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Abstract—Towards the development of chemotherapy for the infection by human T-cell leukemia virus type I (HTLV-I), we have
established evaluation systems for HTLV-I protease (PR) inhibitors using both recombinant and chemically synthesized HTLV-I
PRs. Newly synthesized substrate-based inhibitors containing hydroxymethylcarbonyl (HMC) isostere showed potent anti-

HTLV-I PR activity.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The human T-cell leukemia virus type I (HTLV-I) is a
retrovirus that has been clinically associated with adult
T-cell leukemia (ATL)! and HTLV-I associated myelop-
athy/tropical spastic paraparesis (HAM/TSP).>® Esti-
mations in 1997 revealed that between one and two
million people were infected with HTLV-I in Japan
where the virus is most prevalent in the world.* Since
the most recent study reported that increased HTLV-I
proviral load in central nervous system is a strong pre-
dictor for the development of HAM/TSP, effective
anti-HTLV-I agents might contribute to suppress the
progression of HAM/TSP. However, such chemothera-
peutic agents based on the specific anti-HTLV-I activity
have not been developed.

HTLV-I encodes a virus-specific aspartic protease (PR)
responsible for processing the gag and gag-pro-pol poly-
proteins leading to the proliferation of the retrovirus.®
Since this process is essential for the retroviral replica-
tion, it is suggested that HTLV-I PR is one of the major
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targets to develop the specific anti-HTLV-I agents. The
inhibitors containing statine or hydroxyethylamine iso-
stere were already reported.” This idea is also supported
by the findings that the inhibitors of HIV PR, which is a
similar aspartic protease as HTLV-I PR, made a signif-
icant contribution to the successful treatments of
AIDS.® For the last decade, we have developed HIV
PR inhibitors, named ‘KNI compounds’, based on the
concept of ‘substrate transition-state mimic’,” and found
that an o-hydroxy-p-amino acid derivative, allophenyl-
norstatine (Apns), which has a hydroxymethylcarbonyl
(HMCQ) isostere (Fig. 1), provided a unique interaction
with the active site of HIV PR essentially similar to that
of the substrates,” and the KNI compounds having
Apns exhibited highly potent inhibition of HIV-1
replication. Furthermore, our recent studies using
HMC compounds demonstrated effective inhibition of
the malaria parasite aspartic protease, plasmepsin II,

(-Apns-Dmt-)

Figure 1. Structure of HMC isostere.
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Figure 2. The amino acid sequences of prepared HTLV-1 PRs. (A)
recombinant HTLV-I PR. Underline: His-tag sequence, boldface:
mature HTLV-I PR sequence. (B) synthetic [(NH,CH,CH,-
SCH,CO)®-%! " Ala®*'1.HTLV-I PR. Underline: substitution sites
from Cys to Ala. XX: thioether linkage (-NHCH,CH,SCH,CO-).

suggesting that this motif can be applicable to other
aspartic proteases as a universal inhibitory machinery.'?
Based on these backgrounds, to obtain potent HTLV-I
PR inhibitors, it would be significant to know whether
the existing HIV PR inhibitors with Apns are effective
on HTLV-I PR inhibition. Hence, in the present study,
we established a screening system for HTLV-I PR inhib-
itory activity using both recombinant and chemically
synthesized HTLV-I PRs and evaluated the existing
and newly synthesized compounds having the HMC
motif.
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2. Expression and synthesis of HTLV-I PRs

Although several studies for the expression of HTLV-I
PR in E. coli'! and its chemical synthesis,'?> which are
useful for screening HTLV-I inhibitors, were reported,
they seem practically difficult in our laboratory. We
independently prepared both recombinant (rec) and
chemically synthesized (syn) HTLV-I PRs (Fig. 2) by
easy ways to establish a screening system. In the prepa-
ration of recombinant PR in E. coli, the HTLV-I PR
gene!? was inserted down the stream of a decahist-
idine-containing leader sequence under the control of
T7 promoter of pET19b (Novagen). Then, the con-
structed plasmid was introduced into E. coli
BL21(DE3)-pLys S cells and the gene expression was in-
duced by the addition of IPTG.'* The cultured cells were
collected by centrifugation and resuspended in lysis buf-
fer A (10mM Tris containing 100mM NaH,PO,4, 1 mM
EDTA, 10mM 2-mercaptoethanol and 8M wurea;
pH8.0). After the bacterial cell lysate was centrifuged,
the obtained supernatant was applied to a His-Bind
affinity column'® to give the pure PR. From the SDS-
PAGE analysis,'® the rec-PR showed a single band with
a molecular size of approximately 16kDa.

[NHCH,CH,SCH,CO® =% Ala®*1]-HTLV-I PR was
synthesized using stepwise Fmoc-based solid phase pep-
tide synthesis (SPPS) followed by thioether forming liga-
tion (Fig. 2, Scheme 1).!7 Briefly, a mercaptoethylamide
peptide segment, HTLV-I PR (1-59)-NHCH,CH,SH 1,
was prepared starting from an Fmoc-AEDI-O-Clt-re-
sin.!®1° The SPPS was achieved by an ABI 431A synthe-
sizer with a standard DCC-HOBt protocol, and then the
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Scheme 1. Synthetic scheme for an HTLV-I PR analog 3 using thioether-forming ligation.
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peptide segment containing a linker moiety was cleaved
by HF-dimethyl sulfide-m-cresol (3:6:1) (0°C, 1h). The
treatment of the resultant with dithiothreitol (DTT) in
6M guanidine'HCI containing 200mM Tris (pH&.5)
gave the desired peptide as the main product. The crude
peptide 1 was purified by RP-HPLC and characterized
by amino acid analysis of its hydrolysate and MALDI-
TOF MS.2° Another segment, BrCH,CO-[Ala”"!"]-
HTLV-I PR (62-125) 2 was also prepared by the
conventional SPPS, and bromoacetylation of the N-termi-
nal amino group was carried out using bromoacetic acid
and 1,3-diisopropylcarbodiimide.

Obtained protected peptide resin was deprotected and
cleaved from resin with HF-m-cresol (0°C, 1h), fol-
lowed by the purification using RP-HPLC, and charac-
terizglltion by amino acid analysis and MALDI-TOF
MS.

The ligation of the two segments 1, 2 was carried out in
6 M guanidine-HBr-containing 200mM Tris (pH 8.5) at
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Figure 3. HPLC profiles of ligation reaction of peptide 1 (1.0equiv)
and 2 (1.5equiv) at Oh (A) and 3h (B). The peaks 3 and 4 show
[NHCH,CH,SCH,CO®®! Ala?>1%°|-HTLV-I PR and disulfide dimer
of peptide 1, respectively. HPLC was performed using a C18 reverse
phase column with a liner gradient of 35-55% CH3CN in 0.1%
aqueous TFA over 30min at a flow rate of 0.9 mL/min with a detection
at UV 230nm.

Table 1. Inhibition of HTLV-I PRs and HIV-1 PR by HMC compounds
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room temperature under an Ar atmosphere for 3h with
vigorous stirring (Fig. 3). Then, the treatment with DTT
reduced the undesirable disulfide dimer of peptide seg-
ment 1, which was removed by the gel filtration with
Hiload 16/60 superdex 75 prep grade in 8§ M urea-contain-
ing 0.5M KH,PO,. The purified protein was character-
ized as [NHCHZCHZSCH2C06° o1 Ala®*'%1-HTLV-I
PR 3 by amino acid analysis and MALDI-TOF MS2
and showed a single peak on RP-HPLC analysis.

Both protein solutions were concentrated using a cen-
trifugal filter (Centricon Plus-20, Millipore) followed
by the replacement with 7.5M guanidine'HCI and dialy-
sis with a large excess amount of 20mM PIPES, pH 7.0,
containing 2mM DTT, 1mM EDTA, 150mM NacCl
and 10% glycerol at 25°C for 16h to fold into the ma-
tured protein structures with the PR activity.!'® Then,
the solution was concentrated again using the same cen-
trifugal filter to a protein concentration greater than
5uM, and this enzyme solution was used for the
HTLV-I PR inhibition assay.

3. Synthesis of HTLV-I PR inhibitors

Based on an HTLV-I cleavage site, octapeptides 10-13
with the HMC motif were newly designed and synthe-
sized manually using a conventional Fmoc-based SPPS.
The peptide resins were cleaved by TFA-m-cresol-thio-
anisole-H,O (85:5:5:5), and the octapeptides were
purified by RP-HPLC and characterized by MALDI-
TOF MS before biological evaluation. Synthesis of 5-9
was previously reported.?3 2

4. Results and discussion
Both the recombinant and synthetic HTLV-I PR ana-

logs specifically hydrolyzed synthetic peptide substrates,
APQVL*PVMHP (p19/24), KTKVL*VVQPK (p24/15)

Compound Structure Inhibition (%)
P4 P3 P2 Pl Pl1” P2 P3 P4 rec-HTLV-I PR syn-HTLV-I PR HIV-1 PR®
At 100 uM At5 pM At 100 pM At5 uM At50 nM

5 (KNI-272) iQoa-Mta-Apns-Thz -NHBu' 10 — 39 — 97
6 (KNI-577) Bz(3-OH, 2-Me)-Apns-Dmt-NHBu' 38 — 57 — 88
7 (KNI-727) Pac(diMe)-Apns-Dmt-NHBu' 43 — 32 — 96
8 (KNI-764) Bz(3-OH, 2-Me)-Apns-Dmt-NHBzl(Me) 31 — 79 — 96
9 (KNI-840) Pac(diMe)-Apns-Dmt-NHBzI(Me) 19 — 11 — 98
10 (KNI-10159) H-Pro-Gln-Val-Anst -Pro- Val-Met-His-OH 93 43 — 58 3
11 (KNI-10160) H-Pro-Gln-Val-Anst -Dmt-Val-Met-His-OH 100 63 — 76 37
12 (KNI-10161) H-Pro-GlIn-Val-Apns-Pro- Val-Met-His-OH 94 54 — 59 6
13 (KNI-10162) H-Pro-GlIn-Val-Apns-Dmt-Val-Met-His-OH 100 66 — 80 58
Ritonavir - 20 — 20 — 100
Pepstatin A Iva-Val-Val- Sta  -Ala- Sta -OH — 17 — 15 23

“See Ref. 8. iQoa, isoquinolyloxyacetyl; Mta, methylthioalanine; Thz, 1,3-thiazolidine-4-carboxylic acid; NHBW', terz-butylamide; Bz(3-OH, 2-Me),
3-hydroxy-2-methylbenzoyl; Pac(diMe), 2,6-dimethylphenoxyacetyl; NHBzI(Me), 2-methylbenzylamide; Iva, isovaleryl; Sta, (35,4S)-statine; Anst,
allonorstatine, [(2S5,35)-3-amino-2-hydroxy-5-methylhexanoic acid]; Apns, allophenylnorstatine, [(2S,3S5)-3-amino-2-hydroxy-4-phenylbutyric acid];
Dmt, (R)-5,5-dimethyl-1,3-thiazolidine-4-carboxylic acid. The modified p19/24, APQVL*NphVMHPL, was used as a substrate.

®HIV-1 PR inhibition was determined by monitoring the fluorescence change (305nm, Ao = 275nm) associated with the cleavage of the fluorogenic
substrate, H-Lys-Ala-Arg-Val-Tyr*Nph-Glu-Ala-Nle-NH,. Nph, p-nitrophenylalanine.
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Table 2. K; values for pepstatin A and 13

Inhibitor K; (rec PR)* (uM) K; (syn PR)* (uM)
Pepstatin A 14.6 £3.8 36.5+5.0
13 (KNI-10162) 39%+0.7 20£0.5

#Values represent the mean of three experiments + SEM.

and APQVL*NphVMHPL (the modified pl19/24)
(* indicate scissile bond),?®?” and pepstatin A, which
is known as a typical aspartyl PR inhibitor, showed a
moderate inhibitory activity with K; values of 14.6 and
36.5uM against rec- and syn-HTLV-I PRs, respectively
(Tables 1 and 2).2%%° These K; values were almost
equal to that of previously reported recombinant
HTLV-I PR (K;=17uM).!!'® These results suggested
that the both rec- and syn-HTLV-I PRs are enzymati-
cally similar to the native HTLV-I PR even they have
modifications in their structures and the screening sys-
tem using these PRs is effective to evaluate HTLV-I
PR inhibitors.

The inhibitory activities of the HMC compounds are
summarized in Tables 1 and 2.?%?° Compounds 5-9,
which were developed as potent HIV PR inhibitors,
showed weak inhibitory activity against the HTLV-I
PRs. Ritonavir, which is a clinically used HIV PR inhib-
itor, also showed weak activity. These results indicated
that HIV PR inhibitors were not effective for the inhibi-
tion of HTLV-I PR, suggesting that the recognition of
inhibitors is different between the two viral proteases de-
spite the relatively similar natural substrate sequences.
However, this result is compatible with the findings that
the most synthetic HIV-1 PR substrates were not
cleaved by HTLV-I PR, except for IRKIL*FLDG from
the RT/IN site.'!° Hence, to obtain effective HMC com-
pounds with a potent anti-HTLV-I PR activity, we de-
signed and synthesized new inhibitors 10-13 consisting
of the P4-P4’ sites of the HTLV-I PR cleavage sequence
at the p19/24 (MA/CA) site in the gag region. These
octapeptides showed a potent inhibitory activity with
50% to 70% inhibition at 5puM and a relatively decreased
anti-HIV PR activity. The K; values of 13 were 3.9 and
2.0uM against rec- and syn-HTLV-I PRs, respectively
(Table 2), which were at least 3-fold more potent than
pepstatin  A. The similar anti-HTLV-I PR activity
shown among these peptides was probably due to the
conservative modification only at the P1 and P1’ sites.
These results suggest that the HMC motif functions as
the inhibitory machinery of HTLV-I PR, but the recog-
nition of the other P and P’ sites are also important for
the effective interaction leading to the potent HTLV-I
PR inhibition, since weak inhibitors 6-9 also possess
the same Apns-Dmt core structure as potent compound
13. Extensive modifications focusing on the size of the
molecule and each side chain structure based on the pre-
sent octapeptides are underway.

In conclusion, we have established an evaluation system
for HTLV-I PR inhibitors using both recombinant and
chemically synthesized HTLV-I PRs and found that
newly synthesized substrate-based inhibitors with the
HMC motif showed potent anti-HTLV-I PR activity.
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substrates, APQVL*PVMHP (p19/24), KTKVL*VVQPK
(p24/15) and APQVL*NphVMHPL (the modified p19/
24). The enzyme reactions contained 2uM protease (as a
dimer) and 20-200uM substrates in 200mM sodium
citrate buffer, pH 5.3, containing I1mM DTT, 1M NaCl,
5mM EDTA and 6% glycerol, which were incubated at
37°C for various periods, and then terminated by the
addition of 20% TCA. The produced peptide fragments
were measured by HPLC using a C18 column with a linear
gradient of 4-28% (for p19/24), 0-18% (for p24/15) and 5—
35% (for the modified p19/24) CH;CN containing 0.1%
TFA for 12, 14 and 15min, respectively, monitored at
215nm. The concentration of each fragment was calcu-
lated with a standard curve.

All inhibitors were dissolved in DMSO to make a SmM
stock solution. Final concentrations in the inhibitor assay
were 2.0uM HTLV-I PR, 200 uM substrate (the modified
p19/24), 200mM sodium citrate buffer, pH 5.3, containing
ImM DTT, 1M NaCl, 5mM EDTA, 6% glycerol and 2%
DMSO containing 5 or 100 uM inhibitor at 37°C for 6h.
The residual protease activity was analyzed by the same
way.

Inhibition constants (K;) were determined by the method
of Dixon.?® The reactions were incubated at 37°C for
30min. The modified p19/24, APQVL*NphVMHPL, was
used as a substrate.

Dixon, M. Biochem. J. 1953, 55, 170.
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