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Abstract

The key role of gp120 in the cellular entry of HIV makes this glycoprotein an attractive target for new drugs. Various polyanions bind to
the positively charged V3 loop of gp120. Here, we consider a series of anionic porphyrins bearing two sulfonate groups and two carboxylic
chains with various degree of esterification. These molecules carry an overall negative charge between 4 and 2. Upon activation by light,
these compounds, known as photosensitizers, produce highly reactive oxygen species able to damage amino acid chains. The interactions of
these molecules with the V3 loop and a positively charged area in the C5 region were investigated in the dark by using specific antibodies and
ELISA protocols. Competitive inhibition of the anti-V3 antibody was observed with an increased efficiency for the esterified compounds.
No evidence for binding to the C5 region was found. In contrast, when gp120 was irradiated with light in presence of the porphyrin prior to
the addition of the antibody, strong inhibition of the anti-C5 antibody was observed revealing irreversible photo-damages in this region. No
effect on the V3 loop was observed. Irradiations at two wavelengths made it possible to identify porphyrin monomers as the photoactive
forms despite the presence of large excess of dimers in the incubation solution. It is suggested that porphyrins bound to the V3 loop could
produce photo-damages at some distance, in particular within the C5 region that contains several photosensitive amino acids.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Most of the current drugs approved for the treatment of
human immunodeficiency virus (HIV) infection are directed
to the viral enzymes reverse transcriptase and protease (De
Clercq, 2002). Notwithstanding their relative success in re-
ducing morbidity, these drugs are not suited to prevent HIV
entry into cells. In this respect, the first events in the HIV cy-
cle, the adsorption and fusion steps, are receiving increasing
attention (Blair et al., 2000; Stephenson, 2002). HIV entry
into host cells depends on the sequential interaction of the
gp120 envelope glycoprotein with the cellular receptor CD4
(Wu et al., 1997) and one of the two co-receptors CCR5
and CXCR4 (Feng et al., 1996; Moore, 1997). Then, the
gp41 glycoprotein that is non-covalently associated to gp120
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undergoes conformational changes and mediates virus–cell
membrane fusion (Jones et al., 1998; Sullivan et al., 1998).

The area involved in co-receptor binding has been iden-
tified (Kwong et al., 1998; Wyatt et al., 1998). It comprises
highly positively charged regions including the gp120 V3
loop and conserved elements adjacent to this loop (Rizzuto
et al., 1998). The HIV replication in vitro has long been
shown to be inhibited by polyanions (Witvrouw et al.,
1994) such as sulfated polysaccharides (Baba et al., 1988;
Mitsuya et al., 1988; Schols et al., 1990), carboxylic deriva-
tives (Neurath et al., 1991), oligonucleotides (Stein et al.,
1993; Wyatt et al., 1994; Agatsuma et al., 1996) and an-
ionic porphyrins (Neurath et al., 1992). The activity of these
polyanions was found to depend on their number of charges
(Witvrouw et al., 1994) suggesting binding to the V3 loop
via electrostatic interactions. More recent analyses of the
electrostatic potential of gp120 confirmed the key role of
the V3 loop region (Kwong et al., 2000; Moulard et al.,
2000). Although initial binding might depend on charge
density (Kwong et al., 2000), specific structural interactions
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have also been shown to be important for some sulfated
polysaccharides (Nishimura et al., 1998) and porphyrins
(Debnath et al., 1994; Neurath et al., 1995).

In addition to five variable regions (V1–V5), gp120 pos-
sesses five conserved regions (C1–C5) (Starcich et al., 1986).
Mutations in the C5 region lead to an almost complete disso-
ciation of gp120 from gp41 (Helseth et al., 1991). Interact-
ing sequences have been identified (Lopalco et al., 1993). As
the virus–cell fusion depends on critical contacts between
gp120 and gp41 (Maerz et al., 2001), the C5 region would
be a good target for antiviral drugs. However, this region is
poorly exposed in native viruses (Moore et al., 1994).

Because of its key role in the first step of the HIV infection
cycle, gp120 is a potential target for prophylactic treatment
and biological fluid decontamination. Although the safety
of blood transfusion has been significantly improved during
the past decade (Dodd et al., 2002), this remains a problem
especially in developing countries (Moore et al., 2001).
Photodynamic treatments that involve the generation of very
short-lived reactive species upon light irradiation of a pho-
tosensitizer (Spikes, 1982) have been considered for decon-
tamination of plasma (Mohr et al., 1997) and platelet concen-
trates (Margolis-Nunno et al., 1997). Porphyrins (Matthews
et al., 1991; North et al., 1994), chlorins (Grandadam et al.,
1995) and phthalocyanines (Margolis-Nunno et al., 1996)
have been shown to inactivate HIV upon excitation by light.
However, treatment of blood products faces the challenge
of elimination of pathogens without affecting the func-
tion of transfused components. This could be achieved by
better targeting of the photosensitizer (Vever-Bizet et al.,
1999).

Although some anionic porphyrins have been shown to
interact with the V3 loop of gp120 and to inhibit HIV repli-
cation, little attention has been paid to the activity of these
compounds upon activation by light (Neurath et al., 1992,
1995; Debnath et al., 1994). In the present study, specific in-
teractions in the dark of a series of anionic porphyrins with
gp120, as well as the light-induced effects, were investigated
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Fig. 1. Structure and dimerization constant (Kd) of the compounds used.

by using two antibodies directed toward the V3 loop and a
positively charged epitope in the C5 region, respectively.

2. Materials and methods

2.1. Chemistry

The structures of the porphyrins used in the present study
are shown inFig. 1. Deuteroporphyrin disulfonic acid (DS)
and its dimethyl ester derivative (DS-DM) were purchased
from Porphyrin Products (Logan, UT). The ester was found
to be contaminated by mono- and non-esterified deriva-
tives and was purified by anion exchange chromatography
(Dairou et al., 2002). Deuteroporphyrin DS monomethyl
ester (DS-MM), two regioisomers, noted (a) and (b) and
diethyl ester (DS-DE) were prepared from DS-DM and
purified as described elsewhere (Dairou et al., 2002). The
concentration of these compounds was expressed in terms of
porphyrin unit, even when they were dimerized (seeSection
3). Dulbecco phosphate-buffered saline (PBS) adjusted to
pH 7.4 was purchased from Life Technologies (Paisley, UK).

2.2. Light irradiation

The optical spectra were recorded by using an Uvikon
923 (Bio-Tek, Milano, Italy).

Irradiations were carried out using a 1000 W mercury–
xenon arc mounted in a lamp housing equipped with a
rear reflector and a 3-in. diameter fused silica condenser
of f/0.7 aperture (Oriel, Statford, CT). After elimination of
infrared light by a water filter, the beam was focused at the
entrance of a monochromator (Bentham M300, Reading,
UK). The entrance and exit slits were set at 5 mm. The
mercury spectrum lines at 405 or 366 nm were selected.
The exit beam was reflected to the bottom by a 45◦ mirror.
A secondary 250 mm focal lens was used to produce an
almost collimated beam. It was possible to irradiate, from
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above, 16 wells of a 96-well plate with homogeneous light
distribution. The uniformity of light intensity was con-
trolled by scanning the working area with a power meter
(Scientech, Boulder, CO) equipped with a 1.5 cm diameter
diaphragm. Typical light intensities were 2.62 mW cm−2

at 405 nm and 4.65 mW cm−2 at 366 nm corresponding to
incident flux of photons of 5.34 × 1015 photons cm−2 and
8.57 × 1015 photons cm−2, respectively. These intensities
were reduced with the appropriate optical neutral glass fil-
ters (Schott, Mainz, Germany) when necessary. The light
intensity was controlled before each set of experiments.

2.3. Virology

Recombinant HIV-1 gp120 IIIB purchased from Intra-
cel Corporation (Frederick, MD) was produced in a bac-
ulovirus expression system. The murine IgG1 anti-gp120
monoclonal antibody (mAb) 13105100 was purchased from
ABI (Columbia, MD). It was raised against the peptide
IRIQRGPGRAFVTI corresponding to the sequence of the
V3 loop flanking the GPGR apical motif. The mAb 9201
(Du Pont de Nemours, Boston, MA), raised against the
peptide MRDNWRSELIKY, was directed to an epitope lo-
cated on the�5 helix in the C5 terminal region of gp120.
An anti-mouse goat IgG antibody conjugated to horseradish
peroxidase (Bio-Rad, Benicia, CA) was used to reveal the
binding of the mouse antibody with gp120. The perox-
idase substrate was 3,3′,5,5′-tetramethylbenzidine (TMB).
The one-step turbo TMB-ELISA kit from Pierce (Rockford,
IL) was used.

Enzyme-linked immunosorbent assays (ELISA) were per-
formed using 96-well microtiter plates (Immulon 4, Dynex
Technologies Inc, Chantilly, VA). The procedure to reveal
binding of antibodies to gp120 was as follows. The plates
were coated with 50�l of a gp120 solution (1�g/ml) in PBS.
After 2 h at room temperature, the wells were washed three
times with PBS containing 0.05% Tween-20 (PBS-Tween)
and postcoated overnight at 4◦C with 150�l of 2% non-fat
dry milk solution in PBS, as a blocking agent. Then, the
wells were washed three times with PBS-Tween. Control
wells were treated in the same way without added gp120.
Then, 50�l of a solution of mAb 13105100 or mAb 9201
in PBS were added. After 15-min incubation at 20◦C, the
wells were washed three times before the addition of 50�l
of a 1/1000 solution of goat anti-mouse IgG antibody con-
jugated to horseradish peroxidase. After 60 min, the wells
were washed and 50�l of the TMB solution were added ac-
cording to the Manufacturer’s recommendation. The enzyme
reaction was allowed to progress at 20◦C for 5 min before it
was stopped by addition of 50�l of 1 M sulfuric acid. The
binding of mAbs was quantified by measuring absorbance
at 450 nm, with an ELISA plate analyzer (Dynatech Labo-
ratories, Chantilly, VA). Typical absorbance measurements
versus the mAb concentration are reported inFig. 2. Satu-
ration curves with half values of 0.075 and 0.167�g/ml are
observed for mAb 13105100 and mAb 9201, respectively.
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Fig. 2. Antibody binding to gp120 measured by ELISA. The absorbance
of the TMB product is plotted vs. the concentration of mAb directed
to gp120 according to the protocol described in the text: (�) mAb
13105100; (�) mAb 9201. Data are fitted by a function of the form
y = ax/(x + b) where a corresponds to the absorbance value obtained
at saturation andb is the mAb concentration for half-saturation (∼mAb
dissociation constant; 0.075 and 0.167�g/ml for mAb 13105100 and mAb
9201, respectively). The absorbance values are corrected for controls. In
both cases, the absorbance of the controls was 0.05± 0.01.

The experiments involving porphyrins were carried out
as follows. Solutions of porphyrins in PBS (25�l) were
added to control and gp120-coated wells and allowed to
react at room temperature. After incubation, the plates were
irradiated by monochromatic light or kept in the dark for
the same time. In most experiments, the incubation and irra-
diation times were 20 and 10 min, respectively. Then, mAb
13105100 or mAb 9201 was added. In most cases, the mAb
concentration was 1�g/ml, a value that corresponds to the
beginning of the plateau of the curves shown inFig. 2. In
some experiments, the mAb concentration was increased to
10�g/ml in order to check competition between antibodies
and porphyrins. Two protocols were used for dark or light
irradiation experiments. In the first protocols (DI , LI ), the
porphyrin solution was left in contact with the anti-gp120
antibodies. In the second protocols the porphyrin was re-
moved before mAb addition (DII , LII ). In some experiments,
three washes were added at this step. The volume and con-
centration of the added mAb solutions were adjusted so
that the final experimental conditions were the same for
the two protocols. After 15-min incubation at 20◦C, the
wells were washed three times and processed as indicated
above. Experiments were performed at least in triplicate.
The protocols and the epitope of monoclonal antibodies are
recapitulated inFig. 3.

3. Results

3.1. Solution properties of sulfonated deuteroporphyrins

The sulfonated porphyrins with the structure depicted in
Fig. 1 have been shown to dimerize in aqueous solutions
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Fig. 3. (Top) Successive steps in ELISA protocols used for dark and light irradiation experiments. (Bottom) Amino acid sequences of the gp120 V3
loop and the C terminal domain for the HIV-1 strain IIIB. The filled symbols indicate the linear epitopes of 13105100 and 9201 monoclonal antibodies.
Positively charged amino acids are marked by the symbol (+). Photosensitive side chains are numbered.

according to the equilibrium (Dairou et al., 2002),

2M � D (1)

The concentrations of the monomer [M] and the dimer [D]
are related by the equilibrium constant,Kd:

Kd = [D]

[M]2
(2)

The total concentration of the porphyrin being equal to

C = [M] + 2[D] (3)

straightforward calculations lead to

[M] = {−1 + (1 + 8KdC)1/2}
4Kd

(4)

[D] = {1 + 4KdC − (1 + 8KdC)1/2}
8Kd

(5)

The dimerization constants for the various porphyrins have
been determined previously in PBS (Dairou et al., 2002).
They are given inFig. 1. The relative amounts of monomer
and dimer for the typical concentrations used in the present
study have been calculated according toEqs. (4) and (5).
They are plotted as a function of the total porphyrin con-
centration inFig. 4.

The typical absorption spectra of the monomer and dimer
forms are given inFig. 5. Full monomerization can be
achieved for DS at the lowest concentrations and at very low

ionic strength in buffer (Dairou et al., 2002). All the por-
phyrins exist as monomers in methanol. A sharp absorption
band with a maximum at 400 nm (the Soret band) charac-
terizes the monomer. The dimer displays a marked shift to
the blue of the Soret band with a maximum at 384 nm.
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Fig. 5. Absorption spectra of 5× 10−6 M solutions of DS-DM: (- - -)
dimer in PBS; (—) monomer in methanol. The wavelengths used for
irradiation experiments are indicated.
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Fig. 6. Inhibition of mAb 9201 binding by porphyrins: (a and b) experiments carried out in the dark according to protocols DI and DII , respectively;
(c and d) light irradiation experiments (10-min irradiation at 405 nm) according to protocols LI and LII , respectively; (e) light irradiation experiments
according to protocols LII including three washes with PBS-Tween after light irradiation but before 9201 addition. (�) DS; (�) DS-MMa; (�) DS-MMb;
(�) DS-DM; (�) DS-DE. In panel e, results for experiments carried out according to protocol LII but without additional washing are depicted as grey
lines for the sake of comparison. Error bars represent standard deviations on the means.

3.2. Protocols for measurements of antibody binding
inhibition

The inhibition of anti-gp120 mAb binding by porphyrins
may arise from various mechanisms. In the dark, the
porphyrin can compete with the antibody for binding to its
epitope. This process is expected to be reversible to some
extent. Under light, amino acids of gp120 can be damaged
by reactive species produced through the excitation of the
porphyrin. However, photochemical modification of the por-
phyrin itself cannot be excluded. Then, possible contribution
of photoproducts must be checked. Four protocols have been
designed, accordingly. As shown inFig. 3, the porphyrin
was either left, or not, in contact with the anti-gp120 anti-
body. The two protocols used in the dark experiments were
designed with two objectives. The elimination of porphyrin
in protocol DII allowed us to check possible interaction of
the porphyrin with the anti-gp120 antibodies. It was also
possible to estimate the reversibility of the attachment of
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the porphyrin to gp120. Protocol LII was designed to check
possible role of porphyrin photoproducts.

3.3. Inhibition of antibody binding in the dark

As shown inFig. 6a and b, the binding of mAb 9201 was
not significantly inhibited by the various disulfonated por-
phyrins in the dark. Only a very small effect can be noted
with the highest concentration of DS-DE in protocol DI . On
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Fig. 7. Inhibition of mAb 13105100 binding by porphyrins: (a–d) experiments carried out in the dark according to protocols DI , DII , including three
additional washes with PBS-Tween before mAb 13105100 addition or with excess of mAb 13105100 (10�g/ml), respectively; (e–h) light irradiation
experiments (10-min irradiation at 405 nm) according to protocols LI , LII , including three additional washes with PBS-Tween before mAb 13105100
addition or with excess of mAb 13105100 (10�g/ml), respectively. (�) DS; (�) DS-MMa; (�) DS-MMb; (�) DS-DM; (�) DS-DE. Error bars
represent standard deviations on the means.

the other hand, as shown inFig. 7a, a significant inhibition
of mAb 13105100 binding was observed with protocol DI .
The inhibition was a function of porphyrin concentration.
The efficiency was found to depend on the porphyrin struc-
ture in the order DS-MMb∼ DS ∼ DS-MMa < DS-DM <

DS-DE. Although it was slightly reduced, inhibition was
maintained in protocol DII (Fig. 7b), indicating that direct
interaction of the porphyrins with the antibody was not re-
sponsible for the observed effect. Extensive washing of the
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plates following removal of the porphyrin solution restored a
full capacity of mAb 13105100 to bind gp120 (seeFig. 7c).
Moreover, when the mAb 13105100 concentration was in-
creased, the level of the peroxidase assay was progressively
restored, indicating competition between the porphyrin and
mAb 13105100. Results with excess antibody (10�g/ml)
are shown inFig. 7d.

3.4. Inhibition of antibody binding after light irradiation

Irradiation by light of the gp120-coated plates incubated
with the porphyrins was performed before the addition of
antibodies as indicated inFig. 3. The porphyrins were ex-
cited in the Soret region at 405 nm. As illustrated inFig. 6c,
a significant inhibition of mAb 9201 binding was observed.
The effect was porphyrin dose dependent. The efficiency
of the porphyrins was significantly improved by esterifica-
tion. Both the number of carboxylic chains esterified and the
length of the ester chain appeared to be important as shown
by the order of efficiency: DS< DS-MMa ∼ DS-MMb <

DS-DM < DS-DE. The efficiency of DS-DE was remark-
able with 50% inhibition of mAb 9201 binding at a concen-
tration of 40 nM.

The results obtained with protocols LI and LII were fairly
similar, with only a small reduction of activity upon removal
of the porphyrin (seeFig. 6d). This excludes a direct ef-
fect of the porphyrin on the mAb itself. In the same way,
contribution of stable photoproducts eventually formed from
porphyrin can be ruled out. Extensive washing of the plates
with PBS-Tween before light irradiation restored full capac-
ity of mAb 9201 binding (data not shown). This indicates
that the porphyrin must be in contact with gp120 in order to
be active, but the binding appears to be reversible. On the
other hand, extensive washing performed after light irradia-
tion did not reduce the efficacy of the porphyrin, which in-
dicates that permanent damages are produced by irradiation
(seeFig. 6e).

The role of activation by light in promoting the activity of
the photosensitizers is well demonstrated by changing either
the irradiation time or the intensity of the flux of incident
photons, as shown inFig. 8.

The results obtained with mAb 13105100 were very dif-
ferent. As shown inFig. 7e and f, the inhibition of mAb
13105100 binding was not amplified after irradiation. As
shown inFig. 7g and h, extensive washing after irradiation
or the use of mAb 13105100 in excess did not reveal any
permanent damage.

3.5. Identification of the active photosensitizer form

As outlined above, the disulfonated porphyrins dimerized
in aqueous solution. Then, the following question arises: is
the dimer or the monomer form responsible for the observed
effect? As the absorption spectra of the dimer and monomer
forms differ significantly (seeFig. 5), the answer can be
found by changing the wavelength of the irradiation light. It
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can be assumed that for each wavelength,λ, the number of
photons absorbed by the photosensitizer targeted to gp120
Nabs(λ) is proportional to the number of incident photons per
time unit,Ninc/t(λ), to the irradiation time,t, and to the por-
phyrin molecular absorption coefficient,ε(λ). This assump-
tion is valid until no screen effect arise from the porphyrin
solution contained in the well (Cantor and Schimmel, 1980),
which is true with the volume of solution used in the present
study, at least for concentrations up to 10−5 M. Then,

Nabs(λ) = αNinc/t(λ)tε(λ) (6)

where,α is a proportionality factor independent of the wave-
length.

We selected two wavelengths, 405 and 366 nm, cor-
responding to intense emission mercury lines of our arc
lamp. As shown inFig. 5, these wavelengths correspond
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Fig. 9. Inhibition of mAb 9201 binding to gp120 by DS-DM after light irradiation at two wavelengths for various fluxes of incident photons. Top: 405 nm;
bottom: 366 nm. The porphyrin concentrations are: 0, filled bars; 1× 10−6 M, finely hatched bars; 1× 10−5 M, broadly hatched bars; 1× 10−4 M, open
bars. The meaning of symbols a–e is given in the text. For each bar quadruplet, the same flux was used. The exact value is given by the center of the
quadruplet. Protocol LII was used.

to a better absorption of either the monomer or the dimer
form. In a first series of experiments, the light fluxes at
the two wavelengths were adjusted to the same value by
using appropriate neutral filters. The irradiation time was
set at 10 min. In these conditions, the� value of the ac-
tive form that determines the number of absorbed photons
would control the observed effect. The results for DS-DM
are shown as profiles “b” and “d” inFig. 9. Whatever was
the porphyrin concentration, the irradiation at 405 nm was
more efficient. This suggests that the monomer form was
involved despite the fact that the incubation solution mostly
contained dimers.

A second series of experiments was designed. The purpose
was to measure the relative effect of the two wavelengths and
to compare the results to what would be predicted if either
the monomer or the dimer would be involved. In order to
check these two hypotheses without interference with other
parameters, the light fluxes were adjusted so that the same
number of photons would be absorbed by the postulated ac-
tive species at each wavelength. According to relation (6),
the values of both the incident light flux,Ninc/t(λ), and the
molar extinction coefficientε(λ) must be taken into account.
In the case of the monomer, the molar extinction coefficient
at 405 nm is higher (see spectra shown inFig. 5). The value
of the ratioRmon = ε(405)/ε(366) is 3.60. Then, in order
to test the monomer hypothesis, two series of samples were
irradiated. One was irradiated with an incident flux of pho-
tons at 405 nm of 1.38× 1015 photons s−1 cm−2, the other

was irradiated at 366 nm with 4.97×1015 photons s−1 cm−2.
By using the ratio of molar extinction coefficient,Rmon, it
can be easily assessed that the number of absorbed photons
will be the same at the two wavelengths. As a consequence,
if the monomer hypothesis is true, the profile of mAb bind-
ing inhibition at the two wavelengths should be identical.
The same reasoning was used for the dimer hypothesis. In
this case,Rdim = ε(405)/ε(366) was 0.58. The values of
the incident light fluxes leading to the same quantity of ab-
sorbed photons would be 2.99×1015 photons s−1 cm−2 and
1.72 × 1015 photons s−1 cm−2 at 405 and 366 nm, respec-
tively.

The profiles corresponding to the monomer hypothesis
are identified by “a” and “e” inFig. 9. The irradiation con-
ditions marked “b” and “c” were used to check the dimer
hypothesis. The monomer hypothesis appears to be right.
In order to further sustain this conclusion, we used the
Kolmogorov–Smirnov statistic test to compare the couples
of inhibition profiles for the two wavelengths (Siegel and
Castellan, 1988). This test determines if samples come
from a single population or from two different populations.
The test showed that the two samples corresponding to the
dimer hypothesis are different with a reliable interval of
99%. On the other hand, the two samples corresponding to
the monomer hypothesis were not significantly different.
Thus, the monomer form of the porphyrin is responsible
for the light-dependent inhibition of mAb 9201 binding to
gp120.
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4. Discussion

Continuous efforts are developed to find new strategies
that could complement the existing anti-HIV drug cocktails
and/or would be suitable for prophylactic approaches. In line
with these objectives, we investigated the feasibility of tar-
geting the glycoprotein gp120 by anionic photosensitizers.
These molecules can operate via two mechanisms. An ef-
fect in the dark arising from the reversible attachment of the
molecule to glycoprotein sites is expected to alter its func-
tion. This mechanism is common to other drugs. A second
effect can be triggered upon activation of the photosensitizer
by light. This induces the formation of very active species
able to damage some amino acids irreversibly.

A series of disulfonated deuteroporphyrins with different
overall negative charges were selected. Two monoclonal an-
tibodies were used. Their interactions with gp120 in the dark
or after photoactivation of the porphyrin was monitored by
ELISA. One antibody (mAb 13105100) was directed against
the V3 loop, a major determinant of the association of the
virus with co-receptors. The other (mAb 9201) was raised
against the C5 region that is critically involved in the as-
sociation of gp120 with gp41. It is worth noting that the
epitopes of the two antibodies comprise several positively
charged residues making possible electrostatic interactions
with the porphyrins.

Despite the presence of positive charges on both epi-
topes, inhibition of antibody binding by the disulfonated por-
phyrins is observed only for the V3 loop in the dark. Similar
results were described for a tetracarboxylic porphyrin that
reacted selectively with a V3 mimicking peptide among a
series of peptides mapping gp120 (Neurath et al., 1993). The
V3 loop is also the major determinant of interaction of gp120
with other polyanions (Moulard et al., 2000). The affinity
of these polyanions for gp120 was not modified by deletion
of the C5 region (Moulard et al., 2000). A molecular model
indicated that the charge of the V3 loop, but not its precise
structure, dominates the electrostatic potential of the con-
served co-receptor binding region. It was suggested that the
interaction with polyanions mostly depends on the charge
density rather than a particular motif (Kwong et al., 2000).
Careful analysis of interactions of series of porphyrins with
gp120 did confirm the presence of electrostatic bonds. How-
ever, three negative chains on the porphyrin macrocycle were
sufficient to provide the best efficacy (Debnath et al., 1994).
Large evidence for interactions with hydrophobic residues
was also provided (Neurath et al., 1995).

The efficiency of our disulfonated porphyrins to inhibit
the binding of the anti-V3 antibody in the dark increased
upon reduction of their negative charge to two. Also, ester-
ification of the carboxylic groups by the more hydropho-
bic ethyl chains was favorable. This reinforces the hypoth-
esis that interactions of porphyrins with the V3 loop is op-
timized by the presence of both anionic and hydrophobic
groups (Debnath et al., 1994). However, the propensity of
the porphyrins to self-associate follows the same order. The

increase of charge density that accompanies dimerization
might also play a role.

It should be pointed out that the interaction of the por-
phyrins with the V3 loop is reversible. Indeed, the inhibition
of mAb binding is abolished through the use of antibody
in excess or by extensive washing of the microplates before
antibody addition (seeSection 3).

In contrast to results obtained for the V3 loop, the interac-
tion between the disulfonated porphyrins and the C5 region
was found to be extremely weak.

Irradiation of photosensitizers by light in presence of
molecular oxygen induces the formation of reactive oxy-
gen species with deleterious effects on biological systems, a
phenomenon known as photodynamic action (Spikes, 1982).
The photosensitizer raised to the triplet state can either re-
act by electron transfer with surrounding molecules to yield
radical species (type I mechanism) or transfer its energy to
molecular oxygen to produce singlet oxygen (type II mech-
anism) (Foote, 1968). Disulfonated porphyrins have been
shown to be good singlet oxygen generators, even when
they are dimerized (Dairou et al., 2002). Among the vari-
ous amino acids, only five, namely cysteine, histidine, me-
thionine, tryptophan and tyrosine are vulnerable to sensi-
tized photo-oxidation (Smith, 1989; Bensasson et al., 1993).
Chemical alteration involves the side chains of these amino
acids. The disulfide bridges and peptide links in proteins are
usually not broken upon photo-oxidation. In type I mecha-
nism, the photosensitizer and the amino acid chain to be al-
tered must be within a few angstroms unless electron trans-
fer could proceed by jumps involving several side chains ar-
ranged adequately. During its lifetime, around 0.1�s in bio-
logical systems, singlet oxygen can travel over a distance of
a few hundreds of angstroms (Moan and Berg, 1991; Niedre
et al., 2002).

Light irradiation had no effect on the inhibition of anti-V3
antibody binding, as shown inFig. 7e and f. Furthermore,
extensive washing of the microplates after exposure to light
restored full capacity of the antibody to recognize its epitope
(seeFig. 7g) with no evidence for permanent damages. In
fact, the V3 loop of gp120 IIIB does not contain photosen-
sitive amino acids (seeFig. 3). The presence of photosensi-
tive residues in the C5 epitope makes it more susceptible to
attack by reactive oxygen species (seeFig. 3). Irreversible
damages are produced within this epitope, accordingly. It
should be noted that these photosensitive residues are highly
conserved (Kwong et al., 1998).

The monomer forms of the disulfonated porphyrins were
clearly identified as the photo-active species from irradiation
experiments performed at two wavelengths. The observed
photodamages cannot arise from reactive species produced
in solution. Indeed, as shown inFig. 4, the porphyrins in
the incubation solution exist predominantly as dimers, espe-
cially for the most active compounds. It can be concluded
that a site with a high affinity for porphyrin monomers ex-
ists on gp120. The curves shown inFig. 2 indicate that the
affinity of the two antibodies for their target is similar. The
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dissociation constant of mAb 9201 is even somewhat higher.
Then, the absence of an effect in the dark of porphyrins on
the binding of mAb 9201 cannot be due to an unfavorable
competition. As a consequence, it is unlikely that the high
affinity site for porphyrins belongs to the C5 region. It must
be pointed out that the effects in the dark on the V3 loop and
light-induced damages to the C5 epitope are quite similar if
we consider the porphyrin efficacy. This might suggest that
the same site is involved. It could be hypothesized that reac-
tive species such as singlet oxygen produced by porphyrins
bound to the V3 loop could react with amino acids distant by
several dozen of angstroms. This process could involve dif-
fusion of singlet oxygen near the surface of the glycoprotein
or through the protein matrix. Indeed, various studies have
shown that proteins do not impose a significant barrier for the
diffusion of small molecules such as oxygen (Coppey et al.,
1981; Papp et al., 1991). Conformational fluctuations of the
polypeptide chain on nanosecond to microsecond timescales
can open channels through which small molecules migrate
to other sites (Ostermann et al., 2000). It can be assumed
that the same would be true for singlet oxygen until it finds
a photosensitive residue.

In conclusion, disulfonated porphyrins bind competitively
to the V3 loop of glycoprotein gp120. Most likely, they are
able to induce photodamages to remote sites on the protein.
Here, we give an example of light-induced damages to the
non-exposed C5 region. Moreover, these damages are likely
to involve highly conserved photosensitive residues (Kwong
et al., 1998). Then, in addition to usual effects arising from
reversible attachment of these molecules to accessible sites,
damages might be produced to remote sites. Protein areas
not accessible to usual drugs could be altered. Hence, ow-
ing to diffusion of the active species produced by the pho-
toactive drugs, non-exposed regions with critical functions
but less subjected to mutation might be attained. Obviously,
screening of the damages on various functionally important
sites on gp120 is necessary to fully support this attractive
concept. The photoinactivation of HIV-1 virions by these
anionic porphyrins remains to be checked. These points will
be addressed in further studies. Photodecontamination of
cellular blood components has received increasing attention
in the past years. Psoralens that make adducts with nucleic
acids upon ultraviolet light activation have been used in ran-
domized clinical trials (van Rhenen et al., 2003). The pro-
duction by porphyrins of active species able to diffuse at
short distance offers an alternative mechanism. Targeting
pathogen proteins is expected to improve the efficacy of the
treatment, while preserving functions of the blood compo-
nents. Also, this class of photosensitizers would be devoid
of any mutagenic potential, a concern with drugs interacting
with nucleic acids (Rapp and Kemeny, 1977). Besides, por-
phyrins and related compounds can be excited by red light,
an advantage to treat red blood cells. All these features make
porphyrins and related compounds attractive candidates for
photodynamic treatment in prophylactic approaches of viral
infections.

References

Agatsuma, T., Yamamoto, I., Furukawa, H., Nishigaki, T., 1996. Guanine-
rich oligonucleotide modified at the 5′ terminal by dimethoxytrityl
residue inhibits HIV-1 replication by specific interaction with the
envelope glycoprotein. Antivir. Res. 31, 137–148.

Baba, M., Pauwels, R., Balzarini, J., Arnout, J., Desmyter, J., De Clercq,
E., 1988. Mechanism of inhibitory effect of dextran sulfate and heparin
on replication of human immunodeficiency virus in vitro. Proc. Natl.
Acad. Sci. U.S.A. 85, 6132–6136.

Bensasson, R.V., Land, E.J., Truscott, T.G., 1993. Excited States and
Free Radicals in Biology and Medicine: Contributions from Flash
Photolysis and Pulse Radiolysis. Oxford University Press, Oxford,
442 pp.

Blair, W.S., Lin, P.F., Meanwell, N.A., Wallace, O.B., 2000. HIV-1 entry—
an expanding portal for drug discovery. Drug Discov. Today 5, 183–
194.

Cantor, C.R., Schimmel, P.R., 1980. Biophysical Chemistry, Part II: Tech-
niques for the Study of Biological Structure and Function. W. H.
Freeman, San Francisco, 503 pp.

Coppey, M., Jameson, D.M., Alpert, B., 1981. Oxygen diffusion through
hemoglobin and HbdesFe: quenching of the tryptophan and porphyrin
emissions. FEBS Lett. 126, 191–194.

Dairou, J., Vever-Bizet, C., Brault, D., 2002. Self-association of disul-
fonated deuteroporphyrin and its esters in aqueous solution and pho-
tosensitized production of singlet oxygen by the dimers. Photochem.
Photobiol. 75, 229–236.

Debnath, A.K., Jiang, S., Strick, N., Lin, K., Haberfield, P., Neurath,
A.R., 1994. Three-dimensional structure-activity analysis of a series of
porphyrin derivatives with anti-HIV-1 activity targeted to the V3 loop
of the gp120 envelope glycoprotein of the human immunodeficiency
virus type 1. J. Med. Chem. 37, 1099–1108.

De Clercq, E., 2002. New developments in anti-HIV chemotherapy.
Biochim. Biophys. Acta 1587, 258–275.

Dodd, R.Y., Notari, E.P., Stramer, S.L., 2002. Current prevalence and
incidence of infectious disease markers and estimated window-period
risk in the American Red Cross blood donor population. Transfusion
42, 975–979.

Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 en-
try cofactor: functional cDNA cloning of a seven-transmembrane, G
protein-coupled receptor. Science 272, 872–877.

Foote, C.S., 1968. Mechanisms of photosensitized oxidation. There are
several different types of photosensitized oxidation which may be
important in biological systems. Science 162, 963–970.

Grandadam, M., Ingrand, D., Huraux, J.M., Aveline, B., Delgado, O.,
Vever Bizet, C., Brault, D., 1995. Photodynamic inactivation of cell-
free HIV strains by a red-absorbing chlorin-type photosensitizer. J.
Photochem. Photobiol. B Biol. 31, 171–177.

Helseth, E., Olshevsky, U., Furman, C., Sodroski, J., 1991. Human im-
munodeficiency virus type 1 gp120 envelope glycoprotein regions im-
portant for association with the gp41 transmembrane glycoprotein. J.
Virol. 65, 2119–2123.

Jones, P.L., Korte, T., Blumenthal, R., 1998. Conformational changes in
cell surface HIV-1 envelope glycoproteins are triggered by cooperation
between cell surface CD4 and co-receptors. J. Biol. Chem. 273, 404–
409.

Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski, J., Hen-
drickson, W.A., 1998. Structure of an HIV gp120 envelope glyco-
protein in complex with the CD4 receptor and a neutralizing human
antibody. Nature 393, 648–659.

Kwong, P.D., Wyatt, R., Sattentau, Q.J., Sodroski, J., Hendrickson, W.A.,
2000. Oligomeric modeling and electrostatic analysis of the gp120
envelope glycoprotein of human immunodeficiency virus. J. Virol. 74,
1961–1972.

Lopalco, L., Longhi, R., Ciccomascolo, F., De Rossi, A., Pelagi, M., An-
dronico, F., Moore, J.P., Schulz, T., Beretta, A., Siccardi, A.G., 1993.



J. Dairou et al. / Antiviral Research 61 (2004) 37–47 47

Identification of human immunodeficiency virus type 1 glycoprotein
gp120/gp41 interacting sites by the idiotypic mimicry of two mono-
clonal antibodies. AIDS Res. Hum. Retroviruses 9, 33–39.

Maerz, A.L., Drummer, H.E., Wilson, K.A., Poumbourios, P., 2001. Func-
tional analysis of the disulfide-bonded loop/chain reversal region of
human immunodeficiency virus type 1 gp41 reveals a critical role in
gp120-gp41 association. J. Virol. 75, 6635–6644.

Margolis-Nunno, H., Ben-Hur, E., Gottlieb, P., Robinson, R., Oetjen, J.,
Horowitz, B., 1996. Inactivation by phthalocyanine photosensitization
of multiple forms of human immunodeficiency virus in red cell con-
centrates. Transfusion 36, 743–750.

Margolis-Nunno, H., Bardossy, L., Robinson, R., Ben-Hur, E., Horowitz,
B., Blajchman, M.A., 1997. Psoralen-mediated photodecontamination
of platelet concentrates: inactivation of cell-free and cell-associated
forms of human immunodeficiency virus and assessment of platelet
function in vivo. Transfusion 37, 889–895.

Matthews, J.L., Sogandares-Bernal, F., Judy, M.M., Marengo-Rowe, A.J.,
Leveson, J.E., Skiles, H., Newman, J.T., Chanh, T.C., 1991. Preliminary
studies of photoinactivation of human immunodeficiency virus in blood.
Transfusion 31, 636–641.

Mitsuya, H., Looney, D.J., Kuno, S., Ueno, R., Wong-Staal, F., Broder,
S., 1988. Dextran sulfate suppression of viruses in the HIV family:
inhibition of virion binding to CD4+ cells. Science 240, 646–649.

Moan, J., Berg, K., 1991. The photodegradation of porphyrins in cells
can be used to estimate the lifetime of singlet oxygen. Photochem.
Photobiol. 53, 549–553.

Mohr, H., Bachmann, B., Klein-Struckmeier, A., Lambrecht, B., 1997.
Virus inactivation of blood products by phenothiazine dyes and light.
Photochem. Photobiol. 65, 441–445.

Moore, J.P., 1997. Coreceptors: implications for HIV pathogenesis and
therapy. Science 276, 51–52.

Moore, J.P., Sattentau, Q.J., Wyatt, R., Sodroski, J., 1994. Probing the
structure of the human immunodeficiency virus surface glycoprotein
gp120 with a panel of monoclonal antibodies. J. Virol. 68, 469–484.

Moore, A., Herrera, G., Nyamongo, J., Lackritz, E., Granade, T., Nahlen,
B., Oloo, A., Opondo, G., Muga, R., Janssen, R., 2001. Estimated
risk of HIV transmission by blood transfusion in Kenya. Lancet 358,
657–660.

Moulard, M., Lortat-Jacob, H., Mondor, I., Roca, G., Wyatt, R., Sodroski,
J., Zhao, L., Olson, W., Kwong, P.D., Sattentau, Q.J., 2000. Selective
interactions of polyanions with basic surfaces on human immunodefi-
ciency virus type 1 gp120. J. Virol. 74, 1948–1960.

Neurath, A.R., Haberfield, P., Joshi, B., Hewlett, I.K., Strick, N., Jiang,
S., 1991. Rapid prescreening for antiviral agents against HIV-1 based
on their inhibitory activity in site-directed immunoassays. I. The V3
loop of gp120 as target. Antivir. Chem. Chemother. 2, 303–312.

Neurath, A.R., Strick, N., Haberfield, P., Jiang, S., 1992. Rapid prescreen-
ing for antiviral agents against HIV-1 based on their inhibitory activ-
ity in site-directed immunoassays. II. Porphyrins reacting with the V3
loop of gp120. Antivir. Chem. Chemother. 3, 55–63.

Neurath, A.R., Strick, N., Jiang, S., 1993. Rapid prescreening for antiviral
agents against HIV-1 based on their inhibitory activity in site-directed
immunoassays. Approaches applicable to epidemic HIV-1 strains. An-
tivir. Chem. Chemother. 4, 207–214.

Neurath, A.R., Strick, N., Debnath, A.K., 1995. Structural requirements
for and consequences of an antiviral porphyrin binding to the V3 loop
of the human immunodeficiency virus (HIV-1) envelope glycoprotein
gp120. J. Mol. Recognit. 8, 345–357.

Niedre, M., Patterson, M.S., Wilson, B.C., 2002. Direct near-infrared
luminescence detection of singlet oxygen generated by photodynamic
therapy in cells in vitro and tissues in vivo. Photochem. Photobiol. 75,
382–391.

Nishimura, S.I., Kai, H., Shinada, K., Yoshida, T., Tokura, S., Kurita,
K., Nakashima, H., Yamamoto, N., Uryu, T., 1998. Regioselective
syntheses of sulfated polysaccharides: specific anti-HIV-1 activity of
novel chitin sulfates. Carbohydr. Res. 306, 427–433.

North, J., Coombs, R., Levy, J., 1994. Photodynamic inactivation of free
and cell-associated HIV-1 using the photosensitizer, benzoporphyrin
derivative. J. Acquir. Immune Defic. Syndr. 7, 891–898.

Ostermann, A., Waschipky, R., Parak, F.G., Nienhaus, G.U., 2000. Ligand
binding and conformational motions in myoglobin. Nature 404, 205–
208.

Papp, S., King, T.E., Vanderkooi, J.M., 1991. Intrinsic tryptophan phos-
phorescence as a marker of conformation and oxygen diffusion in
purified cytochrome oxidase. FEBS Lett. 283, 113–116.

Rapp, F., Kemeny, B.A., 1977. Oncogenic potential of herpes simplex virus
in mammalian cells following photodynamic inactivation. Photochem.
Photobiol. 25, 335–337.

Rizzuto, C.D., Wyatt, R., Hernández Ramos, N., Sun, Y., Kwong, P.D.,
Hendrickson, W.A., Sodroski, J., 1998. A conserved HIV gp120 gly-
coprotein structure involved in chemokine receptor binding. Science
280, 1949–1953.

Schols, D., Pauwels, R., Desmyter, J., De Clercq, E., 1990. Dextran sulfate
and other polyanionic anti-HIV compounds specifically interact with
the viral gp120 glycoprotein expressed by T-cells persistently infected
with HIV-1. Virology 175, 556–561.

Siegel, S., Castellan, N.J., 1988. Nonparametric Statistics for Behavioral
Sciences. Mc Graw-Hill, New-York, 399 pp.

Smith, K.C., 1989. The Science of Photobiology, 2nd ed. Plenum Pub-
lishing Corporation, New York, 466 pp.

Spikes, J.D., 1982. Photodynamic reactions in photomedicine. In: Regan,
J.D., Parrish, J.A. (Eds.), The Science of Photomedicine. Plenum Press,
New York, pp. 113–144.

Starcich, B.R., Hahn, B.H., Shaw, G.M., McNeely, P.D., Modrow, S.,
Wolf, H., Parks, E.S., Parks, W.P., Josephs, S.F., Gallo, R.C., Wong-
Staal, F., 1986. Identification and characterization of conserved and
variable regions in the envelope gene of HTLV-III/LAV, the retrovirus
of AIDS. Cell 45, 637–648.

Stein, C.A., Cleary, A.M., Yakubov, L., Lederman, S., 1993. Phospho-
rothioate oligodeoxynucleotides bind to the third variable loop domain
(V3) of human immunodeficiency virus type 1 gp120. Antisense Res.
Dev. 3, 19–31.

Stephenson, J., 2002. Researchers explore new anti-HIV agents. JAMA
287, 1635–1637.

Sullivan, N., Sun, Y., Sattentau, Q., Thali, M., Wu, D., Denisova, G.,
Gershoni, J., Robinson, J., Moore, J., Sodroski, J., 1998. CD4-induced
conformational changes in the human immunodeficiency virus type 1
gp120 glycoprotein: consequences for virus entry and neutralization.
J. Virol. 72, 4694–4703.

van Rhenen, D., Gulliksson, H., Cazenave, J.P., Pamphilon, D., Ljungman,
P., Kluter, H., Vermeij, H., Kappers-Klunne, M., de Greef, G., Laforet,
M., Lioure, B., Davis, K., Marblie, S., Mayaudon, V., Flament, J.,
Conlan, M., Lin, L., Metzel, P., Buchholz, D., Corash, L., 2003.
Transfusion of pooled buffy coat platelet components prepared with
photochemical pathogen inactivation treatment: the euroSPRITE trial.
Blood 101, 2426–2433.

Vever-Bizet, C., Boutorine, A.S., Delgado, O., Brault, D., Hélène, C.,
1999. Targeting of HIV gp120 by oligonucleotide-photosensitizer con-
jugates. Light-induced damages. FEBS Lett. 462, 467–471.

Witvrouw, M., Desmyter, J., De Clercq, E., 1994. Antiviral portrait series:
4. Polysulfates as inhibitors of HIV and other enveloped viruses.
Antivir. Chem. Chemother. 5, 345–359.

Wu, H., Kwong, P.D., Hendrickson, W.A., 1997. Dimeric association and
segmental variability in the structure of human CD4. Nature 387, 527–
530.

Wyatt, J.R., Vickers, T.A., Roberson, J.L., Buckheit, R.W., Klimkait, T.,
Debaets, E., Davis, P.W., Rayners, B., Imbach, J.L., Eckers, D.J., 1994.
Combinatorially selected guanine-quartet structure is a potent inhibitor
of human immunodeficiency virus envelope-mediated cell fusion. Proc.
Natl. Acad. Sci. U.S.A. 91, 1356–1360.

Wyatt, R., Kwong, P.D., Desjardins, E., Sweet, R.W., Robinson, J., Hen-
drickson, W.A., Sodroski, J.G., 1998. The antigenic structure of the
HIV gp120 envelope glycoprotein. Nature 393, 705–711.


	Interaction of sulfonated anionic porphyrins with HIV glycoprotein gp120: photodamages revealed by inhibition of antibody binding to V3 and C5 domains
	Introduction
	Materials and methods
	Chemistry
	Light irradiation
	Virology

	Results
	Solution properties of sulfonated deuteroporphyrins
	Protocols for measurements of antibody binding inhibition
	Inhibition of antibody binding in the dark
	Inhibition of antibody binding after light irradiation
	Identification of the active photosensitizer form

	Discussion
	References


