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Human T Cell Lymphotropic Virus Type I (HTLV-I) p12%.
Is Dispensable for HTLV-I Transmission and
Maintenance of Infection in Vivo

YOSHITAKA FURUKAWA,' KOICHIRO USUKU,? SHUJI IZUMO,? and MITSUHIRO OSAME*

ABSTRACT

The function of the p12! protein of human T celt lymphotropic virus type I (HTLYV-I) has been under debate.
p12K (lysine) and p12R (arginine) variants of this protein at amino acid 88 and a shorter life of p12K had
been reported by another group. Because HTLV-I-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) patients usually have a higher provirus load than asymptomatic HTLV-I carriers (ACs), and p12!
had been suggested to confer a proliferative effect on HTLV-I-infected cells in vitro, it is possible that the rel-
atively unstable p12K is less frequent in HAM/TSP patients than in ACs. To elucidate whether p12K and
other alterations in the pI12 gene were related to the outcome of HTLV-I infection, we sequenced the pi2 gene
in 144 HAM/TSP patients, 41 adult T cell leukemia (ATL) patients, and in 46 ACs, p12K was observed in
only two HAM/TSP patients, but was not present in either ATL patients or ACs. Interestingly, a premature
termination codon in the pI2 was observed in 5.6% of HAM/TSP patients and in 4.9% of ATL patients but
none was found in ACs. The pI2 initiation codon was destroyed in one HAM/TSP patient. These HTLV-I
variants with truncated pl2 protein or with a destroyed initiation codon in the pI2 gene appeared to have
been transmitted in the subjects’ families. These findings suggest that p12 is dispensable for the transmission
and maintenance of HTLV-I infection, although it is premature to conclude that sequence varitation in the
p12 gene is associated with differences in the outcome of HTLV.I infection.

INTRODUCTION

two distinet diseases. Another question is why only a small pro-
portion of infected people, approximately 2-3%, develop ATL,3

HUMAN T ceLL LYMPHOTROPIC VIRUS TYPE I (HTLV-I) was
first isclated from a cutaneous T-lymphoma in 1980,' and
was determined to be the etiological agent of adult T cell leu-
kemia (ATL).2 In 1985 an association was reported between
tropical spastic paraparesis, which had been considered to be a
degenerative disorder, and HTLV-1.2 In 1986 HTLV-I was re-
ported to be associated with a similar syndrome, which was
called HTLV-l-associated myelopathy (HAM);* the condition
is now called HAM/TSP. One of the intriguing questions as-
sociated with BTLV-linfection is why the same HTLV-I canses

and a further 0.25% develop HAM/TSP in Japan,® while the
majority {about 97%) of HTLV-I-infected individuals develop
no associated disease. To date, HTLV-] provirus isolated from
ATL and HAM/TSP patients was reported to be indistinguish-
able in the LTR and env regions,” However, we recently re-
ported the existence of subgroups in the rax gene and different
risks of HAM/TSP among different HTLV-I subgroups.® Tax
is a multifunctional protein encoded by the open reading frame
IV of the pX region of HTLV-1 that can transactivate HTLV-1
transcription through LTR.? Tax can also transactivate many

Division of Blood Transfusion Medicine and Cell Therapy, Kagoshima University Hospital, 8-35-1 Sakuragaoka, Kagoshima 890-8520,

Japan.

2Department of Medical Informatics, Faculty of Medicine, Kagoshima University, Kagoshima, Japan.
3Center for Chronic Viral Diseases, Faculty of Medicine, Kagoshima University, Kagoshima, Japan.
Departtment of Newrology and Gerialrics, Kagoshima University Graduate Schooi of Medicat and Dental Science, Kagoshima, Japan.
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cytokine genes!®!! and protooncogenes.'? These observations
raise the interesting possibility that differences in Tax may in-
fluence the outcome of HTLV-I infection. p12! is another pro-
tein encoded by the open reading frame I of the pX region, the
function of which is not wel] elucidated.'* The p12! protein can
bind to the 16-kDa subunit of the H*-ATPase proton pump'
and to the 8 and yc chains of the interlevkin 2 (IL-2) recep-
tor.’> Although p12! does not influence the infectivity of HTLV-
1in in vitro culture, it has been suggested that pl2 is neces-
sary for persistent HTLV-1 infection in the rabbit model.'s
When pl12' was expressed under experimental conditions, p12!
was reported lo reside in the endoplasmic reticulum and
Golgi,'” and to be associated with several proteins such as cal-
cium-binding protein,'® and free major histocompatibility com-
plex class I heavy chain (MHC-1-He).'® Association of p12!
with calreticulin medulates activation of nuclear factor of acti-
vated T cells, and enhances STATS activation.?® Binding of the
p12" with MHC-I-HC was shown to result in a significant de-
crease in the surface level of MHC-1 on uman T cells.'® These
previously reported findings suggested that p12! might confer
a proliferative advantage on HTLV-I-infected cells and also
may affect the result of HTLV-I infection.

‘The p12! protein with lysine in the C-terminal region (posi-
tion 88: p12K) was shown to be a substrate for ubiquitylation
and degradation by the proteasome. Also, the p12K variant has
a half-life significantly shorter than that of p12' with arginine
in the same position (p12R).2! There have been conflicting re-
sults concerning the prevalence of these p12K and p12R alle-
les in HAM/TSP patients and asymptomatic carriers (ACs).
pl12K was reported to be more frequent in HAM/TSP patients
than in ACs in one study.2! Another study reported that pI2K
was observed in a small minority of both HAM/TSP patients
and ACs.22 Although it had been suggested that p12! confers a
proliferative advantage of HTLV-I-infected cells in vitro, the
effect of pi2! in vivo, if it is indeed expressed, may be differ-
ent. If p12K, which is more unstable than pl2R, is more fre-
quently observed in HAM/TSP patients (who usually have a
higher HTLV-I provirus load) than in ACs, one possibility is
that a shorter life of p12K is associated with greater prolifera-
tion of HTLV-I-infected cells in vivo. We therefore set out to
examine whether the p12K variant is present at a significantly
higher frequency in HAM/TSP patients than in ACs in Japan,
and whether the pl2R/K allele was associated with the HTLV-
I tax viral genotype, that we previously reported influenced the
risk of HAM/TSP development in this Japanese population. We
then extended our study to examine other variations in the pi2
gene, to test whether p12! is dispensable for HTLV-] infection
in humans, and whether variations in the p/2 gene were asso-
ciated with different risks of HTLV-I-nssociated diseases. We
discuss the role of p12! in the establishiment of stable infection
in humans, and the association between sequence variations in
the pi2 gene of HTLV-1 and HTLV-I-related diseases.

MATERIALS AND METHODS

Study population

One hundred and forty-four cases of HAM/TSP were com-
pared with 41 ATL patients (30 acute type, 3 lymphoma type,
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6 chronic type, and 2 smoldering type ATL) and 46 randomly
selected HTLV-I-seropositive asymptomatic blood donors
(ACs). All cases and controls were of Japanese ethnic origin
and resided in Kagoshima prefecture, Japan. The diagnosis of
HAM/TSP was made according to the World Health Organi-
zation diagnostic eriteria.?® The diagnosis and clinjcal subtype
of ATL were made according to Shimeyama's criteria.*
Asymptomatic carriers were randomly selected from 111 indi-
viduals who were notified by the Red Cross following blood
donation that they were infected with HTLV-1 and subsequently
attended our clinic.23

Sequencing of HTLV-I pI12 gene

All DNA samples extracted from peripheral blood mononu-
clear cells (PBMCs) were sequenced from position 6801-7199
(numbered as in the reference strain ATK),? which included
the entire HTLV-I p/2 gene (nucleotides 6834-7130). Poly-
merase chain reaction (PCR) was done on the extracted DNA
to amplify proviral DNA, and nucleotide sequences were de-
termined in both directions, One hundred nanograms of DNA
was amplified by 35 cycles of PCR using Expand high fi-
delity PCR system {Boehringer Mannheimn, Japan) and 1 puM
primers [ORFI03+: 5-CGTCAGATACCCCCATTACTC-3'
(6598-6619) and ORFIOZ™: 5'-AGCCGATAACGCGTC-
CATCGAT-3' (7472-7493)]. Each PCR cycle consisted of de-
naturation at 94°C for 60 sec, annealing at 58°C for 75 sec, ex-
tension at 72°C for 90 sec, and extension of the final cycle at
72°C for 10 min. Amplified DNA products were purified us-
ing the QIA quick purification kit (Qiagen, Japan) and 0.1 ug
of PCR products was sequenced using the dye terminator DNA
sequencing kit (Applied Biosystems, Japan) with 3.2 pmol of
each primer (ORFIO3+, ORFIO2) in an automatic sequencer
(377 DNA Sequencer, Applied Biosystems).

Restriction fragment length polymorphism
analysis of HTLV-I tax

Subgroup analysis of the Japanese HTLV-1 fax genes was
performed as described elsewhere.® Substitution at nucleotide
position 8344 of the sax gene creates an Accll restriction site.
One microliter of the first PCR product of the tax gene ampli-
fied with primers PXO1* and PX02~ was subjected to a fur-
ther 20 cycles of PCR with primers PXI3* and PXI3~, Two
microliters of the nested PCR product was digested with 5 U
of Accll (Takara, Japan) in a 10 ul reaction volume at 37°C for
1 hr and the product was electrophoresed on a 1% agarose gel.
When the PCR product was cut by Accll, the sample was iden-
tified as rax A, and when uncut, the sample was identified as
tax B.

Proviral load measurement

The HTLV-I provirus load in PBMC was measured in
HAM/TSP patients and ACs as described.?” A quantitative PCR
reaction was performed using the ABI PRISM 7700 sequence
detector (Perkin-Elmer Applied Biosystems). The amount of
HTLV-I proviral DNA was calculated as follows: copy num-
ber of HTLV-1 (fax) per 10 PBMC = [copy number of
tax/(copy number of B-actin/2)] X 10*. The lower limit of de-
tection was | copy per 10* PBMC.
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RESULTS

Existence of pi2K variant at low frequency in
HAM/TSP patients

We analyzed 231 samples from 144 HAMJTSP patients, 41
ATL patients, and 46 ACs, all of them residing in Kagoshima,
southern Japan. The grand consensus sequence of these 231
samples differed from the reference ATK strain at nucleotide
position 6906 (A to G; leading to the amino acid change from
serine in ATK to glycine in the grand consensus sequence),
6984 and 6985 (G to A in both positions; leading to the amino
acid change from glycine in ATK to asparagine in the grand
consensus sequence). There were HTLV-I subgroup-specific
nucleotides at nucleotide positions 6900 and 6905. The nucle-
otide at position 6900 was T and the corresponding amino acid
was serine in all of the HTLV-I sequences with rax A (31 cases
in this study); this nucleotide was C and the amino acid was
proline in all of the HTLV-I with tax B (200 cases in this study).
The nucleotide at position 6905 was G in all HTLV-I sequences
with fax A (31 cases in this study); in tax B this nucleotide was
T but this difference does not correspond to an amino acid al-
teration. In Figure 1, we summarize the observed nucleotide al-
terations and amino acid changes that were not specific to an
HTLV-I subgroup. In Table 1, we summarize amino acid
changes that may influence the function of p12'. The p12K vari-
ant was observed only in HAM/TSP patients; however, it was
present at a low frequency (2 out of 144; 1.39%). All other sam-
ples, including HAM/TSP, ATL, and AC’s had the pI2R vari-
ant. One of the p12K subjects was a 65-year-old female who
had had HAM/TSP for 8 years; the other was a 72-year-old fe-
male who had had HAM/TSP for 22 years. In each of these
subjects, the tax subgroup was zax B. Serum anti-HTLV-I an-
tibody titer and HTLV-I provirus load are summarized in Table
2. The HTLV-I provirus load tended to be lower in these two
subjects, although a meaningful statistical analysis was not ap-
plicable because of the small number.,

Premature stop codon preceding the pl2R/K
allele, alteration of initiation codon in pi2
and other alteration

Interestingly, in 7 out of 144 HAM/TSP patients, a nucleo-
tide substitution from G to A at nt positions 7087 (one patient)
or 7088 (six patients) created a premature stop codon just up-
stream of the pl12ZR/K allele (amino acid at position 87 of the
pl12F protein was changed from W to Stop). In another
HAMU/TSP patient, a muclectide substitution from G to A at nt
position 7078 also created a premature stop coden five amino
acids upstream of the pl2R/K allele (amino acid at position 82
of the pl12 protein was changed from W to Stop). In one other
HAMJ/TSP patient, nucleotide substitutions from T to C at nt
7086 and from G to A at nt 7088 were observed simultane-
ously, resulting in an amino acid substitution from W to R, one
amino acid upstream of the pl2R/K allele. In one other
HAM/TSP patient, a nucleotide substitution from G 1o A at nt
position 6836 destroyed the initiation codon of pl2 (M to ). In
ATL cases, there were two patients with a premature stop codon
just upstream of the pl2R/K allele out of 41 patients. However,
in ACs, there was no subject with a premature stop cedon in
the pJ2 gene, Ages and other laboratory findings are summa-
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rized in Table 2. There was an ATL specific nucleotide alter-
ation at nt position 6909 in 3 out of 41 ATL patients (Fig. 1B),
which was the most frequently observed alteration. The nucle-
otide alteration from G to A at this position changed the amino
acid from aspartate to asparagine.

HTLV-I subgroup-specific nucleotide alteration,
PIZR/K allele, and the premature stop codon in
pl2 are stable over time (Table 3)

To examine if subgroup-specific nucleotide alterations, the
p12R/K allele, and the premature stop codon were stable over
time, we sequenced the HTLV-I pl12 gene at different time
points in cases with these nucleotide alterations. The nucleo-
tide at position 6900 was T in HTLV-I sequences with fax A
and this residue was C in HTLV-] with tax B. The nucleotide
at position 6905 was G in HTLV-1 sequences with sax A and
this residue was T in HTLV-I with tax B. These nucleotide al-
terations existed stably for 7 years in the HAM 70 case (Table
3). The p12R aliele existed stably for 7 years in the HAM 57
case. Also, the pl2K allele existed stably for 9 years in the
HAM 79 case (Table 3). The premature stop codon in the pl2
gene was also stably maintained in HAM 105 and in HAM 181
for 9 years in both cases (Table 3). No case was found in which
these sequence variants changed over time in one individual.

HTLV-i with premature stop codon in pl2
geite is transmissible (Table 4)

To examine whether HTLV-I with a premature stop codon in
the pi2 gene is transmissible, we sequenced the pJ2 gene in
asymptomatic carriers who are family members of cases with a
premature stop codon in the p/2 gene. HTLV-I carriers who are
family members of three HAM/TSP patients with a 12 prema-
ture stop codon were examined. Each family member had a se-
quence of the p12 gene that was identical to that of the HAM/TSP
patients in their respective family, For example, the husband of
HAM 181 had an identical p/ 2 sequence with substitution at 7078,
which created a stop codon that was observed only in this fam-
ily. The wife of HAM 201 had an identical p12 gene sequence
with substitutions at 6840, 7094 (creating a stop codon), and 7134,
in addition to the HTLV-I subgroup-specific substitutions at 6900
and 6905. A sister and the mother of HAM 790 had an identical
pi2 gene sequence with the stop codon at nucleotide 7094,

HTLV-I with destroyed initiation codon in the
pi2 gene was also transmitted (Table 4)

To examine whether HTLV-I with a destroyed initiation
codon in the p/2 gene was also transimitted, we checked family
members of patient HAM 271 who carried an HTLV-1 provirus
with a destroyed initiation codon. Samples from two sisters of
this patient were available, one of whom was previously diag-
nosed as HAM/TSP. The p12 sequence was identical, with a de-
stroyed initiation codon of pJ2, among these three sisters.

DISCUSSION

Recently, the function of the pl2' of HTLV-I has been un-
der debate, and natura) variants of p12 at position 88 (arginine,



SEQUENCE VARIATIONS IN HTLV-I p12 1095

A. Alteration in pX nucleotide B. Alteration in P12 amino acid
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FIG. 1. Summary of the nucleotide and amino acid alterations. (A) Summary of the nucieotide alterations in pX that covers
the p12! protein. Upper column: HAM/TSP patients. Middle colemn: ATL patients. Lower column: Asymptomatic carriers. x-
axis, nucleotide position. y-axis, percentage of nucleotide alteration at one nucleotide position, (B) Summary of the amino acid
alterations in the p12* protein. Upper column: HAM/TSP patients. Middle column: ATL patients. Lower column: Asymptomatic

carriers. x-axis, amino acid position of the p12! protein. ¥-axis, percentage of the amino acid alteration at one amino acid posi-
tion.

pI2R and lysine, p12K) were reported.?’ Lysine at position 88 ciated with HTLV-I related diseases, especially with respect to
in p12! is a biguitylation site and a shorter life of p12K com- the distiibution of p12 R/K variation in HAM/TSP, ATL, and
pared to pl2R was reported. pl2K was previously reported to ACs. We also examined whether the p12R/K variation was as-
be frequent and specific in HAM/TSP patients,?! but there was sociated with the HTLV-I rax viral genotype, which we previ-
also a conflicting report.2? The main purpose of the present  ously reported 1o influence the risk of HAM/TSP development.®
study was to elucidate if variations in the pI2 gene were asso- The pl2K variant was observed in only two HAM/TSP pa-

TaBLE |. SUMMARY OF AMING ACD CHANGES IN pl2! PROTEIN THAT MaY INFLUENCE THE Funcrion'

Amino acid position HAM/TSP ATL ACs

(change in amino acid) (N = ]44} {N = 41]) {N = 46)
I Mtwol) 1 {0.7%) 0 0

82 (W to Stop) 1 {0.7%)} Q ]

87 (W to Stop) 7 {4.9%) 2 (4.9%) ]

88 (Rto X) 2 (1.4%) 0 0

Total 11 (71.6%) 2 (4.9%) 0

sNumber of cases that have amino acid change at the position deseribed in the left column is stated. Amino acid change of

pi2' is shown in parentheses in the left column. Percentage of cases are showi in parentheses in the HAM/TSP, ATL, and ACs
columns.
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TABLE 2. CTHARACTERIZATION OF HAM/TSP PaTiENTS WITH DESTROYED INITIATION
CopoN, PREMATURE STOP CoDON, AND pl12R/K ALLELE IN THE PI2 GENE

Amino acid position No. of Anti-HTLV-] HTLV-I

{change in amino acid) cases Age antibody® (PA) provirus load®
T (MteD) 1 2192 1954

82 (W to Stop) 1 32768 1343

87 (W to Stop) 7 41° 8192 641

88 (Rto K) 2 69° 9216 146

All HAM/TSP patients 144 56° 8192 586

aAnti-HTLV-I antibody titer and HTLV-] provirus load are stated as median value.

"Mean age is shown.

tients but did not oceyr either in ATL patients or in ACs. How-
ever, the frequency of p12K was very low (2 out of 144; 1.4%).
Regarding the association of p12R/K alleles and the ax sub-
group, two HTLV-I-seropositive subjects with p12K were clas-
sified to have tax B. However, another HTLV-I-seropositive in-
dividual with 7ax B (119 HAM patients) had p12R. Also, of the
142 HAM/TSP patients who carried p12R, 23 HAM/TSP pa-
tients had rax A and 119 had rax B. Trovato also reported that
pl12R/K alleles were found regardless of the gecgraphical ori-
gin.2! These findings suggest that the pI2ZR/K variation is not
specifically associated with the HTLV-1 subgroup. Also, the
very low frequency of the pl2K variant observed amiong
HAM/TSP patients in Japan cannot be explained by the partic-
ular distribution of the HTLV-I subgroup in Japan: most of the
HTLV-I in Japan belongs to Cosmopolitan B, while Cos-
mopolitan A is widely distributed through the world.
Although the pt2K variant, which may have a decreased bi-
ological effect because of its shorter life, was found at a very
low frequency in HAM/TSP patients, other variations in the
pl2 gene that can affect the function of pJ2 were found in
HAM/TSP and in ATL patients. A premature stop codon was
found in eight HAM/TSP patients and in two ATL patients but

not in ACs. Trovato ef al.?! also reported this termination codon
immediately preceding the lysine in one ATL patient who also
had HAM/TSP. Because the pJ2' sequence with a premature
stop codon immediately preceding the pl 2R/K allele had argi-
nine in our study, and the pl2R/K allele was lysine in Trovato’s
study, this stop codon does not appear to be associated with the
pl2R/K variation. Regarding the association with the termina-
tion codon inumediately preceding the p12R/K variation and the
tax subgroup, there were six HAM/TSP patients with fax B and
one HAM/TSP patient with tax A. Thus, this termination codon
immediately preceding the pl2R/K variation was also not
specifically associated with the tax subgroup.

To test whether HTLV-I having a pJ2 sequence with either
arginine (pI2R) or lysine (p12K) at position 88 and HTLV-I
with truncated p12! could persist stably over time, we compared
the HTLV-I pI2 sequences at different time points. The ob-
served pl2 nucleotide substitutions were the same in each per-
son on each occasion (Table 3), suggesting that neither p12R/K
nor a premature stop codon in pi2! influences the course of
HTLV-I infection. To examine whether HTLV-I with such a
truncated p12! was transmissible, we further compared the pJ2
sequence between HAM/TSP patients with a termination codon

TabLE 3. ComparisoN oF HTLV-1 p]2 SEQUENCES AT DIFFERENT TIME POINTS WITH THE GRAND CONSENSUS SEQUENCE
Nucleotide change at position (amino acid position)
Date 6900 (23) 6905 (24) 7078 (82) 7086 (85) 7093 (87) 7096 (88)
Consensus c P T (P) G (W) c L) G (W) G (R}
HAM 57 July 4, 1950 T G (R)
August 29, 1997 T G (R)
HAM 70 June 27, 1990 T (8) G S G (R)
Febroary 27, 1998 T (8) G (S G (R)
HAM 79 April 17, 1991 A {K)
October 11, 2000 A (K)
HAM 105 March 11, 1992 A (Stop) G R)
July 12, 2001 A (Stop) G (R)
HAM 181 March 27, 1991 A (Stop) G {R)
January 15, 2000 A (Stop) G (R)

*Amino acid of p12! is shown in parentheses.
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TabLe 4. ComparisoN oF HTLV-I p]2 SEQUENCES WITHIN PEDIGREE WITH THE GRAND CONSENSUS SEQUENCE®
Nucleotide change at position (amino acid change at position)

Sex 6836 (1) 6840 (3) 6900 (23) 6905 (24) 7078 (82) 7094 (87) 7134
Consensus G (M) TL c@ TP G (W) G (W) G
HAM 181 F A (Stop)
Husband of HAM 181 M A (Stop)
HAM 201 M C (L) T (S) G (S A (Stop) C
Wife of HAM 201 F C(L} T (S G (8) A (Stop) c
HAM 790 F A (Stop)
Sister of HAM 790 I3 A (Stop)
Mother of HAM 750 F A (Stop)
HAM 271 F A
Sister of HAM 271 (AC) F A
Sister of HAM 271 (HAM) F A

*In the HAM 271 family, one sister was an asymptomatic HTLV-I carrier (HAM 271 (AC)] and one other sister was an
HAM/TSP patient [HAM 271 (HAM)]. These thrae cases had an identical p12 sequence with a destroyed initiation codon in the

p12 gene. Amino acid of p12! is shown in parentheses.

in the pI2 gene and theit family members infected with HTLYV-
L Interestingly, the pJ2 sequences with a premature stop cedon
at either position 82 and 87 in HAM/TSP patients were identi-
cal in asymptomatic family members of HAM/TSP patients in
each family, These findings also suggest that truncations of p1 2
at position 82 or 87 do not influence the infectivity of HTLV-
1, although it was possible that the truncated p121 retained its
function. However, in our study there was an HAM/TSF pa-
tient (HAM 271) with p12! in whom the p12! initiation codon
was destroved. In this case, the nucleotide at position 6836 had
a substitation from G to A, changing the initiation codon ATQ
10 ATA. We were interested to determine whether such a pl2
with a destroyed initiation codon was transmissible in the pa-
fient's family. We examined HTLV-I sequences from two other
HTLV-I-infected sisters in this family. One of the sisters was
an HAM/TSP patient, while the other was an AC. The pI2 se-
quences were identical among these three sisters, with the same
substitution at nt 6836 (G — A) that destroyed the initiation
codon of pJ2. This observation indicates that the destroyed pl2
was not a de nove mutation that happened in patient HAM 271,
but rather was transmitted from their mother to the three sis-
ters in this family. This contrasts with the observation that a
putative immune escape mutation in the fax gene was observed
in an ATL patient but not in the respective consensus sequence
of asymptomatic HTL V- carriers in the same farnily.2® These
findings strongly suggest that HTLV-1 pl2! is dispensable for
HTLV-I transmission and the maintenance of HTLV-1 infec-
tion. Regarding the relation between sequence variations in the
HTLV-I pi2 gene and their association with HTLV-I-related
diseases, Jysine at position 88 (pl2K) itself was not frequently
observed in HAM/TSP patients (2 out of 144 HAM/TSP pa-
tients; 1.4%). However, the pl2K variant, premature stop
codons, and the destruction of the initiation codon were ob-
served in 1] patients out of 144 HAM/TSP patients (7.4%),
whereas none of these variations was observed in ACs. These

variations in the p]2 gene may reduce the function of pl2. Be-
cause p12K has a shorter life compared to pl2R, and a prema-
ture stop codon in the pi2' may reduce its function, the de-
struction of the initjation codon in the pi2 gene presumably
ablates the function of p12%. At the beginning of this study, we
expected that alterations that reduce the function of the pl2
would be less frequent in HAM/TSP, because HAM/TSP pa-
tients usually have a higher provirus Joad than ACs, and pl?
had been suggested to confer a proliferative effect on HTLV-
Y-infected cells in an in vitro study. It is possible that the ef-
fects of pi2! in vive differ from its effects in vitro. Howeve,
the observed difference between HAM/TSP patients and ACs
in the prevalence of these alterations that may reduce the func-
tion of p12! did not reach statistical significance, and it is there-
fore premature to conclude that mutations of the pI2 gene are
implicated in the pathogenesis of HTLV-I-associated diseases.
Further study with a larger number of ACs is necessary to clar-
ify this point.

SEQUENCE DATA

DDBJ acecession numbers: The accession numbers of the pX
sequence including the entive pI2 gene in HAM/TSP cases are
successively from AB127436 through AB127579. The acces-
sion numbers of the pX sequence including the entire pJ2 gene
in ATL cases are successively from AB154777 through
AB154817, The accession numbers of the pX sequence in-
cluding the entire pJ2 gene in ACs are successively from
AB158146 through AB158191, The accession numbers of the
pX sequence including the entire pJ2 gene at different occa-
sions in Table 3 are AB127439 for HAM 57 at July 4, 1990,
AB158267 for HAM 57 at August 29, 1997, AB127442 for
HAM 70 at June 27, 1990, AB158266 for HAM 70 at Febru-
ary 27, 1998, AB127447 for HAM 79 at April 17, 1991,
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AB138268 for HAM 79 at October 11, 2000, AB127458 for
HAM 105 at March 11, 1992 and AB158270 for HAM 105 at
July 12, 2001, AB 127485 for HAM 181 at March 27, 1991 and
AB158269 for HAM 181 at January 15, 2000, The accession
numbers of the pX sequence including the entire pJ2 gene
of HAM/TSP patients and family members in Table 4 are
AB127435 for HAM 181, AB158271 for the husband of HAM
181, AB127493 for HAM 201, AB158272 for the wife of HAM
201, AB127521 for HAM 271, AB158275 for the asymptomatic
sister of HAM 271, AB158276 for the HAM/TSP sister of HAM
271, AB127562 for BAM 790, AB158273 for the sister of HAM
790, and AB158274 for the mother of HAM 790.
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Abstract—Based on a new anchoring strategy, a polymer-supported chiral oxazolidinone was prepared starting from (2R,35)-3-
amino-2-hydroxy-4-phenylbutanoic acid (phenylnorstatine, Pns) and Wang resin. Solid-phase asymmetric alkylation on this resin
proceeded in high diastereoselectivity comparable to that of conventional solution-phase model experiments. This study suggests
that anchoring through the 5-position of oxazolidinone is highly suited to achieving diastereoselective alkylation reactions on solid-

support,
© 2004 Elsevier Ltd. All rights reserved.

Recently, solid-phase organic synthesis has become a
popular methodology for the preparation of organic
molecules,! especially the preparation of compound
libraries in the process of drug discovery.? It allows for
a facile isolation of the desired compounds with easy
elimination of by-products and excess reagents using a
full- or semi-automatic process. Polymer-supported
chiral auxiliaries are especially advantageous because
they can be recovered by simple filtration and poten-
tially recycled. Evans’ oxazolidinone is one of the most
versatile chiral auxiliaries for asymmetric acyl group-
based transformation.®* The attachment of Evans’ oxa-
zolidinone to solid-supports and its utility in asymmetric
alkylation,* aldol condensation,® and Diels—Alder,5 and
1,3-dipolar’ cycloadditions have been reported using 1
(Fig. 1A). However, the application of 1 is limited,
probably due to the difficulty of monitoring and opti-
mizing the solid-phase reaction more than the corre-
sponding solution-phase reactions. In addition, the
solid-phase asymmetric alkylation on the resin 1 has not
been accomplished in a high stereoselective manner
{max 90% ee) and a marked undesired effect of the solid-

Keywords: Evans’ oxazolidinone; Chiral auxiliary; Phenylnorstatine;

Asymmetric alkylation; Sclid-phase; Polymer-supported.
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Figure 1. Polymer-supported Evans-type chiral auxiliaries. (A) Chiral
auxiliary anchored at the 4-position.*? (B) The new auxiliary derived
from c-hydroxy--amino acid anchored at the S-position,

supports on the yield and e¢ was reported.* One reason
for these undesired results could be that the critical
chiral discriminating unit, that is, the benzyl group at
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the 4-position of the oxazolidinone ring in 1, was used to
anchor the solid-support.

Hence, to create a new anchor liberating the benzyl
group, we focused on the chiral a-hydroxy-B-amino
acids, phenylnorstatine [Pns, (2R,35)-3-amino-2-hydr-
oxy-4-phenylbutanoic acid] and its (25,35)-stereoiso-
mer, allophenylnorstatine (Apns), which are well-known
units with the hydroxymethylcarbonyl (HMC) isostere
necessary for inhibiting aspartyl proteases.® As shown in
Figure 1B, these a-hydroxy-B-amino acids can be con-
verted to the corresponding oxazelidinones with a carb-
oxyl group at the 5-position of the ring for anchoring to
the solid-support. Here, we describe the synthesis of a
new polymer-supported Evans’ chiral auxiliary derived
from Pns and demonstrate that solid-phase asymmetric
alkylation proceeds with high stereoselectivity parallel
to that obtained with the model substrate under classical
solution conditions.

In the design of new polymer-supported oxazolidinone,
piperidine-4-carboxylic acid was used as a linker, which
can connect the chiral auxiliary through a base-insensi-
tive tertiary-amide bond. Wang resin” was used as the
solid-support, since the ester bond between the linker
and resin can be easily formed by standard condensation
methods and cleaved by mild acids like TFA or meth-
anolysis to monitor the reaction.

Ph Ph

OH 98% GH

A, = LR
BocHN™ ™" ~OH BocHN N%,COOB,.,

2 3

o]

o
Ph/\/lLN)LO 8
y N
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The synthesis of oxazolidinone derivative 4 is outlined
below (Scheme 1). Boc—Pns—OH!'® 2 was coupled to
benzyl piperidine-4-carboxylate: HCl by the EDC-HOBt
method!! to give 3. Removal of the N-Boc group of 3
and subsequent reaction with 1,1'-carbonyldiimidazole
(CDY)"> gave the desired oxazolidinone 4 in good
yields.”® During this cyclization reaction, no epimeriz-
ation at the S5-position, and no aziridine by-product
formation were observed. Oxazolidinone 4 was then
N-3-phenylpropionylated and the resultant carboximide
Sa was subjected to a model alkylation study in the
solution-phase.'* As Table 1 shows, the new oxazolidi-
none derivative 4 could function as an efficient chiral
auxiliary with suitable reactivity in terms of yield and
stereoselectivity, In addition, no disruption of both the
oxazolidinone ring and the benzyl ester was observed
during the cleavage with LiIOOH.'® Similar results were
also obtained in the use of other imides Sb and 5¢ with
N-phenoxyacetyl and N-propionyl groups, respectively
(Table 1).

In the case of N-acyloxazolidinone derived from
Boc—Apns—OH, epimerization at the 5-position was
observed during the base treatment, suggesting that the 5-
position as well as the desired o-position of the acyl group
were deprotonated by LDA, while deprotonation in the
Pns-derived N-acyloxazolidinone was specific to the o-
position. This was probably due to increased acidity at

0
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steps

4

o 0
U o]
L0 ' f ~A
Ao Ph OH

_

Bri’ N R
o m/COOBH B0-66%

(2 steps)
6a 7a

Scheme 1. Reagents and conditions: (a) benzyl piperidine-4-carboxylate'HCl, HOBt-H,0, EDCHCI, E;N, DMF, 0°C to rt; (b) 4M HCI/1 4-
dioxane, 0°C to 1t; (c) EtaN, CDI, THF, 0°C to rt; (d) 3-phenylpropionic acid, ‘BuCOCI, Et;N, LiCl, THF, -18°C to rt; {¢) LDA, RX, THF, =78 to

6°C: () LiOH, 30% H,0,, THF-H,0 (3:1), 0°C.

Table 1. Results of asymmetric alkylation

Entry . Imide R¥X Solid-phase Sclution-phase
Yield (%P Ee (%0)® Yield (%) Ee (“0)®
1 10/3a Mel 48 85 62 : 86
2 10/5a PN 54 9 66 96
3 10/5a AL 51 94 64 .9
4 10/5a Br._.COE! 47 92 60 90
5 11/5b PN 38 9 48 96
6 12/5¢ BnBr 40 97 57 o8

*Yield in four steps based on original loading of Wang resin (see Scheme 2).
® Determined by HPLC analysis after conversion to the corresponding (S)-phenylethyl amide derivatives.

“Yield in two steps starting from 5 (see Scheme 1). -
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Scheme 2. Reagents and conditions: (a) Ha, PA/C, MeOH-H.0 (%:1), rt, overnight; (b) Wang resin, DIC, DMAP, DMF, tt, 3h; (c) R'CH,CO, H,
2-chloro-1-methylpyridinium iodide, EtsN, DMAP, CH;Cl,, 1t, 2h; (d) LDA, R?X, THF, 0°C, 3.5h: (&) LiOH, 30% H.0,, THF-H,0 (3:1), 0°C,

lh.

the 5-position of the Apns-derived oxazolidinone caused
by steric repulsion between the benzyl and carboxamide
groups in a cis-configuration.

Hence, for the solid-phase synthesis, Pns-derived oxa-
zolidinone 4 was selected and its benzyl ester was
removed by hydrogenolysis, and the resultant carboxylic
acid 8 was attached to the Wang resin by the established
method with 1,3-diisopropylcarbodiimide (DIC)'7 in the
presence of a catalytic amount of DMAP (Scheme 2).
Analysis of the loading rate by methanolysis of the resin
9 gave a complete recovery of the corresponding methyl
ester, indicating that quantitative loading was achieved.
Tt is pertinent to note that the previous reported auxiliary
1 on Wang resin having only 56% of loading might have
potential side reactions by the residual free-
hydroxyl group.* On the contrary, we were able to
efficiently synthesize a new Wang resin-supported Evans-
type chiral auxiliary 9 with a quantitative loading.

For the solid-phase asymmetric alkylation, to a well-
swollen carboximide resin 10-12 in THF, derived from 9
by the mixed anhydride-LiCl N-acylation!® or Mukai-
yama reagent,'® was added LDA (2equiv) at 0°C, fol-
lowed by the addition of alkyl halide (10equiv). After
stirring for 3h at the same temperature, the solid-phase
reaction was quenched by adding saturated aqueous
NH,CI. The resin was recovered by filtration and was
subsequently washed with THF and MeOH to give 13.
LiOOH-mediated chemoselective hydrolysis of 13 gave

the desired chiral a-alkylated carboxylic acids 7a—¢.2°

Since no disruption of the ester bond between the linker
and resin was observed during these steps and methan-
olysis of recovered resin afforded the corresponding
oxazolidinone methyl ester in high yield (94% yield
Table 1, entry 2), it indicated that the polymer-sup-
ported auxiliary was stable to LiOOH treatment.
Therefore, it is considered that the recovered resin 9 has
a potential for reuse. Enantiomeric excess of the
obtained acids was determined by HPLC analysis after
derivatization to the corresponding (S)-phenylethyl
amides by the EDC-HOBt method. As Table 1 shows,

high stereoselectivity (85-97% ee) comparable to the
solution-phase model experiments was obtained in this
solid-phase system with a total yield of 38-54% (in four
steps), calculated from the original loading of Wang
resin. These results suggest that anchoring to the resin at
the S-position of the oxazolidinone ring is highly suit-
able for realizing reasonable enantiomeric ratios, prob-
ably achieving greater freedom from the polystyrene
scaffold than the previous auxiliary involving the 4-
position. It also suggests that the asymmetric alkylation
reaction proceeded through the same chelation con-
trolled model as reported in standard Evans-type oxa-
zolidinone chemistry.®® These findings would resolve the
concern raised by Burgess and Lim* in the solid-phase
asymmetric alkylation using the polymer-supported
Evans’ chiral auxiliary, and our new polymer-supported
oxazolidinone is applicable in the synthesis of a variety
of chiral a-alkylated carboxylic acids.

In conclusion, we have developed a new polymer-sup-
ported Evans-type chiral auxiliary, anchored to the
Wang resin through a carboxyl group at the S-position
of the oxazolidinone ring and a piperidine-4-carboxyl
linker, and found it to be a useful tool for solid-phase
asymmetric alkylation with no reduction in stereoselec-
tivity. This convenient polymer-supported chiral auxil-
iary is applicable in the preparation of a library of chiral
o-branched carboxylic acids such as 3-phenylpropionic
acid derivatives having inhibitory activity against serine
proteases.”’ Further studies of well-known asymmetric
reactions in the use of the Evans’ auxiliary, such as aldol
condensation and cycloadditions, and the recycling of
the resin are under investigation.
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7 was next coupled with (S)-phenylethylamine by the
EDC-HOBt method to determine the enantiomeric
excesses of the a-alkylated carboxylic acids 7 by HPLC.
(a) Evans, D. A.; Britton, T. C.; Ellman, J. A. Tetrahedron
Lett. 1987, 28, 6141-6144; (b) Evans, D. A.; Ellman, J. A,
J. Am. Chem. Soc. 1989, 111, 1063-1072,

Atherton, B.; Benoiton, N. L.; Brown, E.; Sheppard, R.
C.; Williams, B. 1. J. Chem. Soc., Chem. Commun. 1981,

-+ 336-337.
. Ho, G.-1.; Mathre, D. . J. Org. Chem. 1995, 60, 2271-

2273,

Mukaiyama, T. Angew. Chem., Int. Ed. Engl 1979, 18,
707-721.

The crude product 7 was purified by preparative TLC to
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yield (38-54%) that was observed in the solid-phase
method was due to the fact that the yield includes the
four step reaction from Wang resin to the final product 7.
The yield for two steps (alkylation and hydrolysis} is likely
10 be similar to that of the solution-phase methed.
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ABSTRACT  The efficacy of HIV-1 protease inhi-
bition, therapies is often compromised by the appear-
ance of mutations in the protease molecule that lower
the binding affinity of inhibitors while maintaining
viable catalytic activity and substrate affinity. The
V82F/184V double mutation is located within the bind-
ing site cavity and affects all protease inhibitors in
clinical use. KNI-764, a second-generation inhibitor
currently under development, maintains significant
potency against this mutation by entropically compen-
sating for enthalpie losses, thus minimizing the loss in
binding affinity, KNI-577 differs from KNI-764 by a
single functional group critical to the inhibitor re-
sponse to the protease mutation. This single differ-
ence changes the response of the two inhibitors to the
mutation by one order of magnitude. Accordingly, a
structural understanding of the inhibitor response
will provide important guidelines for the design of
inhibitors that are less susceptible to mutations con-
veying drug resistance. The structures of the two
compounds bound to the wild type and V82F/IB4V
HIV-1 protease have been determined by X-ray crystal-
lography at 2.0 A resolution. The presence of two
asymmetric functional groups, linked by rotatable
bonds to the inhibitor scaffold, allows KNI-764 {o
adapt to the mutated binding site cavity more readily
than KNI-577, with a single asymmetric group, Both
inhibitors lose about 2.5 keal/mol in binding enthalpy
when facing the drug-resistant mutant protease; how-
ever KNI-764 gains binding entropy while ENI-577
loses binding entropy. The gain in binding entropy by
KNI-764 accounts for its low susceptibility to the
drug-resistant mutation. The heat capacity change
associated with binding becomes more negative when
KNI-764 binds to the mutant protease, consistent with
increased desolvation. With KNI-577, the opposite ef-
fect is observed, Structurally, the crystallographic B
factors increase for KNI-764 when it is bound te the
drugrresistant mutant. The opposite is observed for
KNI-577. Consistent with these observations, it ap-
pears that KNI-764 is able to gain binding eniropy by a
two-fold mechanism: it gains solvation enirepy by
burying itself deeper within the binding pocket and
gains conformational entropy by losing inieraction
with the protease. Proteins 2004;55:594-602.
© 2004 Wiley-Liss, Inc.

© 2004 WILEY-LISS, INC.

Key words: HIV protease; drug resistance; thermo-
dynamics; crystallography; calorimetry

INTRODUCTION

A significant obstacle to the efficacy of drugs directed
against viral targets is the appearance of drug-resistant
mutations in the targeted molecules. The clinical use of
HIV-1 protease inhibitors in antiretroviral therapies
clearly illustrates the capacity of the virus to mutate
and develop strains carrying mutant protease molecules
with a significantly lower affinity for the inhibitors
while maintaining sufficient catalytic activity for viral
reproduction.’® To be effective against a wide spectrum
of protease variants, an inhibitor needs to exhibit an
extremely high activity against wild-type protease and
be affected only mildly by protease mutations. Ideally,
an inhibitor should have a binding affinity in the 1-50
pM range against the wild type and be affected by
mutations by a factor of 100 or less.'®~1? The extremely
high activity required against the wild type can only be
achieved if both enthalpy and entropy contribute favor-
ably to the Gibbs energy.

In this article we describe the high resolution erystallo-
graphic structures of the complexes of two chemically and
structuralty similar HIV-1 protease inhibitors (KNI-764
and KNI-577) with the wild type HIV-1 protease and a
common mutation associated with drug resistance to pro-
tease inhibitors currently in clinical use (V82F/IB4V). Both
inhibitors bind to the wild-type HIV-1 protease with high
affinity but respond differently to the mutation.'® Despite
their chemical and structural similarities, KNI-577 loses
binding affinity by a factor of 200 while KNI-764 loses
binding affinity only by a factor of 20.%° By combining high
resolution structural data with binding thermodynamic
results for both inhibitors against wild type and mutant
protease, we atfempt to understand the mechanism by
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which an inhibitor can evade the negative effects of
mutations. This mechanism could delineate a general
strategy for the design of drug molecules that are more
resistant to the effect of target mutations.

METHODS
Protein Purification

Protease expression, purification and refolding were
performed as described before,2®2¢ Briefly, plasmid-
encoded HIV-1 protease was expressed as inclusion bodies
in E. coli BL21(DE3). Cells were suspended in extraction
buffer (20 mM Tris, 1 mM EDTA, 10 mM 2-ME, pH 7.5)
and broken with two passes through a French pressure cell
(216000 psi). Cell-debris and protease-containing inelu-
sion bodies were collected by centrifugation (20,000 g for
20 min at 4°C), Inclusion bodies were washed with three
buffers. Each wash consisted of re-suspension (glass homog-
enizer, sonication) and centrifugation {20,000 g for 20 min
at 4°C). In each step a different washing buffer was
employed: buffer-1 (25 mM Tris, 2.5 mM EDTA, 0.5M
NaCl, 1 mM Gly-Gly, 50 mM 2-ME, pH 7.0); buffer-2 (25
mM Tris, 2.6 mM EDTA, 0.5M NaCl, 1 mM Gly-Gly, 50
mM 2-ME, 1M urea, pH 7.0); buffer-3 (25 mM Tris, 1 mM
EDTA, 1 mM Gly-Gly, 50 mM 2-ME, pH 7.0). Protease was
solubilized in 25 mM Tris, 1 mM EDTA, 5 oM NaCl, 1 mAM
Gly-Gly, 50 mM 2-ME, 9M urea, pH 9.0, clarified by
centrifugation and applied directly to an anion exchange
Q-Sepharose column (Q-Sepharose HP, Pharmacia) previ-
ously equilibrated with the same buffer. The protease was
passed through the column and then acidified by adding
formie acid to 26 mM immediately upon elution from the
column. Precipitation of a significant amount of the con-
taminants cccurred upon acidification. Protease-contain-
ing fractions were pooled, concentrated and stored at 4°C
at 5-10 mg/mL, :

The HIV-1 protease was folded by fen-fold stepwise
dilution into 10 mM formic acid at 0°C. The pH was
gradually increased to 3.8, and then the temperature was
raised to 30°C. Sodium acetate (pH 5.0) was added to
inerease the pH to 5.0, and the protein was concentrated.
Folded protease was desalted into 1 mM sodium acetate at
PH 6.0 using a gel filiration column (PD-10, Pharmacia)
and stored at either 4°C or —20°C (=2.5 mg/ml) without
loss of activity over several weeks. After folding, the
protease was estimated to be =93% pure.

Activity of the refoided protein was assessed by active
site titration, performed by isothermal titration calorim-
etry (VP-ITC, Microcal LLC, Northampton MA) as de-
scribed before, 1417

Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments were car-
ried out using a high precision VP-ITC titration calorimet-
rie system (Microcal Ine, Northampton, MA). The enzyme
solution (10-20 M dimer) in the calorimetric cell was
titrated with KNI-764, KNI-577 or acetyl-pepstatin {0.15-
0.3 mM) dissolved in the same buffer (10 mM, DMSO 2%
v/v}. In displacement titration experiments (see below),
inhibitors were injected into the calorimetric cell contain-
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ing the protein pre-bound to a wealk inhibitor (acetyl-
pepstatin) as described before.'**?¢ The concentration of
acetyl-pepstatin in the titration cell was 0.2 mM. Protein
and inhibitor solutions were properly degassed and care-
fully loaded into the cells to avoid bubble formation during
stirring. Exhaustive cleaning of the cells was undertaken
before each experiment. The heat evolved after each ligand
injection was obtained from the integral of the calorimetric
signal. The heat due to the binding reaction between the
inhibitor and the enzyme was obtained as the difference
between the heat of reaction and the corresponding heat of
dilution. Blank experiments were performed by injecting
the inhibitor into buffer solution to confirm the absence of
self-association effects in the ligand.

The binding enthalpy was measured at two pH values
(3.8 and 5.0) using several buffers differing in ionization
enthalpy (acetate 0.12 keal/mol, MES 3.72 kecal/mol, ACES
7.51 keal/mol, cacodylate —0.47 keal/mol, formate —0.05
keal/mol, glycine 1.07 keal/mol, cytidine 4.50 kcal/mol}.
The extension and contribution of protonation/deprotona-
tion processes to the binding were assessed by determina-
tion of the pH-dependence of the binding enthalpy. The pH
values were selected according to a previous work with
KNI-272, another allophenylnorstatine-based inhibifor,
which exhibits maximal and minimal proton release upon
binding at these pH values.’” The binding enthalpy of both
KNI-764 and KNI-577 showed no dependence on the
ionization enthalpy of the huffer, indicating no net proton
exchange under the conditions of these experiments.

Displacement Isothermal Titration Calorimetry

KNI-764 and KNI-577 are tightly-binding inhibitors
(K, < 1 nM) of the HIV-1 protease, and therefore standard
titration experiments do not provide accurate estimates of
the binding affinity, even though the binding enthalpy can
be determined with high acecuracy. In order to overcome
this impediment, calorimetric displacement titrations were
carried out, allowing for the determination of the affinity
and enthalpy of binding.}***?%27 In calorimetric displace-
ment titrations, the high-affinity inhibitor is titrated into a
protease sample pre-bound to & weaker inhibitor. Under
these conditions, the apparent binding affinity of the tight
inhibitor diminishes in a manner proportional to .the
affinity and free concentration of the weak inhibitor and
becomes calorimetrically measurable. Two calorimetric
titrations are required to solve the binding equations and
determine the binding affinity and binding enthalpy of the
tightly-binding inhibitor: the titration of the weak inhibi-
tor into the protease and the titration of the high-affinity
inhibitor into the protease pre-bound to the weak inhibi-
tor. Analysis of the data was performed using software
developed in this laboratory as described previously.'! The
change in heat capacity, the temperature derivative of the
binding enthalpy, was determined by performing titra-
tions at different temperatures (Fig. 1). It can be caleu-
lated as the slope from the linear regression of bhinding
enthalpy versus temperature.
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Figure 1.  Typical calorimetric titrations of KNI-577 (top) and KNI-764

{bottom) into a solution of HIV-{ wild-type protease. The experiments
were performed in sodium acetate 10 mM, pH 5.0 and DMSO 2%. The
experiments on the left panels were psrformed at 20°C and on the right
panels at 30°C. Additional experiments at 25°C were also used to
determine the heat capacity change for each inhibitor against each
protease used in these studies.

Crystallization

Crystals of HIV-1 protease WT were grown in hanging
drops of equal amounts of reservoir solution (100 mif
MOPS pH 7.0, 250 mM NaCl, 10 md/ DTT, 3 mM NaN,)
and protein solution (6 mg/mL, 1 mM sodium acetate pH
5.0, 2 mM NaCl). Previously, the inhibitor (KNI-764 or
KNI-577) was added to the protein solution from a concen-
trated (~15 mM) stock solution in 100% DMSQ to a final
ratio of protease to inhibitor of 1:2. The drops were
equilibrated against a volume of 1 mL of reservoir solution.
DMSO was added to the reservoir to a final percentage
equal to the one expected in the drops after equilibration
(=~T7%), Crystals grew in 1-2 days at 4°C.

Direct attempts to crystallize the V82F/184V double
mutant protease with the inhibitors KNI-764 and KNI-577
were not successful. In order to overcome this difficulty,
crystallization was made with acetyl-pepstatin under the
same conditions as reported above for the protease WT.
Because acetyl-pepstatin is a less potent inhibitor than the

VEGAET AL,

KNT’s, the ratio of fprotease to inhibitor was increased up
to 1:10. Because the stock solution of acetyl-pepstatin (~8
mM) was made in pure water, no DMSO was added to the
regervoir. Crystals grew in 1-2 days at 4°C.,

Once double mutant protease crystallized with acetyl-
pepstatin, a ligand replacement technique was employed
fo obtain crystals of double mutant with KNI-764 and
KNI-577, Crystals of protease with acetyl-pepstatin were
washed and soaked in drops made with equal volumes of
precipitant buffer and KINI-764 or KNI-577 solution (at 1
maf sodium acefate pH 5.0, 2 mM NaCl). Again, DMSO
was added in the reservoir to the same percentage as the
one expected in the drops after equilibration (=7%).

Structure Determination

Four different data sets (wild-type and mutant HIV
protease with either KNI-764 or KNI-577) were collected
t0 2.0 A resolution on a RAxis I'V Image Plate system using
a rotating anode source equipped with Osmic mirrors
{Molecular Structure Corporation, Texas). Diffraction data
were processed with DENZO and SCALEPACK 28 Autoin-
dexing and consideration of systematically absent reflec-
tions revealed that the crystals belong to space group
P2,2,2, unit-cell parameters ¢ = 57.7 A, b = 85.8 Ac=
46.5 A with two monomers in the asymmetric unit, Molecu-
lar replacement searches using the coordinates of the HIV
protease from the crystal structure of the complex with
inhibitor KNI-272 (PDB ID: 1HPX} as the search molecule
vielded a clear solution.

An electron density map, calculated with phases based on
the protein only, showed well-resolved density that allowed
fitting all portions of the inhibitor as well as the side chaius of
mutated residues. Models consisting of protein coordinates
plus those of the inhibitors were refined using the Crystallog-

- raphy and NMR System (CNS)*® with a residual target that

did not include non-crystallographic symmetry restraints,
Rebuilding and correction of the models was guided by
cA-corrected 2Fo-Fe electron density maps. R and R-free
(calculated with randomly selected 10% of the reflections)
were used to monitor refinement of the model.®® The quality
of the structures was assessed with the program PRO-
CHECK.* The final refinement and model statistics are
shown in Table L.

Coordinates

The coordinates have been deposited in the Protein Data
Bank (accession codes IMRW and 1MRX for the complex of
KNI-577 with the wild type and drug resistant mutants,
and IMSM and 1MSN for the complex of KN1-764 with the
wild type and drug resistant mutants, respectively).

RESULTS AND DISCUSSION
The Inhibitors

KNI-577 and KNI-764 are highly potent inhibitors of
HIV-1 protease with K values in the subnanomolar range
against wild-type enzyme.}® At 25°C, KNI-577 and KNI-
764 bind to wild-type protease with K; values of 0.2 and
0.08 nlMf respectively. Structurally, the two inhibitors are
identical except for the functional group at the P2/ position
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TABLE 1. Statistics for Data Collection and Refinement

Data sets HIV Protease WT HIV Protease 82/84MT HIV Protease WT HIV Protease 82/84MT
Inhibitor KNI-764 KNI-764 KNI-577 KENI-577
Space group P21212
Cell constants a=5814b=86.0Ac=4654A
Resolution 20-2.04 20-2.0A 20-2.04 20-2.04
Observed refiections 122330 121342 126994 81856
Unigque reflections 15861 15875 16090 13481
Completeness (%) eyl 98.5 933 82.9
{High resolution shell) 87.7 95.9 887 75.8
Rsym! -0.087 0.078 0.103 0.072
Refinement
R crystal/R free 0.209/0.236 0.222/0.249 0.21810.246 ©.208/0.250
Model composition®

Aminoe acids 198 (1516) 198 (1522) 198 (1516) 198 (1522)

(atoms)

Ligands (atoms)

KINI-764 or KNI- 1{41) 1¢41) 137 1337

B77

Waters 147 123 112 128

Total atoms 1704 1686 1665 1687
Stereochemistry®
r.m.s. Bond length (A) 0.0063 0.0066 0.0085 0.0062
r.n.s, Angles (°) 122 128 131 123
<B-factor protein>> 24.2 272 28.3 262
<B-factor water> 816 352 33.6 341
<B-factor ligand> 17.7 258 26.0 222

"Ry = Cllug—{DPAZL,), where I, is the observed intensity and (B is the average intensity obtained from multiple observations of

symmetry-related reflections.
“Model composition shows two monomers in asymmetric unit.

30ver 90% of main chain dihedrals fall within the ‘most allowed regions’ of the Ramachandran plot.

(see Fig. 2), In KNI-577, this position is occupied by a
symmetric {-butylamide group, whereas in KNI-764 the
position is occupied by a larger methylbenzylamide group.
In KNI-577, there is one rotatable bond between the amide
and the z-butyl group, and in KNI-764 there are two
rotatable bonds between the amide and the pheny! ring.
Both inhibitors bind to the protease in a process favored by
enthalpic and entropic interactions.’® At 25°C, the differ-
ences in affinity are due to the more favorable binding
enthalpy of KNI-764 (2.9 keal/mol) (see Fig. 1 and Table
D), suggesting that this inhibitor establishes better inter-
actions with wild-type protease than does KNI-577. KNI-
577 on the other hand, exhibits a more favorable entropic
contribution to the Gibbs energy of binding than does
KNI-764 (1.8 keal/mol), but this is not sufficient to over-
come the more favorable binding enthalpy of KNI-764.

Analysis of the erystal structures of KNI-577 and KNI-
764 bound to wild-type protease reveals that a group of
conserved water molecules at the inhibitor—protein inter-
face (Fig. 3) plays a crucial role in establishing a tight
atomic packing density within the binding cavity. These
water molecules have been shown to be immobilized
within NMR timescales in the case of another allophenyl-
norstatine (Apns)-based inhibitor.’® Also, because these
water molecules establish important hydrogen bonds and
van der Waals contacts between inhibitor and protein,
they have been shown to contribute significantly to the
observed binding enthalpy,*

Inhibitor Response to V82F/I84V Dirug Resistant
Mutation

Despite their structural similarities, the two inhibitors
respond differently to the same drug resistant mutation
V82F/I84V. Figures 3 and 4 show the structures of the
inhibitors bound to wild-type and V82F/I84V protease
mutant. Previously, Reiling et al'® determined the struc-
ture of KNI-764 with a version of wild-type protease
differing in six residues from the one reportad here.

Although the structures of the four complexes reported
here are highly similar, small localized differences are
observed among them (Figs. 3-4). In all complexes, both
monomers (A and B) of the HIV-1 protease interact with
the inhibitor. In the case of the complexes with KNI-764,
residue 82 (monomer A) interacts with the phenyl ring of
the inhibitor, and residue 84 (monomer A) interacts with
the same phenyl ring as well as with the methylbenzylam-
ide moiety. In monomer B, residue 84 interacts with the
dimethylthioproline group, but residue 82 does not inter-
act with the inhibitor. As a result of these interactions, the
substitutions present in the mutant (V82F/I84V) bring
about small but significant changes in both the position
and the conformation of the inhibitor. The largest changes
involve movements of the aromatie rings of the inhibitor.
The rotation in the plane of the ring of the methylbenzylam-
ide by about 25° results in displacements of several atoms
by up to 1.3 A. Displacements of the same magnitude are
observed for the 3-hydroxy-2-methylbenzoyl moiety, and
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Figura2, The chemical structure of KNI-577 {eft) and KNI-764 (right).
Both inhibitors share the same allophenyl-norstatine scaffold at the P1
position {red) and the same functional groups at the P2 {blug) and P1*
positions {green). The only difference is at the P2 position (magenta.

Figure 3. Complexes of KNI-764 and KNI-577 bound to wild-type
(upper panels) and V82F/184V double mutant (lower panels) HIV-1
protease. The electronic densities of KNI-764 {left panels) and KNI-577
(right panels) bound to the protease are shown., Water molecules
considered in the structure-based thermodynamic analysis are shown in
red.

smaller changes occur for the phenyl ring in Apns and the
dimethylthioproline moieties.

In the complexes with KINI-577 all of the differences
between wild type and mutant are smaller than those
observed with KNI-764 with one exception: the displace-
ment of the phenyl ring in Apns is significantly larger than
in the other complex. In the rest of the structure, including
the 3-hydroxy-2-methylbenzoyl moiety and the dimethyl-
thioproline, the changes are in general less than 0.3 A. The
t-butyl group, which in KNE-577 replaces the methylbenzyl-
amide of KNI-764, hardly moves at all compared to the
large movement experienced by the methylbenzylamide of
KNI-764. The effect of these structural changes on the
differences in thermodynamic properties of the four com-
plexes is discussed below.

Thermodynamic Response to Drug Resistant
Mutation

KNI-764 and KNI-577 lose significant enthalpic interac-
tions (2.3 and 2.6 keal/mol, respectively) when facing the

VEGAET AL,
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Figure 4. Superposilion of the complexes of KNI-764 (left) and
KNI-577 {right) bound to wild-type {cyan) and double mutant {purple)
prolease.

drug resistant mutant (Table II}. However, KNI-764 is
able to partially compensate for the loss in binding en-
thalpy by a gain in binding entropy. When the effects of the
enthalpy loss and the entropy gain are combined, it
becomes evident why KINI-764 loses affinity by only a
factor of 25 while KINI-577 loses affinity by a factor of 260.
In absolute terms, KNI-764 maintains a nanomolar affin-
ity against the drug-resistant mutant while the affinity of
KNI-577 becomes close to 100 nM. In fact, KNI-764
inhibits the V82F/I84V drug-resistant mutant with an
affinity similar to that of first-generation protease inhibi-
tors against wild-type protease.®~*! The affinity of KNI-
577, on the other hand, weakens below the level required
for effective inhibition,

Isothermal titration calorimetric experiments per-
formed at different temperatures (Fig. 5} indicate that the
binding of both inhibitors is associated with a negative
change in heat capacity. The magnitude of the heat
capacity change is different for each inhibitor, and their
response to the drug-resistant mutant is also different.
KNI-764 exhibits a AC, of —360 = 20 cal K™} mol™!?
against the wild type and —390 + 15 cal K~ mol~! against
the mutant. KNI-577, on the other hand, exhibits a AC, of
—-420 + 20 cal K™ mol™! against the wild type and
—380 + 20 cal K™* mol™" against the mutant, i.e. the AC,
value for XNI-764 decreases while the AC, value for
KNI-577 increases. '

The solvent-accessible surface areas of KNI-577 and
KNI-764 are 760 and 820 A® respectively, of which 598 and
657 A? correspond to non-polar surface. Upon binding to
the wild-type enzyme, KNI-577 buries 573 A2 of its non-
polar surface and 163 A2 of its polar surface. KNI-764, on
the other hand, buries 607 A2 of its non-polar surface and
162 A? of its polar surface. Against the V82F/I84V mutant
KNI-577 buries 558 A2 of its non-polar surface, while
KNI-764 buries 619 A® The amount of buried polar
surface remains unchanged for both inhibitors. The actual
increase in the non-polar surface area buried by KNI-764
against the mutant protein reveals the adaptability of this
inhibitor by its capacity to bury itself deeper into the
mutant binding cavity. At the thermodynamic level, this
structural feature provides an important contribution to
the compensating entropy change. The opposite effect is
seen with KNIE-577, which buries a smaller non-polar
surface area against the mutant protease,
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TABLE 11. Binding Thermodynamics of Inhibitors to Wild Type and V82F/I84V Drug-Resistant
Mutant at 25°C
AG AH ~TAS AC,
{calimol) {cal/mol) (cal¥mol) [eal k"t mol™Y
KNI-764 - WT —14300 + 100 =7600 = 300 —6700 £ 300 —-860 = 20
KNI-764 — VB2F/184V —12400 = 100 —5300 = 200 =T7100 = 200 -390 15
ENI-577T —WT —13200 + 100 —4700 = 200 =8500 * 200 —420 + 20
KNI-577 — VB2F/I84V =8900 + 100 =2100 = 200 —T7800 * 200 =380+ 20
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Figure 5, Determination of the change in heat capacity (AC,) upon binding for a) KNI-764 and b) KNI-577 to
wild-type and V82F/184V mutant proteases. AC, is equat lo the slope of the enthaipy versus temperature plot.

The loss in binding enthalpy against the mutant experi-
enced by hoth inhibitors can be explained in terms of the
loss of van der Waals contacts when the inhibitors, se-
lected against the wild-type enzyme, face an altered
binding cavity. The gain in entropy experienced by KNI-
764 could originate from several factors. An increase in
solvation entropy would be consistent with the more
negative heat capacity change observed with the mu-
tant.’® Another potential source of compensation is an
increase in conformational entropy. One can envision a
situation in which the loss of interactions is accompanied
by an increase in the conformational degree of freedom of
ligand and protein, especially if the loss oceurs in non-
conformationally constrained regions of the inhibitor, In
this respect we observe an increase in the crystallographic
B-factors for the KNI-764/mutant complex, while the
opposite is true for KNI-577.

Structure-Based Thermodynamic Analysis

The crystallographie structures and the thermodynamic
data discussed here indicate that the partial compensation
of the binding enthalpy loss with an actual gain in binding
entropy provides the thermodynamic mechanism to escape
the deleterious effects of the V82F/I84V drug resistant
mutation, and that this behavior originates from the
better adaptability of KINI-764 to the binding site distor-
tions infroduced by the mutations. Recently, a refined
structural parameterization of the enthalpy change associ-
ated with the binding of small ligands was presented.'
Four set of parameters were considered to be important for
a quantitative account of the binding enthalpy: (1) the
interactions between ligand and protein, reflected in
changes in solvent accessible surface areas for ligand and

protein; (2) the conformational change associated with
binding; (3) the presence of water molecules at the protein—
Ligand interface (a cutoff of 6 A for completely buried water
molecules was reported); and (4) any effects due to protona-
tion/deprotonation associated with ligand binding.

In order to assess whether the thermodynamic response
can be explained quantitatively in terms of structure, a
parameterization of the binding energy developed previcusly
was utilized. If the parameters reported by Luque and
Freire' [AH(25) = AH,..~ 7.35AASA,,, + 31.06 X AASA ]
are applied to the four structures presented here, the results
shown in Figure 6 are obtained. In all cases, the reported
conformational enthalpy change (AH_,.»} of 5900 cal/mol for
the protease molecule upon binding was used.™ Protonation
effects for these two inhibitors do not contribute significantly
to the binding enthalpy, as demonstrated by microcalorimet-
ric titrations performed with buffers having different heats of
ionization (data not shown).'” Aceording to the published
report,'* water molecules at protein-inhibitor interface con-
tribute significantly to the binding enthalpy. In the KNI-764
complex with the wild type, six water molecules are buried
within 6 A of the inhibitor (2, 5, 10, 27, 99, 148) while in the
complex with the drug resistant mutant only 5 water mol-
ecules (11, 22, 47, 91, 111) are buried. In the complex of
KNI-577 with the wild—type protease, five water molecules
are buried within 6 A (1, 5, 6, 49, 84), and the same number
are found with the resistant mutant (8, 7 57, 87, 128). The
water molecules that satisfy the published criteria are shown
in Figure 3. As shown in Figure 6, the parameterization
predicts the binding enthalpies within 1.4 keal/mol of the
experimental value, For KNI-577 against the mutant pro-
tease, the error is somewhat larger and amounts to ~2
kecal/mol. In all cases, the loss of binding enthalpy against the
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Figure 6, Experimental and calculated binding enthalpies {(open and hatched bars) and binding Gibbs
energies (solid and crossed bars), The standard deviation between experimental and calculated enthalples ks
1.4 keal/mol. The standard deviation between experimental and calculated Gibbs energies is 1.3 keal/mol.

TABLE HOI. Structure-Based Thermodynamie Analysis of Inhibitor Complexes with Wild
Type and Drug-Resistant Mutant at 25°C

KNI-764 KNI-764 ENI-577 KNI-577
wild type mutant, wild type mutant
AASA A2 —588(—322) -535 (—333) -527(-337) —499 (—825)
AASA_ ! A? —B48 (~889) -884(—982) —756 (—814) - 789 (—828)
AH,, kealimol -12.0 -10.1 -10.8 -9.7
—TAS,,, keal/mol -23.3 —-25,0 ~20.7 -221
~TAS nekeal/mol 18.4 18,5 16.1 16.8
~TAS,, keal/mol 24 2.4 24 24
AG, keal/mol 0.2 04 02 03
AG, ., keal/mol -143 ~13.8 -12.8 ~123

1The changes in solvent accessible surface area include the contributions due to the water molecules at
the protein/inhibitor interface. The number in parenthesis represent the changes in solvent accessible
surface areas calculated without taking into consideration the water molecules at the protein/inhibitor
interface. AH,,, is the intrinsic binding enthalpy assuming that the protease is in the same conformation
in the free and bound states. The experimental enthalpy is caleulsted by adding the enthalpy
corresponding to the change in conformation (5.9 keal/mol) to this value. A8, and AS, . are the
calculated changes in solvation and conformational entropy, respectively. AS,, correspond to the loss of
translational degrees of freedom and is approximated by the cratic entropy’®. AG,, is the coulombic

contribution to the Gibbs energy*®.

drug resistant mutant is correctly predicted. Each water
molecule optimizes the atormic packing density between
inhibitor and protein and contributes on the order of —1.2
keal/mol to the binding enthalpy. Against the drug resistang
mutation, KNI-764 loses one of the buried water molecules
but is able to partially compensate for this loss by accommo-
dating itself within the binding pocket. [t ends up suffering a
smaller enthalpy loss than KNI-577, which maintains the
samme number of buried water molecules with the mutant.
The global changes in solvent aceessible surface area are
shown in Table IIL These changes include the sum protein
contributions, as well as those made by the inhibitor, taking
into consideration the water molecules at the protein—

inhibitor interface. For comparison, the global changes caleu-
lated without considering the water molecules are also
shown. It is clear that the inclusion of the water molecules
makes a significant contribution, especially to the polar
surface that is buried upon binding, It is also seen that
against the mutant the enthalpy loss originates from a
dimirdshed number of polar contacts reflected in a loss in
buried polar surface avea coupled to a gain in buried non-
polar surface area. The larger error observed for KNI-577
against the mutant protease could be due to an overestima-
tion of the number of water molecules buried at the interface.
As a result of this ervor, KNI-577 is predicted to lose ~1
keal/mol less than KNI-764 against the mutant. In the



