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A metallopeptide-based fluorescence assay has been designed for the detection of small-molecule inhibitors
of human immunodeficiency virus type 1 gp41, the viral protein involved in membrane fusion. The assay
involves two peptides representing the inner N-terminal-heptad-repeat (HR1) coiled coil and the outer C-
terminal-heptad-repeat (HR2) helical domains of the gp41 six-helix bundle which forms prior to fusion. The
two peptides span a hydrophobic pocket previously defined in the literature. The HR1 peptide is modified with
a metal-ligated dye complex, which maintains structural integrity and permits association with a fluorophore-
labeled HR2 peptide to be followed by fluorescence quenching. Compounds able to disrupt six-helix bundle
formation can act as fusion inhibitors, and we show that they can be detected in the assay from an increase in
the fluorescence that is correlated with the potency of the compound. Assay optimization and validation have
resulted in a simple quantitative competitive inhibition assay for fusion inhibitors that bind in the hydrophobic
pocket. The assay has an assay quality factor (Z�) of 0.88 and can rank order inhibitors at 10 �M concentration
with Kis in the range of 0.2 �M to 30 �M, an ideal range for drug discovery. Screening of a small peptido-
mimetic library has yielded three new low-molecular-weight gp41 inhibitors. In vitro syncytium inhibition
assays confirmed that the compounds inhibited cell-cell fusion in the low micromolar range. These lead
compounds provide a new molecular scaffold for the development of fusion inhibitors.

The coiled-coil region of the extracellular matrix protein
gp41 of the human immunodeficiency virus (HIV) is an impor-
tant target for drugs against viral fusion (4, 10, 11, 31, 49). gp41
is trimeric with a central coiled-coil region composed of three
identical N-terminal heptad repeats (HR1) from the three
molecules of the trimer. While the structure of the prefusion
state is unknown, the fusion-competent state is a six-helix bun-
dle structure, with three C-terminal heptad repeats (HR2)
forming three antiparallel strands down the grooves of the
coiled coil (3). This structure forms as a result of a conforma-
tional change in gp41, triggered by gp120 and coreceptor bind-
ing to host cell receptors (11, 44). Prevention of six-helix bun-
dle formation has been recognized as an important mechanism
for viral fusion inhibition and is the basis of fluorescence en-
zyme-linked immunosorbent assays (ELISAs) for fusion inhib-
itors (28, 33). Numerous studies have demonstrated that the
coiled-coil domain is accessible to drugs during the transition
to the fusion-competent state, making it an important target
for entry inhibitors that prevent fusion (7, 30, 36, 40, 47, 51). A
variety of fusion inhibitors have been shown to bind to the gp41
coiled coil, including T-20 (enfuvirtide) (29, 51) and other gp41
C peptides (8), D peptides (12), and small-molecule inhibitors
(9, 14, 17, 26, 27, 35, 39). Synthetic C peptides over 30 residues
in length have demonstrated efficacies as fusion inhibitors at
low-nM concentrations, but few small molecules have so far

been found, all with efficacy at �M concentrations. Given the
limitations of peptides as drugs, the identification of more
small-molecule lead compounds could play a significant role in
antifusion drug development.

Several studies on fusion inhibition have involved a method
used to stabilize the transiently exposed coiled coil in solution.
Excision of HR1 does not produce a stable coiled-coil domain,
due to nonspecific hydrophobic interactions between the pep-
tides. Strategies have included covalently linking the peptides
of the coiled coil (37), a 5-helix protein lacking one of the three
outer helices of the six-helix bundle (17, 48), coiled-coil exten-
sion with a soluble trimeric GCN4 coiled coil (12, 13, 50), and
a gp41 coiled-coil domain fused to maltose binding protein
(45), the basis of a fluorescence polarization assay for peptide
binding.

We have designed a stable HR1 receptor through N-termi-
nal ferrous ion ligation. Formation of the trimeric coiled coil is
facilitated by chelation of a Tris–2,2�-bipyridine-5-carboxy-
peptide complex with Fe(II) and concominant hydrophobic
collapse of the heptad repeat peptides (18–20, 32). The dark
red ferrous complex acts as a fluorescence quencher of an
appropriately labeled HR2 peptide when it binds to the coiled
coil. Studies of the affinities of various HR2 peptides have
demonstrated their selectivity for the correct sequence (21).
Competitive inhibition of the HR1-HR2 interaction by a small
molecule, with a concomitant increase in fluorescence over
that at the baseline, is the basis for the screening assay de-
scribed here. The assay has been optimized, validated, and
used for the discovery of novel small-molecule gp41 inhibitors
from a small peptidomimetic library. The assay was able to
identify inhibitors in the library, detect false-positive results,

* Corresponding author. Mailing address: Department of Basic Sci-
ences, Touro University, 1310 Johnson Lane, Vallejo, CA 94592.
Phone: (707) 638-5482. Fax: (707) 638-5255. E-mail: mgochin@touro
.edu.

� Published ahead of print on 23 April 2007.

2388



and determine the quantitative binding affinities of true hits.
The newly discovered inhibitors were confirmed to be active at
micromolar concentrations in a gp41-mediated cell-cell fusion
assay.

MATERIALS AND METHODS

General chemicals. Unless otherwise stated, chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). ADS-J1 (9) was a gift from S. Jiang; the small
peptidomimetic library screened was developed at UCSF to study the MDM2-
p53 interaction (38). The molecular masses of compounds 11{3,5} and 11{6,11}
were confirmed by liquid chromatography-mass spectrometry to be 491.1 Da
(calculated, 490.53 Da) and 485.08 Da (calculated, 484.48 Da), respectively.

Peptide receptor and fluorescent peptide probe. Peptide env2.0 (2,2�-bipyridine-5�-c
arboxylate–GQAVEAQQHLLQLTVWGIKQLQARILAVEKK-amide), which con-
tains the deep hydrophobic pocket on gp41 and a linker for metal chelation at the
N terminus, was prepared by solid-state synthesis (Biosynthesis, Inc.). The un-
derlined residues occur in the wild-type gp41 sequence. 2,2�-Bipyridine-5�-car-
boxylate was prepared according to the methods described in the literature (22)
and was attached to the N terminus of the peptide on the resin. The Fe(II)
complex [Fe(II)(env2.0)3]2� was prepared by addition of a one-third stoichiom-
etry of freshly prepared ferrous ammonium sulfate to peptide in 25 mM Tris-
acetate buffer at pH 7.0. The probe peptide C18-Aib (acetate-MTWBEWDRE
IBNYTSLIC-amide, where B is �-aminoisobutyric acid) and scrambled peptide
C16-Scr (acetate-DYETMIKWEEIWKKRC-amide) were ordered from Bio-
synthesis Inc. C18-Aib was labeled at the cysteine with Lucifer yellow iodoacet-
amide (LY; Invitrogen), according to the manufacturer’s directions, to form
C18-Aib-LY.

Fluorescence intensity measurements. Fluorescence intensities were mea-
sured in a reaction buffer containing 25 mM Tris, 25 mM sodium acetate (pH
7.0), and 0.01% Tween 20. Up to 32% dimethyl sulfoxide (DMSO) was included
in the experiments to test for the effect of DMSO on the assay. Fluorescence
measurements were made with 30 �l of solution in black 384-well plates (Greiner
[Bio-one, Monroe, NC] or Costar [Corning, Cambridge, MA]) by using a Spec-
tramax Gemini XPS plate reader or an Analyst HT plate reader (Molecular
Devices, Sunnyvale, CA). The LY probe was detected by using excitation and
emission frequencies of 425 nm and 540 nm, respectively. All fluorescence data
are reported as the mean of repeat measurements, with error bars showing the
standard deviations.

Assay development and optimization. The binding constant between the re-
ceptor and the peptide probe was determined by serial dilution of 72 �M
ferropeptide receptor in wells containing 1 �M C18-Aib-LY in 0 to 32% DMSO.
The receptor concentration is reported in terms of the concentration of the
component peptide, which is equivalent to the concentration of the binding sites.
For competitive inhibition, assay plates were typically prepared with 10 �l of the
inhibitor in buffer containing 12% DMSO and 0.03% Tween 20 and 10 �l each
of 21.6 �M [Fe(II)(env2.0)3]2� and 3 �M C18-Aib-LY. Fluorescence intensities
were also measured in parallel for wells containing 10 �l inhibitor and 20 �l
buffer to identify self-fluorescent library compounds and for a second set con-
taining 10 �l inhibitor, 10 �l 3 �M C18-Aib-LY, and 10 �l buffer in order to
identify false-positive results (see below). In all cases, wells contained a final
DMSO concentration of 4% (except where indicated) and a Tween 20 concen-
tration of 0.01%.

Assay performance was analyzed by measurements of the signal-to-noise ratio
(S/N) and a screening window coefficient (Z) and Z� factors (52), as follows:

S/N � �Fmax � Fmin�/��max
2 � �min

2�1/2 (1)

Z� � 1 � �3�max � 3�min�/�Fmax � Fmin� (2)

Z � 1 � �3�s � 3�min�/�Fs � Fmin� (3)

where Fmax, Fmin, and FS are the mean fluorescence intensities for the free,
bound, and library sample signals, respectively; and �max, �min, and �S are the
respective standard deviations for those signals. In addition, we define a fourth
parameter, Z1:

Z1 � 1 � �3�S � 3�max�/�Fmax � FS� (4)

which is a second screening window coefficient. The conditions Z equal to �1
and Z1 equal to �1 correspond to the minimum and the maximum values of FS

for which the signal size is correlated to the inhibition constant; i.e., the signal is
at least 3�min above Fmin (Z 	 �1) or 3�max is below Fmax (Z1 	 �1).

Calculation of binding constants. The dissociation constant of the receptor-
probe peptide interaction (Kd) was calculated from a fit to the equation

Fobs � FRL � 
F0Kd / ��R� � Kd� (5)

where Fobs is the observed fluorescence,

�R� � 1⁄2
Rt � Lt � Kd � ��Rt � Lt � Kd�
2 � 4KdRt�

1/2� (6)

and Lt is the total probe peptide concentration; Rt is the total concentration of
receptor binding sites, equal to 3[Fe(II)(env2.0)3]2�; and 
F0 is equal to Fmax �
FRL, which is the difference between the fluorescence of the free probe and the
fluorescence of the receptor-probe complex (FRL). The data were fit by using the
Kaleidagraph program.

The inhibition constant (Ki) for competitive inhibition can be obtained in the
general case from the numerical solution of five simultaneous equations (Math-
cad; Mathsoft):

Kd � [R][L]/[RL] (7a)

Ki � [R][I]/[RI] (7b)

Rt � [R] � [RI] � [RL] (7c)

It � [I] � [RI] (7d)

Lt � [L] � [RL] (7e)

where [L], [R], and [I] are the concentrations of free probe peptide, free receptor
peptide, and free inhibitor, respectively, [RL] and [RI] are the concentrations of
bound probe peptide and inhibitor, and It is the total concentration of inhibitor.
The solution is obtained by using the correlation between FS and the ligand
concentration:

FS � �FRL[RL]/Lt� � �Fmax�L�/Lt� (7f)

The values for FRL and Fmax were extracted from the titration curves in Fig. 1
(equation 5). Dose-response curves for competitive inhibition were also approx-
imated by equation 5 by using

�R� � 1⁄2
Rt � It � Ki � ��Rt � It � Ki�
2 � 4KiRt�

1/2� (8)

Equation 8 is valid when the probe concentration is low relative to the concen-
trations of the receptor binding sites.

Cell-cell fusion assay. Measurement of HIV type 1 (HIV-1) fusion inhibition
was performed by Changhua Ji at Roche (Palo Alto, CA) by using a screening

FIG. 1. Titration of Fe(II) metallopeptide into a constant concen-
tration (1 �M) of C18-Aib-LY. The experiment was repeated in trip-
licate and with different DMSO concentrations: 0% DMSO (Œ), 4%
DMSO (f), 16% DMSO (}), and 32% DMSO (F). Experiments were
conducted in 384-well plates on a Spectramax Gemini XPS plate
reader by using 30 �l solution per well. The data were fit to equations
5 and 6.
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protocol involving inducible gp160 expression in HeLa effector cells and CCR5-
expressing Tat-long terminal repeat-luciferase reporter cells (24).

RESULTS

[Fe(II)(env2.0)3]2� fluorescence intensity assay system de-
sign. The fluorescence intensity screen was set up by using a
fluorescently labeled probe peptide from HR2 and a metal
ion-chelated coiled-coil peptide from HR1. The interaction of
the two peptides resulted in fluorescence quenching of the
probe by the metal chelate. The two peptides synthesized for
the assay were env2.0, a 31-residue N-terminal bipyridylated
HR1 peptide containing critical residues of the deep hydro-
phobic pocket on gp41 (residues 565 to 577), and C18-Aib, an
18-residue cysteine-terminated HR2 peptide containing resi-
dues Trp628, Trp631, Asp632, and Ile635 that play a key role
in the specific interaction in the hydrophobic pocket (5, 6, 45).
The Fe(II)-chelated receptor [Fe(II)(env2.0)3]2� was formed
by the addition of a one-third equivalent of ferrous ion to
env2.0. The helical propensity of C18-Aib was increased by
replacement of two residues nonessential to the binding inter-
action with �-aminoisobutyric acid (51). This peptide had im-
proved solubility compared to those of similar native peptides
of gp41 HR2. It is 18% helical by circular dichroism measure-
ment. C18-Aib was labeled with LY at the C-terminal cysteine
for direct dissociation constant measurements and was used
without labeling as a positive control in competitive inhibition
experiments. In addition, a 16-residue peptide, C16-Scr, made
by scrambling the HR2 region from positions 628 to 643, was
prepared as a negative control (21).

The interaction of the two peptides resulted in fluorescence
quenching of the probe by the metal chelate due to overlap of
the fluorescence emission with the iron(II)-bipyridyl charge
transfer band. Titration of an increasing concentration of
[Fe(II)(env2.0)3]2� into a constant concentration of LY-la-
beled HR2 peptide yielded a Kd of 0.9 � 0.2 �M for C18-
Aib-LY (Fig. 1). The data were fit by using equations 5 and 6.
The effect of DMSO on Kd was determined by carrying out the
experiment with 0, 4, 16, and 32% DMSO. The binding was
unaffected by DMSO concentrations up to 16%, after which
some impairment occurred, with a Kd of 2.5 �M obtained with
32% DMSO.

Inhibitor detection by competitive inhibition. Small mole-
cules that bind to the hydrophobic pocket can, in principle, be
detected by measurement of an increase in the fluorescence in
a ternary system containing the probe and receptor peptides
mixed with the compound of interest. Use of the assay for the
detection of novel inhibitors of HIV fusion required assay
evaluation and validation in order to confirm both the sensi-
tivity and the validity of the assay with the [Fe(II)(env2.0)3]2�

model receptor system representing the intact coiled-coil do-
main in HIV-1. For these purposes, assay statistics and the
dynamic range were evaluated and known gp41 hydrophobic
pocket binders were used to test the assay response.

Assay bounds, statistics, and dynamic range. Assay behavior
was evaluated by measurement of the standard statistical pa-
rameters Z and Z� (52). Z�, which should exceed 0.5 for an
assay suitable for high-throughput screening, depends on the
standard deviations of both the bound and the free probe
signals and on their separation. A receptor concentration on

the order of or greater than the Kd is desirable for maximum
sensitivity, according to the binding equation (equation 5); 7.2
�M receptor, which corresponds to a lower bound of 20%
Fmax, was selected. The probe concentration was minimized
within the limits of S/N; the use of lower probe concentrations
simplifies data analysis (equation 8). The probe was used at a
concentration of 1 �M to calibrate the assay. Figure 2 shows
144 repeat measurements of the upper and lower bounds,
which correspond to the probe and the probe-receptor mix-
ture, respectively. The Z� factor in Fig. 2, obtained by using 4%
DMSO, is 0.88. The S/N is 28.8. The assay components and the
fluorescence readings were very stable over a 24-h period at
4°C.

The standard deviation obtained for plate reader measure-
ments in Fig. 2 was consistently 2% of the signal mean ampli-
tude, and the background noise in the absence of sample was
0.2 fluorescence units. These assay statistics could be applied
to the calculation of the dynamic range (2) by using the em-
pirical relationship �S � 0.02FS � 0.2. Substitution into equa-
tions 2 to 4 gave, respectively,

Z� � 1 � �0.06�Fmax � Fmin� � 1.2�/�Fmax � Fmin� (9)

Z � 1 � �0.06�FS � Fmin� � 1.2�/�FS � Fmin� (10)

Z1 � 1 � �0.06�Fmax � FS� � 1.2�/�Fmax � FS� (11)

Equation 9 gave a Z� factor of 0.88 for the conditions used for
Fig. 2, which is equal to the experimental value obtained. The
smallest and largest FS levels which define the limits of the
quantitative range, where Z is equal to �1 or Z1 is equal to �1,
were calculated from equations 10 and 11 and were correlated
to Ki by using equations 7a to 7f and by assuming an inhibitor
concentration of 10 �M. This gave a predicted quantitative
range of Ki from 30 �M (Z 	 �1) to 0.14 �M (Z1 	 �1),
which is a good range for the detection of initial hits from a
library. The use of higher or lower inhibitor concentrations
would shift the window of quantitative detection.

Assay validation. Small-molecule HIV-1 fusion inhibitors
known to bind in the deep hydrophobic pocket were tested by
the assay to confirm its utility for discovering compounds that
can prevent viral fusion. Reports in the literature have identi-

FIG. 2. Determination of Z� factor for the assay. The signals ob-
tained with 1 �M probe (}) and a mixture of 1 �M probe and 7.2 �M
receptor (�) are shown. DMSO (4%) and Tween 20 (0.01%) were
included in the buffer. Experiments were conducted at room temper-
ature on a Spectramax Gemini XPS plate reader in Greiner Bio-one
384-well plates, with 30 �l used per well.
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fied several compounds which inhibit HIV-1 fusion, as mea-
sured by syncytium formation and viral infectivity assays. Of
these, compound ADS-J1 (9, 46), several tea extracts (35, 39),
and the cyclic D peptide D10-p1-2K (12) were tested. The
results of a scan of several compounds in 384-well plates is
shown in Fig. 3a. The signal recovered in the presence of a
competitive inhibitor from a low of 18% in the absence of
inhibitor to a level that was directly related to the Ki of the
inhibitor. The Kis were estimated from the single-point scan of
Fig. 3a by using equations 7a to 7f and were determined more
accurately from dose-response curves (Fig. 3b). The results are
listed in Table 1, together with known values from the litera-
ture. Fitting of the data to the approximate equation 8 gave Kis
comparable to those obtained by equation 7, demonstrating
that equation 8 provides an adequate analytical expression for
competitive inhibition under these conditions, where Rt is
equal to 7.2Lt.

C18-Aib had a Ki equal to the Kd of C18-Aib-LY, as expected.
Compound ADS-J1 and the D peptide D10-p1-2K tested pos-
itive by the assay, with Kis that agreed in order of magnitude
with the 50% inhibitory concentrations (IC50s) reported in the
literature. Reduced (noncyclized) D peptide tested negative, as
expected, because it lacks the required tertiary structure (12).
The correlation between a positive hit in the assay and in vitro
antifusion activity confirmed that [Fe(II)(env2.0)3]2� is a faith-
ful representation of the intact HR1 domain in the virus. The
assay was able to select for compounds that are active against
HIV-1 fusion through binding to the gp41 hydrophobic pocket.

Several gp41 binders identified from tea extracts gave anom-
alous results by our assay. Tannin tested positive, with an
affinity similar to that reported previously (34) (Table 1); but it
was found to interact with probe peptide as well as receptor, so
that consistent signal recovery was not observed. Tannin is a
multiphenol compound which binds nonspecifically to proteins
and peptides through the phenol groups (16). Two catechin
compounds from green tea tested negative by our assay, al-
though they had previously been identified as gp41 binders.
These compounds were confirmed to be positive by an ELISA;
one was confirmed to be positive by a cell fusion assay, and the
other gave negative results (35). One of the ways that they

FIG. 3. Fluorescence intensity measurements for 30-�l solutions in
the wells of 384-well plates in which each well contained 7.2 �M
[Fe(II)(env2.0)3]2�, 1 �M C18-Aib-LY, and 20 �M inhibitor (a) or as
a function of the concentrations of four inhibitors, compounds ADS-J1
(E), 11{6,11} (Œ), 11{3,5}(�), and C18-Aib (f) (b). Data from the
dose-response curves were fit to equations 5 and 8. The experiments
were repeated in triplicate. Fluorescence is given as a ratio of primary
and control scans (see text) and is relative to a maximum probe fluo-
rescence of 1.

TABLE 1. Inhibition constants from single-point measurement and dose-response curves compared to the values in the literature
for known gp41 binders and fusion inhibitors

Compound Molecular
mass (Da)

Ki (�M)a

IC50 (�M [reference])Single-point
measurement Dose-response curve

D10-p1-2K (oxidized) 2,125 20 NDb 44c (12)
D10-p1-2K (reduced) 2,127 None None
ADS-J1 1,177 0.44 0.35 � 0.09 3.28 � 0.03c (46), 2.55 � 0.16d (46)
Tannin 1,701 0.39 0.18 � 0.08 �0.4d (34)
C18-Aib 2,271 0.60 0.80 � 0.13 ND
11{6,11} 484.5 1.20 1.34 � 0.19 �8c (this work)
11{3,5} 490.5 1.15 1.51 � 0.16 �8c (this work)
Gallocatechin gallate 458.4 None 7.55 � 0.37c (35), 4.32 � 0.94c (35)
Epigallocatechin gallate 458.4 None Nonec (35), 19.91 � 1.27d (35)

a Kis are from this work. Equation 8 was used to calculate the Kis from the dose-response curve, and the data represent the means and standard deviations from three
independent experiments.

b ND, not available at a concentration high enough to determine the dose-response curve.
c Syncytium inhibition in cell culture.
d Six-helix bundle formation assay (33).
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could have escaped detection by our assay is if their mecha-
nism of action does not involve binding in the deep hydropho-
bic pocket, since only hydrophobic pocket binders would be
detected. In the ELISA for six-helix bundle formation, an
alternative or overlapping site could be the target.

Identification of novel inhibitors of HIV-1 fusion. A novel
small-molecule scaffold for fusion inhibitors was discovered by
using the assay to screen a small peptidomimetic library, de-
veloped as helical mimetics for a p53 binding site on MDM2
(38). The library compounds consisted of two or three amide-
linked aromatic rings that form a scaffold for the presentation
of hydrophobic side chains at the i, i � 4, and in some cases, i �
7 positions along a putative �-helix (i is the residue number).
Half of the compounds (chemset 12 [38]) contained three
substituent side chains, while the remaining half of the com-
pounds (chemset 11 [38]) were truncated after the second
substituent. Two hundred compounds were available, with
stock concentrations in DMSO varying from 0.5 to 3 mM. No
autofluorescence at the wavelengths of measurement was ob-
served for any of the compounds.

The results of the screen are shown in Fig. 4. The dashed
lines indicate the maximum fluorescence obtained for C18-
Aib-LY in the buffer solution, which contained 4% DMSO.
Most compounds had no effect on the baseline fluorescence of
40,000 relative fluorescence units, indicating no binding. Sur-
prisingly, about 8% of the compounds appeared to test posi-
tive. Further evaluation of these compounds revealed that a
large percentage of them had false-positive results which could
be detected by a control screen (see below). The false-positive
results occurred when the compounds formed micelle-like ag-
gregates in solution, causing spurious fluorescence enhance-
ment of the probe peptide. Three of the compounds, com-
pounds 11{2,4}, 11{3,5}, and 11{6,11}, were confirmed to
have true-positive results; and two of them were tested further
in a cell-cell fusion assay (24). The structures of the com-
pounds are shown in Fig. 5, and the results of the biochemical
and cell-cell fusion assay for two of the compounds are in-
cluded in Table 1 and Fig. 3. A follow-up with compound

11{2,4} was not possible because of a short supply. Kis of 1.3
�M and 1.5 �M for compounds 11{3,5} and 11{6,11}, respec-
tively, were determined from the fluorescence assay. Inhibition
of syncytium formation occurred in the micromolar range,
although the limited stock concentrations in the library pre-
cluded determination of the IC50s of these compounds due to
a limit in the DMSO concentration of 1% in cell culture.
Compound concentration limits also resulted in truncated
dose-response curves (Fig. 3).

Compounds 11{2,4}, 11{3,5}, and 11{6,11} are peptidomi-
metic compounds consisting of a 4-benzamidobenzoic acid
scaffold with aromatic substituent groups at the 3 positions in
orientations matched to the i and i � 4 positions of an � helix.
The carboxylate moiety may form a salt bridge with Lys574 in
the hydrophobic pocket (25). The compounds have built-in
flexibility to vary side chain substituents and modifiers and are
promising candidates for use for the development of more
potent fusion inhibitors. The library contained about 100 of
these structures, but most tested negative, attesting to a spe-
cific interaction with the coiled coil. This discovery demon-
strates the ability of the [Fe(II)(env2.0)3]2�–C18-Aib-LY fluo-
rescence assay to detect novel compounds with HIV-1 fusion-
inhibitory properties and validates the assay as a means of
selecting compounds with biological activity.

FIG. 4. Screening of 200 peptidomimetic compounds from a library. Measurements were make in duplicate from 384-well plates in which each
well contained 30 �l of 18.6 �M [Fe(II)(env2.0)3]2�, 5 �M probe, and 12 to 50 �M compound. The solutions contained 4% DMSO. Also shown
are data for a positive control (C18-Aib), a negative control (C16-Scr), and 100% fluorescence (C18-Aib-LY, dashed lines). The screen was
conducted on an Analyst HT plate reader. Signals above 100% correspond to those for compounds 12{7,6,4} and 12 {7,6,5} (38) and, along with
the signals for many of the compounds, were false positives. True-positive signals were detected following the control experiment, whose results
are demonstrated in Fig. 6.

FIG. 5. Structures of two scaffold ring compounds which had true-
positive results in the biochemical assay. Compounds 11{3,5} and
11{6,11} were confirmed to be positive in viral syncytium formation
assays. Compound 11{2,4} was not tested further.
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Control assay for detection of false-positive results. The
observation of spurious fluorescence enhancement of the
probe peptide in the presence of certain compounds provided
a facile control screen for the detection of false-positive results
in the assay. Figure 6 demonstrates the detection of false-
positive results in a control assay with several compounds from
chemsets 11 and 12 in which the [Fe(II)(env2.0)3]2� receptor
was excluded from the wells. The three-substituent compounds
from chemset 12 gave an apparent positive result in the pri-
mary assay (Fig. 6, gray bars) but clearly interacted with the
probe in the control assay, altering the fluorescence yield (Fig.
6, white bars). The three compounds from chemset 11 had no
effect on the fluorescence of probe peptide and were true hits.

The spurious fluorescence enhancement of C18-Aib-LY in
the presence of certain compounds was attributed to the for-
mation of soluble micelle-like compound aggregates into which
the peptide partitioned. Figure 7 demonstrates the large in-
crease in fluorescence of C18-Aib-LY above the critical micelle
concentration of detergents and one of the compounds from
chemset 12. The dose-response curve typically featured a sud-
den sharp rise in fluorescence, effectively at the critical micelle
concentration of the compound (43), instead of the gradual
rise expected from a typical binding event. Variations in the
shapes of the dose-response curves for different detergents are
suggestive of differences in the C18-Aib-LY interaction with
different lipids. Fluorescence enhancement resulted from the
loss of peptide secondary structure and a more hydrophobic
fluorophore environment in the micelles (23). The quantum
yield of LY increases 3-fold when it is in DMSO and 2.5-fold
when it is attached to a peptide without �-aminoisobutyric acid
residues and in which all tryptophan residues have been re-
placed by alanine. This indicates both the effect of a hydro-
phobic environment on LY and the quenching effect of tryp-

tophan within the existing secondary structure of C18-Aib-LY
in aqueous buffer solution.

This observation suggests a simple method by which the
fluorescence of a hydrophobic peptide such as C18-Aib-LY
could be used in a control assay for the detection of aggrega-
tors in high-throughput screening (15). Aggregators present a
problem in many biochemical assays because they sequester
the enzymes or receptors used in the assay into micellar com-
pound aggregates, causing false-positive results (41–43). The

FIG. 6. Fluorescence intensity of 2 �M C18-Aib-LY mixed with compounds from the library in Fig. 4 in the presence (gray bars) and absence
(white bars) of 6 �M [Fe(II)(env2.0)3]2�. The lower dashed line (Fmin) indicates the fluorescence intensity of the [Fe(II)(env2.0)3]2�–C18-Aib-LY
mixture in the absence of compound (20 fluorescence units), and the upper dashed line (Fmax) indicates the fluorescence intensity of 2 �M
C18-Aib-LY alone (100% intensity, 80 fluorescence units). Compounds from chemset 12 were aggregators and caused the probe fluorescence to
rise above Fmax. The chemset 11 compounds for which the results are shown here and C18-Aib did not aggregate at the concentrations used in the
assay. Compounds were diluted in buffer by a factor of 25 from stock solutions in DMSO. The experiments were repeated in duplicate.

FIG. 7. Titration of compound 12 {7,6,4} (38) into 2 �M probe
peptide (�) and titration of Triton X-100 (f), Tween 20 (E), and
sodium dodecyl sulfate (Œ) into 1 �M probe peptide.
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amphiphilic or hydrophobic character that causes this effect is
difficult to predict (15). The important properties of the pep-
tide C18-Aib-LY for the detection of micelle formation are its
hydrophobicity and its existing secondary structure in aqueous
buffer solution. A simple fluorescence readout and high-
throughput detection make the control assay easy to imple-
ment. The effect depends on the peptide-micelle association,
and the probe peptide concentration should be kept low to
magnify the effect, which is saturable. The control assay also
detects false-negative results caused by light scattering due to
turbidity or the absorption of light by colored compounds, both
of which would cause a reduction in the baseline fluorescence
of the probe.

DISCUSSION

A biochemical method for the detection of gp41 inhibitors
has led to the development of an efficient protocol for the
screening of low-molecular-weight compounds that are able to
inhibit HIV-1 fusion in cell culture. Screening of a small pep-
tidomimetic library has resulted in the identification of a novel
scaffold for low-molecular-weight HIV-1 fusion inhibitors and
two compounds which tested positive in syncytium formation
assays.

The biochemical assay involves two modified peptides which
are simply mixed with library compounds and whose fluores-
cence intensity is measured. The assay protocol developed has
three steps. (i) Primary screening of a compound library with
receptor and probe peptides for potential HIV-1 inhibitor de-
tection is performed first. This assay has a Z� factor of 0.88 and
an S/N of 28.8 in pH 7 buffer containing 4% DMSO and 0.01%
Tween 20. The assay can tolerate DMSO concentrations up to
at least 16%. The signal in this single-point screening assay is
quantitatively related to the Ki of a true inhibitor. (ii) A control
assay uses probe peptide to detect false-positive results and
some false-negative results. A peptide with the properties of
C18-Aib (hydrophobicity and residual solution structure) could
be used more widely to identify compounds in libraries that
may act as nonspecific or promiscuous inhibitors. (ii) Serial
dilution of true-positive hits is performed by the primary assay
for the more accurate determination of Ki values. The sensi-
tive, selective, and quantitative detection of inhibitors has been
demonstrated and is expected to cover a Ki range of 0.14 to 30
�M, assuming the use of 10 �M inhibitor. Inhibitors with an
affinity greater than 0.14 �M can be detected quantitatively by
lowering the inhibitor and receptor concentrations, while in-
hibitors with an affinity less than 30 �M can be detected by
increasing the inhibitor concentration. Ultimately, the range of
measurable Ki values is limited by the Kd in the assay to values
of �0.1Kd to 100Kd. The compounds detected by the assay are
expected to bind in the deep hydrophobic pocket of gp41, a
known region of high conservation in HIV-1.

The peptidomimetic compounds discovered have molecular
masses less than 500 Da and are promising hits for further
development. They contain multiple sites amenable to modi-
fication, including variations of the functional groups attached
to the scaffold or extension of the scaffold to create a third site
for functional group attachment, i.e., at positions i � 4, i � 3,
i � 7, or i � 8 along the putative � helix. Such additions would
increase the area of hydrophobic contact with the coiled coil

and could increase compound affinity. We are constructing and
testing a diverse array of compounds based on the structural
scaffold.

The fluorescence intensity assay combines speed and quality,
in that it is readily adaptable to high-throughput screening,
includes a control screen for false-positive results, and permits
quantitative detection of true hits. The signal size for true hits
in a single-point screen is directly correlated to compound
potency and can be used to select compound concentrations
for dose-response measurements and determination of Ki val-
ues. The method was used to screen a small peptidomimetic
library and to discover three valuable inhibitory compounds.
The entire screen, from high-throughput screening to quanti-
tative analysis, can be automated and simply requires the mix-
ing of the reagents with the compounds to be tested and direct
measurement, with a possible 20-min wait for consistent re-
sults. We estimate a maximum cost for reagents of $8,000 for
high-throughput screening and control screening of 100,000
compounds in 384-well plates, a cost that is likely to be reduced
if the reagents are ordered in bulk and that can be reduced
even further by the use of 1,536-well plates. The reproducibility
of the assay between plates is within 10%.

The key component of the assay is a designed metallopep-
tide receptor representing the gp41 HR1 coiled-coil domain.
This approach is directly applicable to all class 1 viruses, which
use the coiled-coil structure in their fusion machinery. In this
way, existing compound libraries can be mined for promising
antiviral drug candidates.
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