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AbstractÐTo investigate the role of the amide group of (ÿ)-indolactam-V (1) on PKC binding, we synthesized (ÿ)-indothiolactam-
V (2), a new thioamide analogue of 1, by microbial conversion using Streptomyces blastmyceticum. Compounds 2 and 1 showed
similar binding a�nities to conventional PKCs but 2 had lower a�nities to novel PKCs, suggesting that novel PKCs recognize
amide modi®cations more e�ectively than conventional PKCs. # 2000 Elsevier Science Ltd. All rights reserved.

The potent tumor promoting teleocidins1 activate protein
kinase C (PKC),2 a crucial enzyme involved in cellular
signal transduction. (ÿ)-Indolactam-V (1),3,4 which
represents the basic biologically active subunit of the
teleocidins, also exhibits activity as a tumor promoter
and PKC activator (Fig. 1). Structure±activity studies of
over 100 indolactam derivatives have served to identify
most structural features of the indolactams that are
required for tumor promotion and PKC binding except
for the role of the amide subunit.5 Conformational stu-
dies led to the ®nding that 1 exists as two stable con-
formers in solution at room temperature:6 the active
twist conformer with a cis amide geometry and the
inactive sofa conformer with a trans amide geometry.7,8

This ®nding further indicates that both the amide
hydrogen and the carbonyl group of 1 could interact
with PKCd as suggested independently by computa-
tional docking studies9,10 based on the crystal structure
of PKCd-C1B domain with phorbol-13-acetate as a
ligand.11 However, the role of the amide hydrogen and
carbonyl group has not been determined for solution
structures. Moreover, the role of the amide in binding to
other PKC isozymes, a matter of considerable impor-
tance in the design of PKC selective activators, has not
been examined since its modi®cation is synthetically
quite di�cult and such modi®cations could signi®cantly
perturb the conformational preferences of the system.

Previous investigations unrelated to indolactam-V
revealed that a thioamide group, while isosteric with an
amide group,12,13 possesses a di�erent hydrogen bond-
ing ability due to the lower electronegativity of the sul-
fur atom.14,15 These ®ndings coupled with the ease with
which thioamides can be synthesized from amides with
Lawesson's reagent,16 prompted us to synthesize (ÿ)-
indothiolactam-V (2), a new thioamide analogue of 1,
and examine its conformation and binding a�nity to all
PKC isozyme C1 domains.

We attempted at ®rst the direct conversion from 1 to 2
by Lawesson's reagent. After protecting the hydroxyl
group of 1 with an acetyl group, the corresponding
acetyl derivative was treated with Lawesson's reagent.
However, the reaction did not proceed at all even at
120 �C. The bulky isopropyl group at position 12 and
the compact lactam ring structure of 1 presumably serve
to sterically block reaction at the carbonyl site. We pre-
viously developed a new strategy to prepare a variety of
indolactam derivatives from their seco-compounds (N-
methyl-l-amino acidyl-l-tryptophanols) by the micro-
bial conversion with teleocidin-producing Streptomyces
blastmyceticum NA34-17.17 Since the carbonyl of N-
methyl-l-valyl-l-tryptophanol, the non-cyclic form of 1,
is less sterically hindered than that of 1, we set out to
prepare the thioamide ®rst and then use a microbial
conversion for the synthesis of 2.

Thioamide 7, the seco-analogue of 2, was synthesized
from l-tryptophan methyl ester (3) as shown in Scheme 1.
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Compound 3 was condensed with Boc-N-methyl-l-
valine to give 4 in a 46.8% yield. After reduction of the
methyl ester, the resultant hydroxyl group was pro-
tected with an acetyl group to give 5 in a 99.8% yield.
Signi®cantly, conversion of 5 to the thioamide was
accomplished with the Lawesson's reagent in a 66.9%
yield. This high yield strongly suggests that the lactam
ring of 1 is the main reason for the low reactivity of its
carbonyl group. Deprotection of the Boc group under
acidic conditions followed by alkaline hydrolysis gave
the seco-compound 7 in a 79.2% yield.18 The feeding
experiment with 7 using S. blastmyceticum NA34-17
was carried out as reported previously.17 (ÿ)-Indothio-
lactam-V (2)19 was obtained in a 1.7% yield. This low
yield might be due to modi®cation or decomposition of
7 during the incubation step since several unusual
metabolites deduced to be derived from 7 were detected.
While the yield for this step is low, the overall route
serves to provide e�ective access to key compounds
needed to investigate PKC recognition at the amide site.

The 1H NMR spectrum of (ÿ)-indothiolactam-V (2) in
deuterochloroform showed that 2 existed as two con-
formers at room temperature (major:minor=1:0.4). The
signals of the major and minor conformers of 2 were

very close to those of the twist and the sofa form of 1,
respectively, except for the signals at positions 10, 12,
and 15 which were shifted down®eld due to substitution
with the amide group by the thioamide group (Table 1).
In addition, a remarkable NOE enhancement between
H-8b (d 3.26) and H-12 (d 4.64) characteristic of the
twist form of 16 was observed in the major conformer of
2, while a signi®cant NOE between H-10 (d 6.35) and H-
12 (d 3.22) was detected in the minor conformer of 2
analogous to that found in the sofa form of 1. These
results indicate that the two conformers of 2 are almost
exactly the same as those of 1.

The binding a�nities of 2 to the PKC C1 domains were
evaluated by inhibition of the speci®c binding of
[3H]phorbol-12,13-dibutyrate (PDBu) to these C1
domains as reported by Sharkey and Blumberg.20 Tumor
promoters like phorbol esters and indolactams activate
PKC by binding to the cysteine-rich C1 domains desig-
nated as C1A and C1B.21 Since the C1 domains are zinc
®ngers consisting of ca. 50 amino acids, we have syn-
thesized individual C1A and C1B domains of all con-
ventional PKCs (PKCa, b, g) and novel PKCs (PKCd,
e, Z, y) by the solid-phase synthesis and measured the
dissociation constants (Kd) using [3H]PDBu.22,23 All
C1B peptides were folded upon zinc treatment to a�ord
PKC C1 domain surrogates which as required for surro-
gates exhibit PDBu binding a�nities comparable to the
native PKC isozymes. Although the PDBu binding a�-
nities of the C1A peptides were observed to be weak
under the previous assay conditions (30 �C incuba-
tion),22 we have recently found that some peptides (g-
C1A, g-C1B, e-C1A and Z-C1A) su�ered from the
temperature dependent inactivation.24 To circumvent
this problem, the dissociation constants (Kd) of [3H]
PDBu for the temperature sensitive peptides were suc-
cessfully determined at lower temperature (4 �C incuba-
tion).24 The other C1A peptides whose PDBu binding
could not be detected previously are a-C1A and b-C1A.
Recent investigation revealed that the C1A and C1B
domains of PKCa play equivalent roles for transloca-
tion in response to tumor promoters, suggesting that
C1A of PKCa should potently bind to PDBu.25 Since
the solubility of a-C1A and b-C1A peptides was extre-
mely low compared with other C1A peptides, 10 resi-
dues from both the N- and C-terminus of a-C1A and b-
C1A were added to achieve satisfactory solubility. The
72-mer a-C1A-long (27±98) and b-C1A-long (27±98)
bound to PDBu with high a�nity, giving Kd values with
[3H] PDBu at 4 �C of 1.1 and 1.3 nM, respectively.
Using the PKC C1 peptides under the new assay condi-
tions, the concentration required to cause 50% inhibi-
tion of the speci®c [3H]PDBu binding, IC50, was
determined.20 Table 2 summarizes the Ki values of 1 and
2 calculated from the IC50 values and the corresponding
revised Kd values of [

3H]PDBu at 4�C incubation.

(ÿ)-Indolactam-V (1) exhibited potent binding a�nities
to all C1B peptides of novel PKCs, but quite low a�-
nities to the corresponding C1A peptides, indicating
that the major binding site in novel PKCs of 1 is C1B.
In contrast, the binding a�nities of 1 to the C1A peptides
of conventional PKCs were relatively high compared

Figure 1. Structures of teleocidin B-4 and indolactams.

Scheme 1. Synthesis of (ÿ)-indothiolactam-V (2).
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with the corresponding C1B peptides. Both C1 peptides
of PKCb and PKCg exhibited signi®cant binding to 1.

(ÿ)-Indothiolactam-V (2) showed a C1 domain selec-
tivity similar to 1. However, the binding a�nities of 2 to
the C1B domains of novel PKCs were signi®cantly
lower (5±8 times) than those of 1, while those of 2 to the
C1 peptides of conventional PKCs were similar to each
other. It is known that the sulfur atom of a thioamide is
a weaker hydrogen bond acceptor compared with the
oxygen atom of an amide, but the donor ability of the
adjacent NH is enhanced due to the increased polarity
and acidity.14,15 Since the three dimensional structures
and ratios of the two conformers of 2 were quite similar
to those of 1, the binding modes of 1 and 2 to each C1
peptide are expected to be similar. Based on the assump-
tion that both the carbonyl group and the hydrogen of
the amide group of 1 interact with all PKC C1 domains
like PKCd-C1B,9,10 the present results suggest that

novel PKCs recognize the amide carbonyl group of 1
more strongly than conventional PKCs.

However, it is also possible that the hydrogen bond
formed between the thioamide hydrogen of 2 and novel
PKC C1 peptides is perturbed by the larger sulfur atom
and the longer thiocarbonyl bond. To investigate this
possibility, we recently synthesized indolactone-V, the
ester analogue of 1.26 However, indolactone-V existed in
only the inactive sofa conformer, precluding a determi-
nation of whether the amide hydrogen of 1 interacts with
PKC C1 domains. Synthesis of a new twist-restricted
analogue of indolactone-V is in progress.
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Table 1. 1H NMR spectra of (ÿ)-indolactam-V (1) and (ÿ)-indothiolactam-V(2) in deuterochloroform (500 MHz, 300 K)

d (Multiplicity, J in Hz)

No. (ÿ)-Indolactam-V (1) (ÿ)-Indothiolactam-V (2)

Twista Sofaa Majorb Minorb

1 7.99 (br. s) 8.27 (br. s) 8.02 (br. s) 8.33 (br. s)
2 6.89 (s) 7.06 (s) 6.89 (s) 7.07 (s)
5 6.51 (d, J=7.5) 7.06 (d, J=8.2) 6.51 (d, J=7.9) 7.10 (d, J=7.8)
6 7.06 (t, J=7.5) 7.17 (t, J=8.2) 7.07 (t, J=7.9) 7.19 (t, J=7.8)
7 6.91 (d, J=7.5) 7.28 (d, J=8.2) 6.89 (d, J=7.9) 7.29 (d, J=7.8)
8a 3.00 (dd, J=17.4, 3.8) 2.83 (d, J=14.0) 3.01 (dd, J=17.4, 3.4) 2.78 (dd, J=14.5, 1.9)
8b 3.20 (d, J=17.4) 3.11 (dd, J=14.0, 4.8) 3.26 (d, J=17.4) 3.36 (dd, J=14.5, 4.4)
9 4.30 (m) 4.46 (m) 4.51 (m) 4.51 (m)
10 6.59 (br. s) 4.72 (d, J=10.8) 8.75 (br. s) 6.35 (d, J=10.0)
12 4.39 (d, J=10.2) 2.99 (d, J=10.8) 4.64 (d, J=10.8) 3.22 (d, J=10.6)
14a 3.54 (m) 3.44 (m) 3.61 (m) 3.56 (m)
14b 3.74 (m) 3.44 (m) 3.78 (m) 3.56 (m)
15 2.62 (m) 2.40 (m) 2.96 (m) 2.70 (m)
16 0.93 (d, J=6.4) 1.25 (d, J=7.1) 1.00 (d, J=6.3) 1.29 (d, J=6.7)
17 0.63 (d, J=6.8) 0.94 (d, J=7.1) 0.62 (d, J=6.7) 1.01 (d, J=6.4)
18 2.92 (s) 2.75 (s) 3.02 (s) 2.74 (s)

aTwist:sofa=1.0:0.4 (0.004 M).
bMajor:minor=1.0:0.4 (0.064 M).

Table 2. Ki values for inhibition of the speci®c binding of [3H]PDBu by (ÿ)-indolactam-V (1) and (ÿ)-indothiolactam-V (2)

PKC C1 peptide Ki (nM) Kd (nM)

(ÿ)-Indolactam-V (1) (ÿ)-Indothiolactam-V (2) PDBu

a-C1A (72-mer)a 126.9 (13.4)b 261.5 (9.7) 1.12 (0.04)
a-C1B 4000 (870) 2140 (380) 7.44 (0.27)
b-C1A (72-mer)a 173.5 (17.7) 179.5 (7.6) 1.31 (0.26)
b-C1B 135.6 (4.4) 225.9 (1.6) 1.34 (0.41)
g-C1A 137.9 (13.5) 295.7 (5.7) 1.50 (0.57)
g-C1B 212.6 (5.0) 288.1 (9.8) 1.19 (0.29)
d-C1A 1900 (190) 2950 (990) 51.9 (15.6)
d-C1B 8.3 (1.1) 67.5 (6.6) 0.53 (0.14)
e-C1A 4110 (50) 3860 (750) 5.60 (0.62)
e-C1B 7.7 (1.2) 41.5 (2.4) 0.81 (0.03)
Z-C1A 3770 (480) 2160 (440) 4.30 (0.18)
Z-C1B 5.5 (0.6) 20.6 (2.4) 0.45 (0.12)
y-C1A NT NT >200
y-C1B 8.7 (1.2) 61.6 (7.3) 0.72 (0.14)

aTen residues from both N- and C-terminus of the previous a-C1A and b-C1A were elongated since the solubility of the original 52-mer peptides was
extremely low.
bStandard deviation of at least two separate experiments.
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