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Truncation and non-natural amino acid substitution studies
on HTLV-I protease hexapeptidic inhibitors
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Abstract—The culprit behind adult T-cell leukemia, myelopathy/tropical paraparesis, and a plethora of inflammatory diseases is the
human T-cell leukemia virus type 1 (HTLV-I). We recently unveiled a potent hexapeptidic HTLV-I protease inhibitor, KNI-10166,
composed mostly of natural amino acid residues. Herein, we report the derivation of potent tetrapeptidic inhibitor KNI-10516, pos-
sessing only non-natural amino acid residues.
� 2007 Elsevier Ltd. All rights reserved.
Adult T-cell leukemia (ATL), an aggressive malignancy
of CD4 T lymphocytes, that presents as skin lesions,
lymphadenopathy, and hepatosplenomegaly, was first
described by Takatsuki and co-workers in Japan in
1977.1 HTLV-I-associated myelopathy/tropical spastic
paraparesis (HAM/TSP), predominantly associated with
CD8 T lymphocytes in the later stage of the disease, pri-
marily affects the spinal cord at the thoracic level caus-
ing symmetrical weakness and paralysis of the lower
limbs.2 The causative agent for ATL, HAM/TSP, and
several inflammatory diseases was identified in 1980 by
Gallo and co-workers as the human T-cell leukemia
virus type 1 (HTLV-I).2,3 Infecting 15–20 million people
worldwide, the virus is often transmitted through breast-
feeding, sexual intercourse, blood transfusion, and the
sharing of contaminated injection devices, thereby
allowing the virus to be endemic in the equatorial
regions of Africa, Central and South America, the
Caribbean, Melanesia, the Middle East, and south-wes-
tern Japan, and spreading to the United States and
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Europe through injection drug use and sexual transmis-
sion.2,4 Although there are therapies to alleviate the
symptoms of the diseases, there is no effective treatment
to eradicate HTLV-I. Infection with HTLV-I is lifelong.
HTLV-I protease (PR), first identified and isolated in
1989, plays a pivotal role in HTLV-I replication.5 Inhi-
bition of HTLV-I PR would essentially stop viral repli-
cation and provide a possible cure to HTLV-I related
diseases, thereby directly attacking at the source of the
problems. The genome for HTLV-I encodes for several
key proteins, namely Gag, Pro, Pol, and Env.6 HTLV-
I PR cleaves the Gag and Pol precursor polyproteins
into several shorter proteins that are subsequently
assembled and developed into a mature virion that ulti-
mately becomes the cause for HTLV-I-associated dis-
eases. Hence, our approach to the problem is to
inhibit HTLV-I PR with a substrate mimic, and thereby
stopping the spread of the virus.

One of the cleavage sites involved in the processing of
the precursor Gag polyprotein, the matrix/capsid cleav-
age site, can accommodate for a specific substrate (1,
Table 1).7 In our previous work, based on the substrate
sequence (1) and the concept of ‘‘transition-state mimic’’
at the P1=P01 cleavage position using (2S,3S)-3-amino-2-
hydroxy-4-phenylbutyric acid (allophenylnorstatine,
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Table 1. HTLV-I PR substrates and peptidic inhibitors

Compounds

(KNI-No.)

Structure HTLV-I PR

IC50
a (nM)

HIV-1 PR

inhibitionb (%)
P4 P3 P2 P1 P01 P02 P03 P04 P05

1 Substrate H Pro Gln Val Leu Pro Val Met His Pro OH — —

2 10161 H Pro Gln Val Apns Pro Val Met His OH 159 <30

3 10162 H Pro Gln Val Apns Dmt Val Met His OH 152 58

4 10127 Ac Gln Val Apns Dmt Val Met NH2 353 96

5 10166 Ac Ile Ile Apns Dmt Ile Met NH2 88 98

a HTLV-I PR inhibition, IC50 (nM), using HTLV-I PR mutant L40I.
b HIV-1 PR inhibition (%) at 50 nM of the test compound.
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Apns) having a hydroxymethylcarbonyl (HMC) isoste-
re, we developed potent octapeptidic HTLV-I PR inhib-
itor KNI-10161 (2).8 KNI-10162 (3), which differed by a
P01 non-natural proline isostere, namely (R)-5,5-di-
methyl-1,3-thiazolidine-4-carboxylic acid (Dmt), exhib-
ited equipotency. The result of a truncation study led
to a smaller hexapeptidic inhibitor, KNI-10127 (4), with
a fair loss of activity.9 In order to recover inhibitory
activity, we performed substitution studies by building
small amino acid libraries at each residue position to
derive compound KNI-10166 (5). Considering that the
in vivo efficacy of inhibitors is severely compromised
by their susceptibility to proteolytic degradation and
difficulty in penetrating cells, we felt a need to explore
non-natural amino acid residues and further reduce
the size of the inhibitor. Herein, we report the design,
synthesis, and activity of several novel hexa-, penta-,
and tetrapeptidic HTLV-I PR inhibitors possessing
non-natural amino acid residues.

We performed a truncation study on KNI-10166 (5, Ta-
ble 2). Compounds 6 and 7 were synthesized and their
inhibitory activities against HTLV-I and human immu-
nodeficiency virus type 1 (HIV-1) PRs were determined
using inhibitor 5 as a comparative reference. Compound
6, which lacked a P3 Ile moiety at the N-terminal, had a
drastic loss of inhibitory activity against HTLV-I PR.10

Compound 7, which lacked a P03 Met moiety at the C-
terminal, retained some activity against HTLV-I PR,
thereby suggesting that the P3 residue is a higher deter-
minant of activity than the P03 residue.

In our preceding work, we built small libraries with nat-
ural amino acids at each residue position to derive inhib-
itor 5 and noted that the S02, S2, and S3 sites best
accommodated for Ile residues.9 To avoid recognition
by endopeptidases that could prematurely metabolize
the compound in the body, in the current study, we
opted for non-natural amino acid residue substitution
and chose LL-tert-leucine (Tle) and LL-(+)-a-phenylglycine
Table 2. Truncation study on KNI-10166

Shaded value denotes that a truncation study has been performed.
a HTLV-I PR inhibition, IC50 (nM), using HTLV-I PR mutant L40I.
b HIV-1 PR inhibition (%) at 50 nM of the test compound.
(Phg) to mimic the branched amino acid, Ile (Table 3).
Among the Tle and Phg residues, the S3 site accommo-
dated better Phg (cf. 8 and 9), whereas a P2 Tle would
exhibit more potent HTLV-I PR inhibitory activity (cf.
10 and 11), and Phg is the preferred moiety at the P02
position (cf. 13 and 14).

Although in our published work on HTLV-I PR inhib-
itors,8,9 we designed inhibitors possessing an Apns resi-
due with an HMC isostere at the P1 position, based on
our published HIV-1 PR inhibitor studies, in the current
study, we explored Apns’ diastereomer (2R,3S)-3-ami-
no-2-hydroxy-4-phenylbutyric acid (phenylnorstatine,
Pns) and did not observe an improvement in HTLV-I
PR inhibition (cf. 5 and 12).

We noted that a P03 Ala residue could be accommodated
by the reverse transcriptase–ribonuclease H/integrase S03
cleavage junction,6 and synthesized compound 15 that
exhibited lower PR inhibitory activity than reference
inhibitor 5. In our previous study, we discovered that
KNI-10153 and KNI-10156, each, respectively, possess-
ing a P03 Phe or Gln residue, exhibited fairly potent
HTLV-I PR inhibition,9 and accordingly, we synthe-
sized and evaluated HTLV-I PR inhibitory activity of
compounds 16 and 17, in which a corresponding P03
Phe or Gln residue was present. Compounds 5 and 16
exhibited similar potencies, while compounds 15 and
17 were equipotent.

From the results of the truncation study on compound 5
(Table 2), we decided to optimize the P3–P01 residues and
then remove the P02–P03 residues. First, we synthesized
P3–P01 optimized inhibitor 18, which exhibited potent
inhibitory activity against both HTLV-I and HIV-1
PRs (cf. 5). In consideration of the vast structural differ-
ences between the P03 residues in compounds 5 and
15–17, and that they exhibited minor variations in
HTLV-I PR inhibitory activity (cf. 5 and 16; 15 and
17), we inferred that the P03 residue is a minor determi-



Table 4. P02 residue modification on KNI-10247

Compounds

(KNI-No.)

R HTLV-I

PR IC50
a

(nM)

HIV-1

PR inhibitionb

(%)

21 10401 473 97

22 10252 103 99

23 10496 131 >99

24 10502 193 98

25 10592 146 99

26 10455 140 >99

27 10516 107 >99

28 10600 113 99

a HTLV-I PR inhibition, IC50 (nM), using HTLV-I PR mutant L40I.
b HIV-1 PR inhibition (%) at 50 nM of the test compound.

Table 3. Small libraries with non-natural amino acids from KNI-10166

a HTLV-I PR inhibition, IC50 (nM), using HTLV-I PR mutant L40I.
b HIV-1 PR inhibition (%) at 50 nM of the test compound.
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nant of activity. To confirm, we synthesized another po-
tent inhibitor (19) which possessed a P03 Gln residue (cf.
5, 17, and 18). Compound 20, which is a P03-less ana-
logue of inhibitors 18 and 19, exhibited moderate inhib-
itory activity against HTLV-I PR and higher potency
than inhibitor 7, a P03-less analogue of compound 5. Fur-
ther truncation of inhibitor 20 at either the P3 residue or
P02 residue nearly abolished inhibitory activity against
HTLV-I PR.10

To replace the remaining natural amino acid in com-
pound 20, we selected the same C-terminal capping moi-
ety used by Akaji et al.11 However, the resulting
compound (21, Table 4) exhibited low activity against
HTLV-I PR. Optimizing the substituents on the benzyl
ring, we derived potent inhibitor 22, although other ana-
logues exhibited low to moderate inhibitory activity
(unpublished). Approaching the problem from a differ-
ent perspective, we decided to probe the S02 pocket by
increasing the bulk near the b-carbon of the capping
group in compounds 23–28. Surprisingly, most com-
pounds exhibited moderate to high potency against
HTLV-I PR with what seems to be a general trend of
improved potency proportional with increased bulk,
resulting in compound 27 being the more effective inhib-
itor. Of interest, the P01 capping moieties in compounds
21 and 22 are structurally similar to Phg (cf. 14),
whereas the P01 capping moiety in compound 28 resem-
bles Tle (cf. 13).

Comparative computer-assisted docking experiments
with HTLV-I PR performed on the reference
compound, KNI-10166 (5),9 and title compound,
KNI-10516 (27), revealed improved van der Waals inter-
actions between the P2 and P3 side chains of compound
27, and the respective pockets (not shown). Similar
hydrogen bond interactions were present in both com-
pounds 5 and 27, with the exception of interactions near
the non-existent P02–P03 residues in compound 27 (Fig. 1).

HTLV-I and HIV-1 are distant cousins from the Retro-
viridae (retrovirus) family. In our previous study, we ob-
served that hexapeptidic HTLV-I PR inhibitors often
exhibit potent HIV-1 PR inhibitory activity, and not
necessarily vice versa.9 The current study suggests that
the trend also applies for shorter inhibitors.

The synthesis of compounds 6–20 was achieved by
Fmoc-based solid peptide synthesis on Rink amide
AM resin using previously described general tech-
niques.9 The respective C-terminal Fmoc-amino acid
was loaded onto a Rink amide AM resin by DIPCDI-



Figure 1. Computer model of KNI-10516 (27) in the active site of

HTLV-I PR. Dotted lines represent possible hydrogen bond interac-

tions throughout the backbone of the inhibitor and HTLV-I PR’s

Asp32A, Gly34A, Asp36A, Leu57A, Ala59A, Asp32B, and Ala59B.

Interactions between Ala59A and Ala59B in the hairpin regions of

HTLV-I PRs flaps and the inhibitor is mediated by a water molecule.

The inhibitor’s transition-state mimic HMC isostere interacts with

catalytic Asp32A and Asp32B.
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HOBt (1,3-diisopropylcarbodiimide; 1-hydroxybenzotri-
azole) method. Piperidine (20%) in DMF was employed
to remove the Fmoc protection group, while coupling
with an appropriate Fmoc-protected amino acid was
performed using the DIPCDI-HOBt method for each
chain-elongation step. N-Acetylation was performed
with acetic anhydride and Et3N in DMF. Cleavage from
the resin was performed with trifluoroacetic acid, m-cre-
sol, thioanisole, and water. Compounds 21–28 were syn-
thesized by standard solution phase peptide synthesis in
which sequential coupling of a respective amine to a cor-
responding Boc-protected amino acid was performed in
DMF with EDCÆHCl-HOBt (1-ethyl-3-(3-dimethylami-
nopropyl)carboiimide hydrochloride) or BOP (ben-
zotriazol-1-yl-oxy-tris-dimethylaminophosphonium hexa-
fluorophosphate) as coupling reagents in the presence
of Et3N. Coupling with BOP was often more efficient
than with EDCÆHCl-HOBt. Removal of the Boc protec-
tion group was achieved with 4 N HCl in dioxane during
each chain-elongation step. Similarly, P3 N-acetylation
was performed with acetic acid, BOP, and Et3N in
DMF. After preparative HPLC purification, all target
compounds (6–28) were >98% pure by analytical HPLC.
The identities of the compounds were confirmed by ESI-
Q MS and/or TOF MS. To improve the reliability of our
HTLV-I PR assay, we developed a more proteolytic
HTLV-I PR L40I mutant12 against a substrate, which
consequently dramatically reduced incubation time
from 6 h to 30 min when compared to the former meth-
od.8 This more efficient mutant permitted a cost-effective
means of determining IC50 values.13 Recombinant HIV-
1 PR assay8 and computer-assisted docking experi-
ments9 were performed in similar manners as previously
described.

In the current study, rational drug design was applied to
the potent lead hexapeptidic inhibitor, KNI-10166 (5,
IC50 = 88 nM). A substitution study with Tle and Phg
at the respective P2 and P3 positions, followed by re-
moval of the P02–P03 residue and optimization of the P01
cap moiety from the structural design of KNI-10166,
led to the intuitive discovery of KNI-10516 (27), which
is a tetrapeptidic HTLV-I PR inhibitor, composing of
only non-natural amino acid residues and exhibiting
highly potent inhibition (IC50 = 107 nM) against
HTLV-I PR.
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