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site of HTLV-1 protease

Hiromi Naka,a Kenta Teruya,a Jeong Kyu Bang,a Saburo Aimoto,a Tadashi Tatsumi,b

Hiroyuki Konno,b Kazuto Nosakab and Kenichi Akajib,*

aInstitute for Protein Research, Osaka University, Osaka 565-0871, Japan
bKyoto Prefectural University of Medicine, Kyoto 603-8334, Japan

Received 22 March 2006; revised 8 April 2006; accepted 18 April 2006

Available online 8 May 2006
Abstract—Core sequences necessary for substrate recognition and its inhibition at the PR/p3 site of HTLV-1 protease were clarified
for the first time. From the cleavage rates of peptides containing a part of the PR/p3 site, a heptapeptide was found to be the min-
imal sequence required for substrate recognition. The use of synthetic inhibitors containing hydroxyethylamine dipeptide isostere
indicated that a tetrapeptide sequence was necessary to achieve potent inhibition.
� 2006 Elsevier Ltd. All rights reserved.
Human T-cell leukemia virus type I (HTLV-1) is a
retrovirus that is etiologically associated with human
adult T-cell leukemia and a number of chronic diseases.1

As in other retroviruses, HTLV-1 proteins are initially
translated as large precursor polyproteins that undergo
proteolytic processing by HTLV-1 protease. The prote-
ase is an aspartic protease and is itself auto-processed
from a precursor protein.2 Thus, HTLV-1 protease is a
crucial factor for successful virus replication. In a previ-
ous paper, we reported stereo selective syntheses of
HTLV-1 protease inhibitors containing hydroxyethyl-
amine dipeptide isostere, and found for the first time
that the configuration at the hydroxyl- and side chain-
bearing asymmetric centers shows effects on the inhibi-
tory activity by 2 orders of magnitude.3 In this paper,
we report a core sequence for protease inhibition at
the PR/p3 site as well as the evaluation of a minimum
substrate sequence necessary for protease recognition.

Identification of the minimum sequence required for
substrate recognition is basic information for the design
of protease inhibitors. HTLV-1 protease cleaves the
precursor protein at several processing sites such as
MA/CA (matrix/capsid) site, CA/NC (capsid/nucleocap-
sid) site, GAG/PR (Gag protein/protease) site, and
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PR/p3 (protease C-terminal) site.4–6 Among them, we
investigated the substrate sequence necessary for recog-
nition at the PR/p3 site (KGPPVILPIQAP, in which LP
is the scissile site), since no detailed examination at this
sequence was achieved.

Twelve peptide amides (S-1 to S-12) containing a por-
tion of the PR/p3 processing site were synthesized using
stepwise Fmoc-based solid-phase peptide synthesis
(SPPS) starting from Rink amide resin7 (4-(2 0,4 0-dimeth-
oxyphenyl-Fmoc-aminomethyl)-phenoxy resin). SPPS
was achieved by the combination of Fmoc deprotection
using 20% piperidine/DMF with a coupling reaction
using a standard diisopropylcarbodiimide (DIPCDI)/
HOBt protocol. Each peptide was purified by prepara-
tive HPLC after cleavage from the resin by treatment
with TFA–triisopropylsilane (TIS)–H2O (95:2.5:2.5) at
25 �C for 1 h. Homogeneity was further confirmed by
MALDI-TOF MS and amino acid analysis.8

The digestion of each synthetic peptide was conducted
using a chemically synthesized mutant of HTLV-1
protease (C2A HTLV-1 PR), since the kinetic properties
of this autodigestion-resistant mutant have already been
evaluated.9 The cleavage reaction was conducted
according to the published procedure9 and was moni-
tored by analytical HPLC. Typical HPLC profiles are
shown in Figure 1. Each hydrolysis product was identi-
fied by MALDI-TOF MS analysis.10 After incubation
with the protease for 2 h at 37 �C, the cleavage rate of
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Figure 1. HPLC profiles of hydrolysis products obtained after

digestion with HTLV-1 protease: (i) digestion of S-2 containing

P5–P05 sequence; (ii) digestion of S-3 containing P4–P05 sequence.

[HPLC: Cosmosil 5C18-AR column (4.6 · 250 mm); 1.0 ml/min;

CH3CN (5–35% in 40 min) in 0.1% aqueous TFA].
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each synthetic peptide was estimated from the amount
of the corresponding hydrolysis product. As summa-
rized in Figure 2, a 9-residue peptide covering the
P5–P04 sequence (S-5) was cleaved to yield approximately
85% of the hydrolysis product compared with the 12-res-
idue peptide (S-1) used as the standard substrate.9 Five
peptides (S-4, S-7, and S-10–12) were not cleaved even
after 24 h hydrolysis with the protease. The minimal
sequence required for substrate recognition was a
7-residue peptide containing the P4–P03 sequence (S-9).

We then synthesized inhibitors containing a hydroxyeth-
ylamine dipeptide isostere, a typical transition-state
isostere,3,11 to examine the minimal sequence required
for inhibition of the HTLV-1 protease. Among the pos-
sible isostere configurations, (R)-hydroxy- and (S)-side
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Figure 2. Cleavage rate at the PR/p3 site of HTLV-1 protease:

cleavage of S-1 substrate was taken as 100%.
chains at the scissile site were adopted as suitable config-
urations according to our previous report.3 Based on the
above results regarding substrate recognition, six inhib-
itors (I-1 to I-6) containing a portion of the P5–P02 se-
quence of the PR/p3 site were synthesized on a solid
support.

The inhibitor containing a P4–P02 sequence (I-1) was syn-
thesized on a solid support using the acid-stable succi-
nate ester linker (Scheme 1). The (S,R)-aminoalkyl
epoxide 1, a key intermediate in our previous synthesis,3

was reacted with H-Pro-OAllyl at 25 �C for 18 h to give
the hydroxyethylamine product at 63% yield.12 A succi-
nic acid linker was introduced by reaction with succinic
anhydride in the presence of DMAP at 25 �C for 16 h,
and the product was anchored to H-Gly-MBHA (glycyl
p-methylbenzhydrylamine) resin with DIPCDI/HOBt-
mediated reaction (25 �C, 18 h). The resulting resin 2
contains an N-terminal Boc group and a C-terminal
allyl group, and thus can be elongated selectively in
O Ile-NH-CH2C6H5I

H-Pro-Val-Ile-NH N

O Ile-NH-CH2C6H5I

OH
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Scheme 1. Synthetic scheme for inhibitor I-1 containing the P4–P02
sequence. Reagents and conditions: (a) H-Pro-OAllyl in 2-propanol,

25 �C, 18 h; (b) succinic anhydride/DMAP, 25 �C, 16 h; (c) H-Gly-

MBHA resin/DIPCDI/HOBt, 25 �C, 18 h; (d) [(C6H5)3P]4Pd(0) under

Ar, 25 �C, 2 h; (e) H-Ile-NHCH2C6H5I/DIPCDI/HOBt, 25 �C, 18 h; (f)

Boc-based solid-phase synthesis; (g) HF, 4 �C, 30 min; (h) aqueous

ammonium acetate solution pH 10, 25 �C, 5 days.



Table 1. Inhibition of HTLV-1 protease by inhibitors containing the

PR/p3 site sequence

Compoundsa IC50
b (lM)

I-1 H-Pro-Val-Ile-[HEA]-Pro-Ile-NHCH2C6H5I 0.13

I-2 H-Pro-Pro-Val-Ile-[HEA]-Pro-NHCH2C6H5I 2.4

I-3 H-Pro-Val-Ile-[HEA]-Pro-NHCH2C6H5I 5.8

I-4 H-Val-Ile-[HEA]-Pro-Ile-NHCH2C6H5I 18.3

I-5 H-Val-Ile-[HEA]-Pro-NHCH2C6H5I 19.6

I-6 H-Ile-[HEA]-Pro-NHCH2C6H5I na

a [HEA], NHCH(CH2CH(CH3)2)CH(OH)CH2–.
b Values are means of three experiments (na, not active).
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either direction. The C-terminal allyl group of 2 was re-
moved with [(C6H5)3P]4Pd(0) (25 �C, 2 h),13 and H-Ile-
NHCH2C6H4I was coupled to the resulting resin using
DIPCDI/HOBt (25 �C, 18 h). The Boc group of the
product resin 3 was removed with 50% TFA/CH2Cl2,
and Boc-Ile-OH was condensed by DIPCDI/HOBt.
The same deprotection/condensation procedure was
repeated for the successive introduction of Boc-Val-
OH and Boc-Pro-OH. Part of the intermediate resin
was separated for the parallel preparation of an inhibi-
tor (I-4) containing the P3–P02 sequence.

The product resin 4 was then treated with HF at 4 �C for
30 min to cleave the inhibitor precursor from the resin.
The crude product showed a single major peak on
HPLC and, without further purification, was treated
with aqueous AcONH4 at pH 10. After 5 days, the pre-
cursor disappeared on HPLC and the product was puri-
fied by preparative HPLC to produce I-1 with 19%
isolation yield (calculated from the starting MBHA res-
in). Other inhibitors containing different chain lengths
(compound I-2 covering the P5–P01 sequence, compound
I-3 for the P4–P01 sequence, compound I-5 for the P3–P01
sequence, and compound I-6 for the P2–P01 sequence)
were similarly synthesized on MBHA resin.14

The inhibitory activity of each compound was examined
using a synthetic dodecapeptide (S-1) as the substrate.
Cleavage of the substrate by mutant HTLV-1 protease
in the presence of various concentrations of the inhibitor
was monitored by analytical HPLC, as described above.
The inhibitory activity of each inhibitor was evaluated
using the corresponding IC50 value obtained from the
sigmoidal dose–response curve (Fig. 3). As summarized
in Table 1, the P3–P01 sequence (I-5) of the scissile site is
the core sequence for the inhibition of HTLV-1 prote-
ase. The addition of P4-Pro to the core sequence was
more effective than P02-Ile (I-3 vs I-4), and the P4–P01 se-
quence was necessary to compare an inhibitor such as
pepstatin, a standard inhibitor for aspartic acid
proteases.

Thus, it has been shown for the first time that a 7-resi-
due peptide containing the P4–P03 sequence of the PR/
Figure 3. A typical sigmoidal dose–response curve used for estimation

of the IC50 value of the inhibitor I-2.
p3 site is required for the substrate recognition of
HTLV-1 protease. From the evaluation of synthetic
inhibitors containing the hydroxyethylamine dipeptide
isostere, the P3–P01 sequence of the PR/p3 site has been
shown to be a core sequence for achieving potent inhibi-
tion of the protease. Based on these findings, the con-
struction of HTLV-1 protease inhibitor libraries is
currently in progress.
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