particular, the SrtA inhibitory activities of compound 8d (IC50:
17 lg/mL, 61 lM) and 8e (IC50: 13 lg/mL, 60 lM) were twice as
high as that of p-hydroxymercuribenzoic acid (p-HMB)7d (IC50:
rt
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R2 = H, Me
R3 = NHPh, OH
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a–8d) and indoleglyoxylate (8e and 8f).

R2

8

R3

O

3 ICL IC50
b (lg/mL, lM) SrtA IC50

c (lg/mL, lM)

HPh >100 46 (174)
HPh >100 >100
HPh >100 >100
HPh >100 17 (61)
H >100 13 (69)
H >100 >100
H >100 >100
H >100 27 (133)
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42 lg/mL, 124 lM), which is a known SrtA inhibitor used as a po-
sitive control (entries 4 and 5).

To gain further insights into the effects of each functional group
of 8a and 8e on the SrtA inhibitory activity, three more analogs
were examined (Fig. 2). In the case of N1,N2-diphenyloxalamide,
wherein both the indoles of 8a were replaced with anilines, no SrtA
inhibitory activity was observed. Further, the removal of each car-
bonyl group (3-glyceroindole, 3-indoleacetic acid) also caused
complete loss of activities. It is highly probable that both indole
N
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O
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H

O

O
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N

N1,N2-diphenyloxalamide
SrtA IC50 = >100 µg/mL

3-glycero
SrtA IC50 = >

Figure 2. Loss of SrtA inhibitory activities caused by
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Scheme 2. Syntheses of tetrahydro-b-carbo

Table 3
SrtA and ICL inhibitory activities of 9 and 10a

N
H

R4
NH

R5

9

Entry Compound R4 R5

1 9a H– –CO2H
2 9b OH –CO2H
3 9c OMe –CO2H
4 9d H –C5H11

5 9e OMe –C5H11

6 9f H

7 9g OH

8 9h OMe

9 9i H

10 9j H

OMe

11 9k H O

12 10a H

13 10b OMe

a Enzyme inhibitory activities were measured as described in Refs. 4,10.
b IC50 of 3-nitropropionate (positive control) = 6.0 lg/mL (50 lM).
c IC50 of p-HMB (positive control) = 42 lg/mL (142 lM).
and a-oxocarbonyl moieties play critical roles in the interaction
of compounds with SrtA.

We then turned our attention to compound 1 whose analogs
can be prepared easily by Pictet-Spengler reactions.13a Tetrahy-
dro-b-carbolines 9 were synthesized from the corresponding tryp-
tamines and aldehydes employing well-known procedures,13 and
dihydro-b-carbolines 10 were prepared by the oxidation of 9
(Scheme 2).13d In contrast to dihydro-b-carboline 1, analogous tet-
rahydro-b-carboline 9b showed no activity against both enzymes,
OH
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O

3-indoleacetic acid
SrtA IC50 = >100 µg/mL

indole
100 µg/mL

the deletion of an indole or carbonyl moieties.
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1065 ~ 73 %yield

acetonitrile
DDQ

25 ºC

lines (9) and dihydro-b-carbolines (10).

N
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R4
N

R5

10

ICL IC50
b (lg/mL, lM) SrtA IC50

c (lg/mL, lM)

>100 >100
>100 >100
>100 >100
>100 >100
>100 >100

>100 >100

>100 28 (106)

>100 32 (115)

41 (137) >100

21 (75) >100

Me 50 (180) >100

>100 24 (97)

>100 7 (25)



Table 4
Minimum inhibitory concentrations (MICs) of selected synthesized analogs against
bacterial strainsa,b

Entry Compound MIC (lg/mL, lM)

SA BS ST PV ML EC

1 8a >200 >200 >200 >200 >200 >200
2 8d >200 >200 >200 >200 >200 >200
3 8e >200 >200 >200 >200 >200 >200
4 8h >200 >200 >200 >200 >200 >200
5 9g 100 100 100 100 100 >200
6 9h >200 >200 >200 >200 >200 >200
7 9i 12.5 6.25 12.5 6.25 12.5 50
8 9j 6.25 12.5 12.5 12.5 12.5 50
9 9k 12.5 6.25 6.25 6.25 6.25 50

10 10a >200 >200 >200 >200 >200 >200
11 10b >200 >200 >200 >200 >200 >200
12 Ampicillin 1.56 0.78 1.56 0.78 0.78 50

a MIC value represents concentration giving complete inhibition relative to the
negative control. See Ref. 7a for detailed procedures.

b SA, Staphylococcus aureus ATCC 6538p; BS, Bacillus subtilis ATCC 6633; ST, Sal-
monella typhimurium ATCC 14028; PV, Proteus vulgaris ATCC 3851; ML, Micrococcus
luteus IFC 12708; EC, Escherichia coli ATCC 25922.
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as given in Table 3. Neither of the derivatives of 9b (9a, 9c) exhib-
ited any activities (entries 1–3). Compounds bearing a pentyl
group instead of carboxylic acid (9b and 9e) also showed no activ-
ities (entries 4 and 5).

When carboxylic acid groups were replaced with the phenyl
ring, dramatic increases in SrtA inhibitory activities were observed
in the case of 9g (IC50: 28 lg/mL, 106 lM) and 9h (IC50: 32 lg/mL,
115 lM); however, 9f remained inactive (entries 6–8). The oxida-
tion of 9f and 9h to 10a (IC50: 24 lg/mL, 97 lM) and 10b (IC50:
7 lg/mL, 25 lM), respectively, caused further increases in activi-
ties (entries 12 and 13), and the activities of these four compounds
were higher than that of p-HMB.

Increasing the size of the phenyl ring by further substitutions
resulted in significant improvements in ICL inhibitory activities
(entries 9–11). In particular, compound 9j bearing the m-methoxy-
phenyl ring exhibited higher ICL inhibitory activity (IC50: 21 lg/
mL, 75 lM) higher than the natural product 7 (29 lg/mL, 89 lM),
which is the most potent ICL inhibitor among the natural products
(Table 1, entry 7).

The effects of the obtained enzyme inhibitors on the bacterial
growth were determined by employing a two fold microtiter broth
dilution method against various bacterial strains (Table 4). The
minimum inhibitory concentrations (MICs) were determined
according to a published protocol.7a SrtA inhibitors (entries 1–6,
entries 10–11) exhibited no growth inhibitory activity against all
types of strains, except in the case of 9g that insignificantly inhib-
ited the growth of most cell lines (entry 5). In the case of the SrtA
inhibitor, this result might suggest selective inhibition of SrtA or
low toxicity of these compounds as it is known that SrtA inhibitors
disrupt the pathogenesis of bacterial infections without affecting
the microbial viability.14 On the other hand, ICL inhibitors
(9i–9k; entries 7–9) caused moderate to high growth inhibitions
of most of the strains as expected.

In conclusion, we have prepared a series of synthesized analogs
of natural products, which exhibit ICL and SrtA inhibitory activi-
ties. Among the 21 synthesized analogs, an indoleglyoxamide 8d,
an indoleglyoxylate 8e, and four b-carbolines (9g, 9h, 10a, and
10b) exhibited SrtA inhibitory activities higher than that of
p-HMB. A tetrahydro-b-carboline 9j with ICL inhibitory activities
higher than those of natural products (1–7) was also discovered.
It would be worthwhile to emphasize that all of the synthesized
compounds were predicted to have druggable physicochemical
properties like natural products 1 and 7.11 Further investigations
into the development of efficient antibacterial agents based on
these results are still in progress.
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