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Ultrafree®-MC, Millipore). The filtrate was analyzed by
RP-HPLC to determine its solubility.

5.8. Stability of O-acyl isopeptides 9-14 in phosphate-
buffered saline (pH 7.4)

To 495 uL of PBS (pH 7.4) were added 5 pL of a solu-
tion including each O-acyl isopeptide (1 mM in DMSO),
and the mixture was incubated at 37 °C in a water bath.
At the desired time points, 500 pL of 1,1,1,3,3,3-hexaflu-
oro-2-propanol was added to the samples and 500 pL of
the mixture was directly analyzed by RP-HPLC. HPLC
was performed using a C18 (4.6 x 150 mm; YMC Pack
ODS AM302) reverse-phase column with a binary sol-
vent system: linear gradient of CH,CN (0-100%,
40 min) in 0.1% aqueous TFA at a flow rate of
0.9 mL min™", detected at UV 230 nm.
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One of the most important goals in the development of lead com-
pounds is the optimization of their binding affinity towards the
intended target, as binding affinity is directly related to potency.
Moreover, this goal needs to be accomplished in ways that do not
compromise important properties like solubility or bioavailability.
Recent experimental and computational developments permit monit-
oring of the thermodynamic forces that define the binding affinity,
the enthalpy and entropy changes, thus providing a rigorous guide-
line 1o the optimization process. Having access to individual compo-
nents of the binding affinity rather than its overall value
accelerates the optimization process and facilitates the achievement
of extremely high affinity.

Binding affinity originates from different types of interactions
between the drug molecule and the target protein as well as their
interactions with the solvent {water}. In the optimization of binding
affinity, there are terms that can be controlled by the designer and
terms that are beyond control. The loss of translational degrees of
freedom, for example, cannot be altered. For competitive inhibitors
that target the same site, the energy associated with conformation-
al changes in the protein is usually constant and cannot be
manipulated. The situation is obviously different for drugs that oper-
ate allosterically by modulating conformational changes. From the
viewpoint of affinity optimization, the binding energy can be viewed
as the difference between the interaction energy with the target
and the desolvation energy of the drug molecule. These interactions
contribute in a characteristic fashion to the enthalpy and entropy of
binding, two quantities that can be measured experimentally by iso-
thermal titration calorimetry {ITC} and that can be used to guide the
optimization process.

At the thermodynamic level, the binding affinity is determined by
the magnitude of the Gibbs energy {AG), which is a function of only
two terms, the enthalpy (AH) and the entropy {AS) changes. As the
enthalpy and entropy contribute to the binding energy in an additive

fashion (AG = AH — TAS), it is clear that an infinite number of
enthalpy and entropy values can add up to vield the same Gibbs
energy value. Compounds that exhibit the same AG will bind to the
target with the same affinity; however, compounds that are either
predominantly enthalpic or entropic will differ in other aspects, as
the enthalpy and entropy changes originate from different types of
interactions.

The enthalpy change reflects the strength of drug/target interactions
in relation to those with the solvent. The favorable term arises pri-
marily from van der Waals and hydrogen bonding interactions
between drug and target. Two major terms define the binding
entropy; the first one is the solvation entropy associated with the
burial from the solvent of hydrophobic groups, and the second one
is the conformational entropy, which usually reflects the loss of con-
formational degrees of freedom upon binding. From the engineering
point of view, a favorable enthalpy change is obtained from good
geometric complementarity between drug and target and the proper
location of hydrogen bond donors and acceptors. As these interac-
tions are stereo-specific, a favorable enthalpy change is not only an
important contributor to affinity but also to selectivity. The solvation
entropy change reflects a repulsion of the drug from the solvent
rather than an attractive interaction with the target. This is a favora-
ble but non-specific force proportional to the hydrophobicity of the
drug. The conformational entropy change, on the other hand, usually
reflects a loss of conformational degrees of freedom in the drug
molecule and protein, being therefore an unfavorable term. The
magnitude of the conformational entropy loss can be reduced by
introducing conformational constraints in the drug molecule so that
it occupies similar conformations in the free and bound states.

Affinity Optimization

The binding affinity of a compound can be improved by generating
a favorable binding enthalpy, favorable solvation entrapy, or by min-
imizing the unfavorable conformational entropy. Obviously, extremely
high affinity is achieved when the three factors are optimized sim-
ultaneously. The degree of difficulty associated with optimizing the
enthalpy is not the same as the one asscciated with optimizing
the entropy. Historically, it has proven much easier to optimize the
entropy. As the major favorable contributor is the hydrophobic
effect, which is proportional to the number of non-polar groups that
are buried from the solvent, the tendency throughout the years has
been toward an increase in the hydrophobicity of drug candidates
(1. 2). Medicinal chemists have long learned to conformationally
constrain and pre-shape molecules to the geometry of the binding
site, which completes the entropy optimization. According to these
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Table 1: Desolvation enthalpy of different chemicai functionalities at
25 °C.

AH AH AH
Group {kcal/mol) Group {kcal/mol} Group {kcal/mol)
NH; 79 OH 8.7 CHs 0.57
NH 9.4 S0 12.7 CH, 077
N 9.3 Co 5.5 CH 0.73
NO, 47 C00 54 CHaromatic 07
0 52 COOH 8.4 C 1.1

Values have been taken from Cabani et al {9) and represent values from
water to the gas phase.

traditional precepts, affinity is achieved through hydrophobicity, and
selectivity is achieved through shape complementarity.

There is a limit, however, to the hydrophobic character that can be
imparted to a compound before it becomes completely insoluble
and useless as a drug molecule. At some point in the optimization
process, it becomes necessary to introduce favorable enthalpic
interactions if the goal is to achieve nanomolar or sub-nanomolar
affinities. The exact threshold depends on the characteristics of the
target site. Compounds that exhibit extremely high affinity have
been shown to display both favorable entropic and enthalpic inter-
actions (3-5). Despite the limits to affinity, a compound that derives
selectivity primarily from shape complementarity is prone to lose
some when confronted with homologous enzymes with structurally
similar binding pockets.

Even though enthalpic interactions are required for extremely high
affinity and improved selectivity, the optimization of the binding
enthalpy has been notoriously more difficult than the optimization
of the binding entropy, the reason being that the enthalpy of desol-
vation of polar groups is very large and unfavorable, as shown in
Table 1. Polar groups carry a desolvation penalty about ane order
of magnitude larger than non-polar groups. A polar group needs to
establish a very good interaction with the target in order to com-
pensate for the desolvation penalty and make a favorable contribu-
tion. For this reason, they are often engineered as solubilizers of
otherwise extremely hydrophobic compounds rather than major con-
tributors to affinity.

As the major contributors to the binding enthalpy are polar groups,
a common misconception is that enthalpically driven compounds
must be highty polar and that consequently their bicavailability will
be compromised. In fact, what is often observed experimentally is
that compounds with the same number of polar groups have vastly
different binding enthalpies. For example, among the HIV-1 protease
inhibitors, saquinavir and TMC-126 have exactly the same number
of polar groups; however, saquinavir binds to the protease with an
unfavorable enthalpy of 1.5 keal/mol, whereas TMC-126 does so
with a very favorable binding enthalpy of —12 kcal/mol. To generate
a favorable binding enthalpy, it is not the number of polar groups
that matters but the quality of their interactions with the target. It
is better to have few groups that establish strong interactions than
a large number of groups mostly paying the desolvation penalty. In
fact, it has been shown that there is no correlation between the
enthalpic character of a compound and the Lipinski rules of five (4).

2

AHAG

-0.2 -
5.50 6.50 7.50 8.50 9.50
Log Ka

Figure 1: Enthalpic contribution to the Gibbs energy
of binding (AH/AG) versus the logarithm of the binding
affinity (Log K,) for 71 allophenylnorstatine inhibitors
of plasmepsin H. Al thermodynamic parameters were determined
under identical conditions (10 mm formate buffer, pH 4.0, 2% DMSO, at
25 °C).

Fortunately, the situation is changing on two fronts. Experimentally,
ITC permits monitoring of the enthalpy and entropy changes
throughout the optimization process and therefore a direct evalua-
tion of the thermodynamic consequences of introducing different
functionalities at specific sites. At the computational level, the suc-
cess of the initial work dealing with the derivation of empirical cor-
relations between binding enthalpy and structural parameters (6)
has led to new ways of predicting enthalpy from structure and of
predicting the enthalpic effects expected from the introduction of
different functionalities into a given scaffold.

The optimization funnel

One of the ongoing projects in this laboratory is the development
of plasmepsin inhibitors as new anti-malarial drugs (7). Starting
with the allophenylnorstatine scaffold that mimics the main clea-
vage site in the hemoglobin molecule of infected victims, we have
been able to generate high affinity inhibitors with K's in the high
picomolar range {7, 8). The evolution of the potency of these com-
pounds reflects the situation encountered in most drug discovery
laboratories when a given chemical scaffold begins to be optimized.
Starting with hits characterized by Ki's in the micromolar range, the
goal is to increase potency by three to five orders of magnitude,
i.e. an increase in the Gibbs energy of binding of 4-7 kcal/mol.
How can this be achieved? How do the individual components of
the Gibbs energy advance?

Figure 1 shows the evolution of the contribution of the enthalpy
change to the total Gibbs energy of binding as the affinity of the
compounds to plasmepsin il is optimized from the micromolar to
the high picomolar level. It is immediately apparent that low affinity
compounds can exhibit @ wide range of enthalpy/entropy combina-
tions. In other words, low affinity can be generated by essentially
any combination of hydrophobic and polar interactions. As the affin-
ity increases, the range of enthalpy/entropy combinations narrows

Chem Biol Drug Des 2005



and appears to converge to a smaller range of values as the max-
imal affinity is approached. For this series of plasmepsin 1l inhibi-
tors based upon the allophenylnorstatine scaffold, the highest
affinity was achieved with a binding enthalpy of -4.5 kcal/mol and
an entropic contribution (—7AS) of ~8.8 kcal/mol.

The data in Figure 1 clearly demonstrates the importance of bal-
ancing enthalpic and entropic contributions in order to maximize
binding affinity and illustrates important steps in the design pro-
cess. As enthaipic interactions are more difficult to engineer,
enthalpically driven hits are usually easier to optimize than
entropically driven ones; ie. it is less costly energetically to
introduce hydrophobic groups. A calorimetric characterization of
hits identified by screening or any other method should allow
the designer to recognize the nature of the forces by which the
hits bind to the target. This step is crucial at these early sta-
ges, because it allows separation of those molecules that bind
because they are excluded from the solvent from those that bind
because they establish favorable interactions with the target. It
is at the earlier stages where the spread of enthalpy/entropy
combinations is maximal and where a careful decision needs to
be made. It is always advantageous to choose compounds that
establish good interactions with the target and thermodynamic
dissection provides that information. Further down the optimiza-
tion road, thermodynamic dissection indicates if the process is
driven within a reasonable pathway, avoiding thermodynamic
exiremes that sooner or later lead the process to a roadblock
and sometimes a dead end. Obviously, this task is facilitated if
it is supplemented by algorithms able to predict the enthalpic or
entropic consequences of introducing different chemical functio-
nalities in the scaffold under optimization.
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Abstract

In order to obtain indicator cell lines that are exquisitely susceptibie to human T-lymphotropic virus type 1 (HTLV-1), luciferase gene
driven by HTLV-1 long terminal repeat (LTR) was transfected into lymphocytic H9 cells with neo gene, and cell lines were selected by G418.
A cell line (H9/K30luc) was found to produce an extremely high level of luciferase only when co-cultured with HTLV-1 producer MT-2 cells.
Both in the absence and presence of a reverse transcriptase (RT) inhibitor azidothymidine, H9/K30luc cells generated similarly high luciferase
activity upon co-cultivation with MT-2 cells. To develop an equivalent system for human immunodeficiency virus type 1 (HIV-1),
HO/NL432 cells, which are stably infected with HIV-1 and producing a low level of the virus-like MT-2 cells for HTLV-1, were generated.
Together with the indicator cell line HO/H 1luc for HIV-1 already reported, antiviral effects of some agents on HTLV-1 and HIV-1 could be
readily and sensitively evaluated by similar methods. [n fact, by using our system, an HIV-1 protease inhibitor, saquinavir, was demonstrated

to be highly effective against HIV-1 but not against HTLV-1.
© 2005 Elsevier SAS. All rights reserved.

Keywords: HTLV-1; HIV-1; Luciferase; Retroviral protease

1. Introduction

Human T-lymphotropic virus type 1 (HTLV-1), the first
well-characterized human retrovirus, causes adult T cell
leukemia/lymphoma (ATL) and is associated with several
lymphocyte-mediated disorders such as HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) [1-4].
ATL is the result of a clonal outgrowth of a CD4-positve T
cell that contains integrated, and frequently defective HTLV-
1| DNA. HAM/TSP is linked with the immune system-
mediated destruction of cells in the spinal cord. Although there
is no evidence that expression of the HTLV-1 genome is a
significant feature of symptomatic ATL, many studies have
strongly suggested that HAM/TSP involves enhanced virus
replication as shown by increases in the blood and cerebral
spinal fluid of anti-HTLV-1-antibodies, of activated T cells,

* Corresponding author. Tel.: +81 88 633 7079; fax: +81 88 633 7080.
E-mail address: akko@basic.med.tokushima-u.ac.jp (A. Yoshida).

1286-4579/% - see front matter © 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.micinf.2005.02.008

and of proviral DNA [5-13]. BAM/TSP, therefore, can be
treated effectively by reducing the level of replicating HTLV-
[ in infected individuals.

Quantitative monitoring of virus infectivity is prerequisite
for various basic and clinical studies on viruses. The growth
property of HTLV-1 is now difficult to follow in contrast to
that of human immunodeficiency virus type 1 (HIV-1), for
which various useful assay systems are available [14]. The
lack of an eminent quantitative method for HTLV-1 infecti-
vity would be mainly because it grows in cells much more
poorly than HIV-1 [13, 16], and hampers the systematic ana-
lytical study on HTLV-1. We have recently established new
indicator cell lines for HIV-1, and have successfully used them
to characterize various clones of HIV and simian immunode-
ficiency virus (SIV) ([14] and unpublished results). By the
same strategy, we have established an indicator lymphocytic
cell line for HTLV-1 replication carrying luciferase gene as
reporter in this study. Our results described here indicated
that simply by co-culturing the indicator cells and virus-
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producing cells and by monitoring luciferase activity in the 3. Results
co-cultures, some potential antiviral agents against HTLV-
1 and HIV-1 can be examined for their effects. 3.1. Establishment and characterization of luciferase

system for HTLV-1 infection
2. Materials and methods Sensitive and quantitative methods to determine HTLV-
1 infectivity were currently unavailable. In order to establish
indicator cell lines to monitor HTLV-1 infection easily and
rapidly, we constructed a reporter clone carrying luciferase
gene under the control of HTLV-1 LTR. The resultant con-
struct pK30luc was co-transfected with an HTLV-1 Tax
expression vector pCG-Tax into 293T cells, and the produc-
tion level of luciferase was determined. As shown in Fig. 1A,
pK30/uc directed the synthesis of luciferase at a highly
enhanced level in response to HTLV-1 Tax. Stable indicator
H9 cell lines were selected by co-electroporation of pK30/uc
and pRVSVneo (approximately 10:1 molar ratio) followed
by culturing in the presence of G418 (1 mg/ml). As shown in
Fig. 1B, out of six clones obtained, clone no.1 generated a
high level of luciferase upon co-cultivation with HTLV-
1 producer MT-2 cells [19], and was designated H9/K30uc.
The indicator cell line for HIV-1 designated H9/H1luc [14]
responded poorly to co-cultivation with MT-2 cells (Fig. 2),
which was consistent with the results previously reported

2.1. Cell cultures, cell viability, and transfection

Cell lines designated 293T [17], H9 [18], H9/H1luc [14],
MT-2 [19], MT-4 [19], and M8166 [20] were cultured as pre-
viously described [21]. An indicator cell line for HTLV-1 des-
ignated H9/K30/uc was established and maintained as
reported for the HIV-1 indicator cell line HY/H1luc [14].
H9/NLA432 cells, which are persistently infected with HIV-
1 and producing stably a low level of the virus, were gener-
ated by electroporation [21] of an infectious HIV-1 DNA clone
pNL432 [21] into H9 cells and culturing them for several
months. Cell viability was monitored by the Cell Counting
Kit-8 (Wako Pure Chemical Industries Ltd., Osaka, Japan).
For transfection of 293T cells, the calcium-phosphate copre-
cipitation method was used as previously described [21].

2.2. Luciferase and reverse transcriptase (RT) assays

Luciferase activity was determined by the Luciferase Assay [25,26].
System (Promega Co., Madison, W1, USA). RT activity was We determined whether the observed activation of
measured as previously described [22]. HO9/K30luc cells by MT-2 cells can be caused by cell-free
HTLV-1 and by newly synthesized HTLV-1 Tax after co-
2.3. DNA constructs culture. Cell-free virus samples were prepared from various

cell cultures including HTLV-1-positive (MT-2), HTLV-
Expression vectors for the neo gene designated pRVSV- 1 DNA-positive (MT-4 and M8166), and HTLV-1-negative
neo [23] and HTLV-1 Tax designated pCG-Tax [24] have been (H9) cell lines, and inoculated into H9/K30luc to monitor

previously described. A full-length molecular clone of luciferase production. As shown in Fig. 3, no evidence for
HTLV-1 designated pK30 was obtained through NIH AIDS cell-free HTLV-1 infection was obtained. We then examined
Research and Reference Reagent Program (catalog no. 2817). the effect of azidothymidine (AZT) on the production of
A luciferase reporter vector designated pK30luc was con- luciferase upon co-cultivation of H9/K30/uc and MT-2 cells.
structed by insertion of polymerase chain reaction-amplified The two cell lines were co-cultured for 48 h in the presence
entire long terminal repeat (LTR) of pK30 into the Xhol and of AZT at various concentrations, and the luciferase activity
HindIII sites of pGL.3-Basic Vector (Promega Co.). expressed in the cultures was assayed. As shown in Fig. 4, no
A 4 B 3
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Fig. 1. Activation of HTLV-1 (K30) LTR. (A) Response of the K30/uc reporter construct to HTLV-1 Tax. 293T cells were co-transfected with pK30/uc (10 pg)
and pUCI9 (10 pg) or with pK30/ue (10 pg) and pCG-Tax (10 pg) as indicated, and 2 days later, cell lysates were prepared for luciferase assay. Control (Cr)
93T cells were singly transfected with 20 ug of pUC19. RLU, relative light unit. (B) Luciferase production in co-cultures of HTLV-1 producer MT-2 cells and
HO cell clones harboring pK30iuc. G418-resistant H9 cell clones (5 x 10%), which had been obtained as described in the text, were co-cultured with MT-2 cells
(5 x 10%, and on the next day, cell lysates were prepared for luciferase assay.
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Fig. 2. Enhancement of luciferase production in co-cultures of indicator and
MT-2 cells. Indicator cell lines H9/K30luc for HTLV-1 (this paper) and
H9/H1luc for HIV-1 [14] (10%) were co-cultured with H9 or HTLV-
1 producer MT-2 cells (105), and 2 days later, cell lysates were prepared for
luciferase assay. Cultures of indicator cells only served as Cr.

eJI”l

MT-2 MT-4 M8166 H9

Fig. 3. Potential of cell-free virus from MT-2 to augment luciferase produc-
tion in H9/K30luc cells. Cell-free culture supernatants were prepared from
various cultures (MT-2, MT-4, M8166, and H9) maintained at growing phase
for 2 days, and inoculated into the indicator cell line H/K30/uc. On the next
day, cell lysates were prepared for luciferase assay. Culture of indicator cells
only served as Cr. Cell lines MT-2 [19] and H9 [18] are HTLV-1-positive
and -negative, respectively. Cell lines MT-4 [19] and M8166 [20] are HTLV-
1 DNA-positive but negative for HTLV-1.

Luciferase activity
(x 105 RLU)

significant difference was observed among co-cultures of
H9/K30luc and MT-2 cells.

3.2. Effects of saquinavir (SQV) on HTLV-1 and HIV-1 as
determined by our luciferase system

Based on the results described above, we assumed that Tax
transported from MT-2 to H9/K30/uc cells by Env-mediated
membrane fusion enhances the luciferase production, and that,
if this process is suppressed, luciferase production is signifi-
cantly reduced. It has been reported for HIV-1 recently that
interactions between unprocessed Gag and the cytoplasmic
tail of Env-gp41 suppress cell fusion [27]. We, therefore,
checked by our system the effects of a protease inhibitor SQV
on HIV-1 and HTLV-1. SQV has been reported to be very
effective against HIV-1 protease but fails to inhibit HTLV-I
Gag processing in infected cells [28]. To obtain appropriate
HIV-1 producer cells, which are stably infected with HIV-

2
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Fig. 4. Effect of AZT on luciferase production in the co-cultures of H/K30/uc
and MT-2 cells. Indicator H9/K30/uc cells (10%) were co-cultured with H9 or
HTLV-1 producer MT-2 cells (10%) in the absence or presence of AZT as
indicated for 48 h, and cell lysates were prepared for luciferase assay. H9 and
MT-2 cells had been pre-cultured for 24 h in the absence or presence of AZT
as above before co-culture started. No cytotoxic effects were observed in
these conditions.

1 and producing a low level of the virus-like MT-2 cells for
HTLV-1, H9 cells were electroporated with pNL432 and cul-
tured for months. The resultant H)/NL432 cells were easily
maintained, and produced a low level of HIV-1 as monitored
by RT assay (data not shown).

By the use of H9/H1luc, H9/K30luc, H9/NL432, and
MT-2 cells as indicator and virus producer cells, we deter-
mined the inhibitory effects of SQV on HIV-1 and HTLV-
1 by monitoring luciferase activity. The effects of SQV on
viability of cells were also determined to confirm that there
would be no experimental error caused by cytotoxicity. As
shown in Fig. 5, while luciferase production in the HIV-1 co-
culture was severely inhibited by SQV, no appreciable effects
were observed for the HTLV-1 co-culture. These data were in
good agreement with our assumption and the results previ-
ously reported [27,28] as mentioned above. -

4, Discussion

In this report, we have established an indicator cell line for
HTLV-1 infection based on luciferase assay (Figs. 1 and 2).
Although the cell line H9/K30/uc was highly susceptible to
infection by the co-culture method (Fig. 1), it was insensitive
to infection with cell-free HTLV-1 (Fig. 3) as expected
[15,16]. Enhanced production of luciferase observed in the
co-cultures of H9/K30/uc and MT-2 cells was probably due
to the Tax already present in MT-2 cells before co-cultivation
(Fig. 4). Therefore, we have concluded that our HTLV-
| system described here monitors the efficiency of Env-
mediated membrane fusion, and that it is useful for evaluat-
ing the ability of various factors or agents affecting the
process. Indeed, SQV was demonstrated to be a powerful
inhibitor for HIV-1 by affecting cell fusion indirectly (Fig. 5).
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Fig. 5. Effects of SQV on the co-cultures of indicator and virus-producing cells. Indicator (H9/H1luc for HIV-1 and HY/K30luc for HTLV-1) and virus-
producing cells (H9/NL432 for HIV-1 and MT-2 for HTLV-1) (10° for each) were co-cultured for 48 h in the absence (-) or presence of SQV (+, 2 uM), and cell
lysates were prepared for luciferase assay. Data presented are relative to those of cultures without SQV. H9/NL432 and MT-2 cells had been pre-cultured for
24 h in the absence or presence of SQV as above before co-culture started. Cell viability was determined by the Cell Counting Kit-8, and relative values are

presented.

Our results described here strongly suggest that our biologi-
cal assay system can be used for screening of inhibitors against
HTLV-1 and BIV-1 proteases. In particular, because HIV-
1 protease inhibitors cannot be effective against HTLV-
1 protease (Fig. 5) [28], and because no other good assay
methods are available for HTLV-1, the screening by the
H9/K30/uc-MT-2 system would be important. Furthermore,
pathogenesis of HAM/TSP can be controlled by reducing the
level of HTLV-1 in infected individuals [5-13].

Our protocol for monitoring the inhibitory effects of poten-
tial protease inhibitors on HTLV-1 and HIV-1 is summarized
as shown in Fig. 6. By using appropriate producer and indi-
cator cells, a large number of antiviral agents can be checked
readily for their ability to inhibit the replication of HTLV-
1 and HIV-1 within days. Screening of various candidate pro-
tease inhibitors by the protocol in Fig. 6 is now in progress in
our laboratory.

Virus-producer cells

Cultltrc in the presence of proteasc inhibitors for 24hes

Co-ctlltivation with indicator cells in the presence of protease inhibitors for 48hts
Assa;s for luciferase and cell viability

Virus Producer cells Indicator cells
HIV-1 H9NL432 H9/H Vuc
HTLV-1 MI-2 H9/K30/uc

Fig. 6. Evaluation system for the effects of human retroviral protease inhi-
bitors. Based on the results in this report, validity of human retroviral pro-
tease inhibitors can be readily evaluated as shown in this figure.
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Abstract

We examined the steady-state expression in cells of four accessory proteins of human immunodeficiency virus type | (HIV-1). For this
purpose, a series of single gene expression vectors for these viral proteins were constructed and were monitored for their production by
transfection. Among them, the expression level of Vif was found to be lowest in both the absence and presence of APOBEC3G. In addition, we
noticed the presence of its truncated form, which was not observed for the other accessory proteins. When a subgenomic vector was used for
transfection, authentic and several small forms of Vif were produced. By mutational analysis, these forms were demonstrated to be mutant Vif
proteins translated from M*, M'® and M*°. When a full-length molecular clone was used, the smaller versions of Vif were hardly observed.
Functional analysis of these mutant Vif proteins showed that they are incapable of modulating viral infectivity. The results described above,
i.e. the low steady-state expression and the presence ot truncated forms, represent the unique characteristics of HIV-1 Vif.

© 2005 Elsevier SAS. All rights reserved.

Keywords: HIV-1; Vif, APOBEC3G; Accessory protein

1. Introduction

Four accessory proteins of human immunodeficiency virus
type 1 (HIV-1) are known to modulate viral infectivity and
various functions of target cells [1]. Vif, one of these pro-
teins, is encoded by the gene that is conserved in all known
primate immunodeficiency viruses [2]. It has a critical role in
conferring infectivity on progeny virions in a producer cell-
dependent manner [3-6]. Virions produced in non-permissive
cells, such as primary cells of lymphocytic or monocytic ori-
gin and a limited number of cell lines like H9, are unable to
replicate in any kinds of target cells. Recent works have dem-
onstrated that Vif counteracts anti-viral activity of human cyti-
dine deaminase APOBEC3G present in non-permissive cells
[7-15]. The precise molecular mechanism for this activity of
Vif, however, is still controversial [ 16] and remains to be elu-
cidated.

We have previously shown that Vif is rapidly decayed in
cells in both the absence and presence of APOBEC3G, and

* Corresponding author. Tel.: +81 88 633 9232; fax: +81 88 633 7080.
E-mail uddress: mfujita@basic.med.tokushima-u.ac.jp (M. Fujita).
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that the expression of Vif to an excessive level is inhibitory to
viral replication [17]. The fragile nature of Vif was unique
among the accessory proteins and was mediated, at least in
part, by the host proteasome system [18]. In the present report,
to determine whether the expression of Vif is maintained to
be uniquely low in cells in the absence of the other viral fac-
tors, the four accessory genes of HIV-1 were separately cloned
into expression vector with tag, and examined for their steady-
state expression level. During the course of this comparative
study, we detected a truncated form of Vif, but no extra ver-
sions were observed for the other accessory proteins. We,
therefore, examined the expression pattern of Vif from a sub-
genomic clone, and found two other small forms. Mutational
and functional analyses of the three small Vif proteins were
also carried out in this study.

2. Materials and methods

2.1. Plasmids

2.1.1. Full-length molecular clones
A full-length molecular clone pNL432 (GenBank Acces-
sion no. AF324493) was used for production of wild-type
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anti-FLAG

anti-Vif
APOBEC3G(-)

Fig. 1. Production of HIV-1 (NL432) accessory proteins by expression vector pSG

APOBEC3G(+)

_FLAG. 293T cells were transfected with 10 ug of pSG-FLAG vectors with

(APOBEC3G(+)) or without (APOBEC3G(-)) 1 pg of pcDNA-APO3G (expression vector for APOBEC3G) [9]. Celis were lysed in Laemmli sample buffer at
48 h post-transfection for Western blot analysis. Each lane contained 50 ng of protein. The Abs used here were anti-FLAG M2 monoclonal Ab (panels A) and
anti-Vif peptide Ab [22] (panels B). An expression vector for Gag-p24, designated pSG-Gag (p24) cFLAG [18], was used for control. Mock, pSGS.

(wt) infectious virus [19]. Frame-shift mutants of pNL432,
designated pNL-Nd [20,21], pNL-Kp [20] and pNL-NdKp
[22], were used for production of vif-minus, env-minus and
viflenv double-minus viruses, respectively.

2.1.2. Subgenomic vectors

A subgenomic expression vector, designated pNL-ALS,
was constructed from pNL-A1 [23]. For easy insertion of
DNA fragments from pNL432 [19], it has a unique Smal site
(Fig. 2B) newly generated by the QuikChange site-directed
mutagenesis kit (Stratagene, La J olla, CA, USA). Various sub-
genomic expression vectors for wt and mutant Vif proteins
described below were constructed by insertion of PCR-
amplified vif sequences having Smal and EcoRlI sites at 5’
and 3’ ends, respectively, into pNL-A1S (Fig. 2B). PCR tem-
plates for construction of pNL-A1S-fWT, pNL-A1S-Nd,
pNL-A1S-fM16A, pNL-A1S-fM8/ 16A and pNL-AIS-
FM8/16/29A were pNL432 [19], pNL-Nd [20,21}, pNL-
fM16A, pNL-fM8/16A and pNL-fM8&/ 16/29A, respectively.
Clones pNL-fM16A, pNL-fM8/16A, and pNL-fM8/16/29A
are mutants of pNL432 carrying MI6A, M8/16A and
M8/16/29A mutations, respectively (Fig. 3A).

2.1.3. Expression vectors for a single gene

Vectors pcDNA-APO3G [9] and pCMV-G [24] were used
to express APOBEC3G and vesicular stomatitis virus G pro-
tein (VSV-G), respectively. Expression vectors for wt and
mutant Vif proteins, designated pSG-Vif, pSG-fA7, pSG-
fA15 and pSG-fA28, were constructed by insertion of PCR-
amplified vif sequences having EcoRI and BamHI sites at 5’
and 3 ends, respectively, into pSG5 (Stratagene). As tem-
plate for PCR, pNL432 [19] was used. An expression vector
for wt Vif tagged with FLAG at the C-terminus, designated
pSG-Vif cFLAG, was constructed in the same way as for pSG-
Gag (p24) cFLAG [18]. Expression vectors for the other
accessory proteins tagged with FLAG at the C-terminus, des-
ignated pSG-Vpr cFLAG, pSG-Vpu ¢FLAG and pSG-Nef

A 1 8 16 29
MENRWQVMIVWQVDRMRINTWKRLYKHHMY1S ----xr---

WT

[ 4 S
A15 ————————

pNL-A1S

Sequence carrying
vif gene

Fig. 2. Expression of HIV-1 (NL432) Vif-related proteins by various clones.
(A) Structure of three putative mutants of Vif. Mutants A7, A15, and A28 lack
N-terminal 7, 15 and 28 amino acids, respectively. (B) Structure of expres-
sion vector for Vif (pNL-A1S). Vector pNL-A1S has anew and unique Smal
site (relative to parental clone pNL-A1) for cloning, as indicated. (C) Moni-
toring of Vif-related proteins by Western blot analysis. 293T cells were trans-
fected with 10 pg of various vectors, as indicated, and cell lysates were pre-
pared by CHAPS buffer at 48 h post-transfection. Anti-Vif peptide Ab was
used for detection as previously described [22]. Each lane contained 50 ng
of protein, execpt for the lane for pNL-A1S-fWT (5 ng of protein). Mock,
pUCI9.
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A 1 8 16 29
MENRWQVMIVWQVDRMRINTWKRLVKHHMYIS ----eeev
WT —

M16A | A

MB8/16A | A A
M8/16/28A — A A A

B ox
&F ¥

LA

+—WT
+— A7
+—A15

Fig. 3. Expression of various species of HIV-1 (NL432) Vif proteins by subge-
nomic pNL-A1S constructs. (A) N-terminal amino acid sequence of mutant
Vif proteins. Mutant clones have alanine residues instead of methionines, as
indicated. (B) Monitoring of Vif-related proteins expressed by subgenomic
PNL-AIS constructs. 293T cells were transfected with 10 pg of various vec-
tors, as indicated, and cell lysates were prepared in Laemmli sample buffer
at 48 h post-transfection. Anti-Vif peptide Ab was used for detection, as
previously described [22]. Each lane contained 5 ng of protein. Mock, pUCI9.

cFLAG, were constructed by replacement of the gag gene of
pSG-Gag (p24) cFLAG [18] with PCR-amplified accessory
gene sequences having EcoRI and Xhol sites at 5" and 3’ ends,
respectively. As template for PCR, pNL432 [19] was used.

2.2. Cells

HO9 [25] and 293T [26] cells were cultured in RPMI-
1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), and in Eagle’s minimal essential medium
supplemented with 10% heat-inactivated FBS, respectively.
MAGI cells [27] were cultured as for 293T cells in the pres-
ence of 0.2 mg/ml of G418 and 0.1 mg/ml of hygromycin B.

2.3. Transfection and reverse transcriptase (RT) assay

For transfection of 293T cells, the calcium-phosphate
coprecipitation method was used as previously described [19].
Virus production in the culture supernatants was monitored
by RT activity as previously described [28].

2.4. Western immunoblotting

Cell lysates for Western blotting analysis were prepared
by CHAPS/DOC [28] or Laemmli’s sample buffer [18] as
previously described. Samples were resolved by SDS-PAGE
followed by electrophoretic transfer to polyvinylidene fluo-
ride membranes. The membranes were treated with anti-
FLAG M2 monoclonal antibody (Ab) (SIGMA-ALDRICH
Corp., St. Louis, MO, USA) or anti-Vif peptide Ab [22], and

visualized with the ECL plus Western Blotting Detection Sys-
tem (Amersham Biosciences UK Limited, Buckingham-
shire, UK) as previously described [29,30].

2.5. MAGI assay

To determine the infectivity of virions, MAGI assay was
performed as previously described [27).

3. Results
3.1. Low expression level of Vif protein in cells

Recent work by ourselves has shown that Vif expressed
from viral full-genome is degraded rapidly and maintained to
be at low level in cells by proteasome [18], and that this
unstable nature of Vif was unique among the accessory pro-
teins [18]. We asked, in a quantitative and comparable man-
ner, whether the expression level of Vif is uniquely low in
cells in the absence of the other viral proteins. For this pur-
pose, the four HIV-1 accessory genes, vif, vpr, vpu and nef, .
were separately cloned into expression vector pSG5-FLAG
tag, and four expression vectors for each accessory protein,
designated pSG-Vif ¢cFLAG, pSG-Vpr cFLAG, pSG-Vpu
cFLAG and pSG-Nef cFLAG were constructed. These clones
were then transfected into permissive 293T cells with or with-
out APOBEC3G expression vector pcDNA-APO3G [9] and
monitored for their expression by Western blot analysis using
anti-FLAG antibody. Laemmli’s sample buffer was used to
prepare cell lysates for analysis, since Vif was quite refrac-
tory to CHAPS/DOC buffer [28,31]. As shown in Fig. 1A,
regardless of the presence or absence of APOBEC3G, no Vif
was detected, in contrast to the results for Vpr and Nef, when
anti-FLAG Ab was used. Worthy of note, in the presence of
APOBEC3G, Vpu was not detected at all. In the absence of
APOBEC3G, Vpu was expressed at a level similar to that of
Vpr. We wished to examine the expression of Vif using Ab
other than anti-FLAG Ab. As shown in Fig. 1B, when the
same blots in Fig. 1A were re-probed with anti-Vif peptide
Ab, two Vif-related bands (~23 and ~21 kDa) appeared both
in the absence and presence of APOBEC3G. These probably
represented authentic and truncated forms of Vif,

The results described here indicated that Vif is certainly
expressed in cells at a relatively low level. Another important
finding was the presence of the truncated version of Vif.

3.2. Truncated forms of Vif proteins

We assumed that, on the basis of its size, the truncated
form of Vif is a mutant Vif translated from M'®, as shown in
Fig. 2A. To verify this hypothesis, expression vectors of wt
Vif and its mutants, A7, A15 and A28, based on pSGS (pSG-
Vif, pSG-fA7, pSG-fA15 and pSG-fA28), were constructed
(Fig. 2A) and used for monitoring of their products in cells
upon transfection. A subgenomic expression vector, desig-
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nated pNL-A1S-fWT, was also constructed (Fig. 2B) and
used, because the expression level of Vif by this vector was
expected to be very high [23]. The vectors constructed were
then introduced into 293T cells and examined for the expres-
sion pattern of Vif by Western blotting technique. As shown
in Fig. 2C, while wt full-length clone pNL432 generated a
distinct and single Vif, the subgenomic clone pNL-A1S-fWT
produced several Vif proteins recognizable by anti- Vif pep-
tide Ab. The mutant pSG constructs expressed Vif-related pro-
teins well-anticipated by our assumption. It was, therefore,
not unreasonable to conclude that there are three mutant Vif
proteins starting from M?®, M'® and M*. To prove this, three
methionines present in the N-terminal region of Vif (Fig. 3A)
were changed to alanines, and the mutants constructed were
examined for their products upon transfection (pNL-A1S
series in Fig. 3B). The results obtained were in good agree-
ment with our prediction. Mutants pNL-A1S-fM16A, pNL-
A1S-fM8/16A and pNL-A1S-fM8/16/29A did not produce a
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central major band (A15). Mutant pNL-AlS—fM8/16/29A did
not express the smallest band (A28) at all. In addition, one of
the faint bands (A7) just below the authentic Vif appeared to
disappear for mutants pNL-A1S-fM8/16A and pNL-A1S-
fM8/16/29A. The data described above were reproduced for
the samples prepared in the presence of APOBEC3G (data
not shown). Furthermore, consistently with the data described
above, the M16A mutant of pSG-construct did not produce
the major A15 band upon transfection (data not shown).

3.3. Biological activity of small versions of Vif proteins

We asked ourselves whether truncated forms of Vif were
able to confer infectivity on progeny virions. Vif-minus full-
length clone pNL-Nd [20,21] and expression vectors of Vif
or its mutants (pSG-Vif, pSG-fA7, pSG-fA15 and pSG-
fA28) with or without pcDNA-APO3G [9]1 were co-
wransfected into 293T cells, and the effects of various Vif pro-
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hout pcDNA-APO3G [9] (APOBEC3G(-)) were used. The
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teins on viral infectivity were examined. As shown in Fig. 4A,
in the absence of APOBEC3G, all virus samples showed simi-
lar MAGI infectivity, as expected. In the presence of
APOBEC3G, while wt Vif conferred an infectivity on virions
comparable to that of wt virus NL432, none of the truncated
forms of Vif did like AVif mutant virus NL-Nd. We then exam-
ined whether truncated forms of Vif had negative effects on
infectivity of virions. Env-minus full-length clone pNL-Kp
[20], one of the expression vectors for Vif mutants as above,
an expression vector of VSV-G protein pCMV-G [24] and
pcDNA-APO3G [9] were co-transfected into 293T cells, and
the infectivity of viruses produced at 2 days post-transfection
was determined. As shown in Fig. 4B, no truncated forms of
Vif exhibited any significant negative effects on viral infec-
tivity.

4. Discussion

One of the major findings in this study is that the expres-
sion of Vif is consistently controlled to be low (Fig. 1). We
have previously proposed a mechanism for this observation,
that is, proteasome degradation [18]. Vif was much more rap-
idly degraded than any other accessory proteins and kept low
in cells. The other possible explanation for the restricted
expression of Vif is related to mRNA. Expression of mRNA
for Vif was reported to be maintained to be limited [32]. The
unstabilness of mRNA for Vpu was also reported [32], and
this could cause the lower expression level of Vpu compared
with that of Nef (Fig. 1). In this context, the lack of detect-
able expression of Vpu in the presence of APOBEC3G (Fig. 1)
was intriguing. The plausible mechanism for the down-
regulation of Vpu could be the introduction of mutations to
mRNA for Vpu by the cytidine deaminase activity of
APOBEC3G and/or the enhancement of degradation of Vpu
by APOBEC3G.

Another major finding in this report is the production of
truncated forms of Vif (Figs. 1-3). We showed evidence here
by mutational analysis that these Vif-related proteins are trans-
lated from M8, M'¢ or M?® (Fig. 3). To the best of our knowl-
edge, this is the first report that shows the initiation of trans-
lation of HIV-1 proteins at a methionine codon other than
M'. Of note, the expression pattern of the Vif proteins varied
depending on the clones used. Clones pSG-Vif (single gene)
and pNL-A1S-fWT (subgenome) expressed one (A15) and
three (A7, A15 and A28) Vif proteins, respectively (Figs. 1—
3). Full-genomic pNL432 appeared not to express any small
forms of Vif (Fig. 2). The molecular basis for this observa-
tion remains to be elucidated. It is also important to deter-
mine whether the truncated Vif proteins described here are
biologically active. Our functional analysis in this report
showed that small forms of Vif are biologically inactive
(Fig. 4). It is still possible, however that these Vif proteins
affect the replication of virus by unknown mechanisms.
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a. BnFEMH
HIV-1EHD A 7 ) —= v 7%, @EHRY A
VAPEDRIIZ L Db b, BEREDZ
OOWELREF Y PLHWENRTWEDT,
T Ay y7ay M(WB)EIC L AiERRE L
EHTHEBETY 4 VARG EIEE T
X 5%, BEBIEMRTE (nucleic acid amplification

test: NAD) IZRY X 5 — B8 KIS (polymer-
ase chain reaction: PCR) O FHIZE D DT,
FEFIHMBEENELL P OERDESH TH B,

DY AT LT HIV-1ERYYE DA - Bk
ELTHEM L TWwWA. fiflRod RT (reverse tran-
scription)-PCR ¥ v M2 L D, MHI A VAR
PMETE, B2 TR EERRNDO T A VA
BYRED MRMT AR L e o T\ B, RT-PCRE:% H
WL, BHIRTHEER ANV ADORB L ES
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BEEENE
Gag MA(® MV v 27 RA) AV AR TR - B, B - ST
CA(H TV F) oA NV AR - B, B - SERE
NC(XZ VA AT F) | Bk - MiEE
p6 % AV ARLFR, Vpr/Vpx & 4 W AR A~
DY =TT
Pol PR(7uF7—+) Gag R BEfR %> Gag —Pol RIERIADBIZRIC & 5 Bk
v A ARF (Bt 4V RKLTF) DR
RT(HiEEEER) ¥ 4 b X DNA &% (& RNase H {&1)
IN(A 5775 —+8) % 4 v X DNA O #i 8 4e o i DNA ~DMLA A
Env gpl20 B EEE~OEE
gp4l ERHRA~DRA
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Tat AL
Rev BEkBLOCT7 729 —BEHE Nef 2 <D
SEHLIETR
TV —&HE
Vif Wi 4 v Z A7 APOBEC3G OAR{E{L
Vpr % 4 ) A DNA OBAT
Vpu 7 AV AT OB
Nef MR I BT A5 MHC -1 53 o
£2 WEIMINADKRE « BHE
HrHixT & o
ReYetE ™ 4 VA | EEIEAIA R AL 7 A VA & o
T He e HREBHROBIRR Y
A NART | BTFIEMEC L AREOBE, RlKEERNE, FERE
FEmiR L
w4 NVABE | %%EHiAE, ELISA(enzyme-linked immunosorbent assay),
RIA (radioimmunoassay) % &1 & 4By RR N
w4V AKEE | PCR(polymerase chain reaction) & % ik RT-PCR (reverse
transcription —PCR) 72 £'12 & 5 $ B EE OB
B 4 Vv AHME | ELISA, CF(complement fixation), HI(hemagglutination
inhibition), WB (Western blot) % &'\2 & A R IROMHH
Th A, HTETRELEEL EIFTWA. LAL, &

b. BIZFiEE

HIV-1 Bgeg 0if@ik e LCHAERDHR
7 b DI F| 6 I #EE (highly active anti-retro-
viral therapy: HAART) T& %°7. &4«HE DHEN
A VADEREZE= % — L D22 HAART 17

EDORZED 5, HAART E A b R g
FRASRA Uiz &7 4 )V ABREIZ AT
MrAADRNZ L, Fiz, FEAKGFMHEY L VA
OHBIPALPITE o TELY. 207120,
HIV-1 D@ FIERIEE H LWIRERE .



