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Understanding the molecular events responsible for HIV-1
viral recognition and binding to receptors expressed on the
host cell is critical to developing treatment strategies based on
HIV-1 inhibition. The virus is encapsulated by a lipid bilayer
which supports the envelope glycoprotein gp160. This protein
is comprised of two noncovalently linked subunits: 1) a 41-kD
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transmembrane protein (gp41) which anchors the assembly in
the viral membrane and 2) a 120-kD protein (gp120) which
coats the outer surface of the viral particle and is responsible
for initial recognition and attachment to the host cell.!
HIV-1 infection of a host cell can be initiated by gp120
binding to galactosyl ceramide (GalCer), a glycosphingolipid
(GSL) expressed in human vaginal epithelial, colonic epithe-
lial, and sperm cells.>7 The literature on gp120-GSL binding
activity is surprisingly inconsistent. Harouse et al.>* and
Bhat et al.l®¥l used high-performance thin-layer chromatogra-
phy (HPTLC) and enzyme-linked immunosorbent assays
(ELISA) to study the binding of several glycolipids to
rgp120 including GalCer (1), galactosyl sulfatide (GalS, 2),
glucosyl ceramide (GlcCer, 3), lactosyl ceramide (LacCer, 4),
psychosine (5), and ceramide (Cer, 6), and found that 1, 2, and

R=H, R'=OH, R"=H: GalCer 1
R=H, R'=0OH, R"=S03;~: GalS 2
R=OH, R'=H. R"=H: GlcCer 3
R=0-p (1-4)-D-Gal, R'=H, R"=H: LacCer 4
(0]
OH
o} 5 N
T = n
HO 0\/\(6\)\ Ho. i
OH 12
OH OH 12
Psychosine 5
Ceramide 6

5 bound. Latov and co-workers used immunospot assays on
nitrocellulose and TLC plates as well as ELISA to test the
binding affinity of 1 and 2 for recombinant gp120 (rgp120).0]
They reported that in both the nitrocellulose immunospot
assay and ELISA 2 bound to rgp120 but 1 did not. However,
in the immunospot TLC assay, both 1 and 2 bound. Long
et al.l studied interactions of rgp120 and liposomes doped
with various glycolipids (1-5 and sphingomyelin). They
reported that 1 bound to rgpl20 strongly, 2—4 were less
efficient binders, and 5 was inactive. More recently, McRey-
nolds et al.l! found that rgp120 binds to 1, 3, and 4, with 4
being the preferred receptor. In contrast, Hammache et al.
have reported minimal binding to 3 and 4.0

It is evident that considerable confusion exists regarding the
relative affinities of gp120 for GalCer and similar lipids.
Furthermore, quantitative studies of gp120-—glycolipid bind-
ing have not been performed, and thus the structural
variations among these GSLs that are responsible for the
apparent differences in affinity for gp120 are not known. The
confusion may be in part a result of the inherent limitations of
the binding assays used to study gp120— GSL interactions to
date. Employing a heterogeneous solid-phase assay (for
example, ELISA) to quantitatively characterize protein
ligand —receptor binding processes that occur in vivo at the
extracellular surface of a plasma membrane is fraught with
difficulties. Although such methods are useful in screening for
such interactions, proper geometric presentation of a mem-
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brane-bound receptor at a defined surface coverage in a
bioactive conformation is not possible. Furthermore, none of
these methods can provide a quantitative measurement of the
binding affinity at equilibria, which makes comparisons of
binding data obtained in different laboratories problematic.

Total internal reflection fluorescence (TIRF) microscopy is
a well-established technique for the quantitative studies of the
behavior of proteins at interfaces.''] Total internal reflec-
tion at a planar fused-silica— water interface spatially confines
the excitation energy to the near surface region, which
minimizes the contribution from dissolved fluors (that is,
unbound ligands) to the measured fluorescence signal. In
combination with the availability of methods to deposit
supported phospholipid bilayers on planar fused silica sub-
strates, a diverse array of behaviors at model membrane
surfaces can be examined under equilibrium conditions.['>-]

In an effort to elucidate the chemical and structural
properties important in gpl20-GSL interactions, we have
measured rgp120 binding to 1, 3, 4, and 6 when incorporated
into the upper leaflet of a supported planar bilayer of
2-oleoyl-1-palmitoylphosphatidylcholine (POPC). Represen-
tative binding curves are plotted in Figure 1. Glycosylation of
ceramide is clearly required for gp120 recognition. There is
minimal adsorption of rgp120 to 6, which lacks the terminal
carbohydrate group, and virtually no binding to a pure POPC

700 -
600

500

0 T T T L
0 25 50 75 100 125 150 175 200
¢ (FITC-gp120) / nM —=>

Figure 1. TIRF isotherms of FITC-rgp120 adsorption to POPC mem-
branes, either pure (¢) or doped with 5% (molmol™') of GalCer (e),
GlcCer (m), LacCer (A), or Cer (o). The data plotted represent the mean
and standard deviation of three independent measurements for each
sample. The solid lines through the data of GlcCer and LacCer represent
fits obtained with a cooperative Langmuir isotherm of the form

; F F
o™ K, [gpl120] = 1—F where F = —— is the normalized fluorescence

intensity, K, is the association constant, and w is an additional term to
account for cooperativity in the binding process (w > 1 is cooperative, w = 1
is noncooperative, w <1 is negative cooperativity).?"? An average
number of four protein-bound neighbor receptors was assumed (n=4).
For GlcCer and LacCer, the fitted parameters are K,=3.6 0.1 x 10, 0 =
2.0+0.3, and K,=3.840.3 x 10°, » =1.8 +0.2, respectively. For GalCer
the sum of two independent Langmuir isotherms of the form K, [gp120] =
ﬁ’ where F = L were used to fit the data. The isotherms were
considered independent as a result of a difference of three orders of
magnitude in the recovered binding constants. The K, obtained at high
concentrations of gp120 was 7.5 + 1.8 x 10°. The solid lines through the data
for Cer and POPC are shown only as a guide to the eye.
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bilayer. More significantly, the structure of the carbohydrate
linked to ceramide apparently has little influence on the
binding activity in the high rgp120 concentration range (25—
200 nm). The respective affinity constants (K,) for rgp120 at
POPC membranes bearing 3, 4, and 1 are 3.8 x 10°, 3.6 x 109,
and 7.5 x 10°, respectively.?’l These results are contrary to
studies that report strong binding to 1 and minimal interaction
with 3 and 4,1 but are consistent with the ELISA results
obtained by McReynolds et al.l"]

Considerably different behavior is observed at low concen-
trations of rgp120 (0.2-20 nm). As shown in Figure2 1 is
clearly the stronger receptor, with a K, of 1.6 x 10°, whereas
bilayers doped with 3 and 4 show only a small, linear increase
in protein adsorption in this concentration regime. The
strength of rgpl120 binding to 1 at a POPC membrane is
comparable to the binding of antibodies to surface-bound
antigens (K, = 10°-107),['> 1 and of avidin and streptavidin to
a biotin-bearing lipid bilayer (K, =107 -108%).2-3]
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Figure 2. TIRF isotherms of FITC-rgpl120 adsorption to POPC mem-
branes, either pure (¢) or doped with 5% (molmol™') of GalCer (e),
GlcCer (m), LacCer (4), or Cer (o). The data plotted represent the mean
and standard deviation of three independent measurements for each
sample. The solid lines through the data of GlcCer and LacCer represent
fits obtained with a cooperative Langmuir isotherm (see caption to
Figure 1). For GalCer a single Langmuir isotherm of the form

F
K,[gp120] = ——, where F = , was used to fit the data. The
1-F

max

association constant (K,) at low concentrations of gp120 (0.2-20 nm) was
determined to be 1.6 £0.2 x 10°. The solid lines through the data for Cer
and POPC are shown only as a guide to the eye.

Another important difference is the mode of binding. Two
models were used in fitting the isotherms plotted in Figures 1
and 2: 1) a Langmuir-like model that includes a cooperative
binding process (that is, rgp120 binding promotes the binding
of additional protein molecules);?"?2 and 2) a conventional
Langmuir model (that is, noncooperative, in which all binding
sites are equivalent). For 3 and 4, the data are fitted
satisfactorily only when the cooperative model is used, which
explains the minimal protein adsorption at low concentrations
and the subsequent sharp increase at higher concentrations.

The behavior of 1 is more complex. Strong, Langmuir-like
binding occurs in the low concentration regime, whereas a
weaker (but also Langmuir-like) binding process is observed
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at rgp120 concentrations greater than 20 nm. Comparison of
these data with those for 3 and 4 suggests that the initial strong
binding of gp120 to GalCer triggers the further adsorption of
rgp120 at higher concentrations (namely, the binding of 1 to
rgp120 at higher concentrations is cooperative). This proposal
would explain the similar behavior observed for all three
GSLs at high concentrations of rgp120. In other words, the
strong binding event at low protein concentrations differ-
entiates the activity of 3 and 4 from 1.24

The fact that this complex binding behavior has not been
observed previously is likely a consequence of the limitations
of the methods that have been used to study gp120-receptor
interactions in the past. However, such complex behavior is
not unexpected. Previous studies have suggested the occur-
rence of a conformational change in gp120 upon binding to a
receptor, which results in the exposure of a hydrophobic
region in the protein,*! and possibly stimulating the cooper-
ative adsorption of additional protein. The occurrence of
adsorption-induced conformational changes is a probable
explanation for the similar binding observed for 1, 3, and 4 at
high gp120 concentrations. The mechanism of cooperative
binding is currently unclear. Specifically, we do not know if, in
the high concentration range, additional gp120 molecules
bind to glycosphingolipids, or to membrane-bound gp120 mo-
lecules, or to a combination thereof. This issue will be the
subject of future investigations.

In summary, the results presented here represent the first
quantitative measurements of the complex binding process
between rgpl120 and glycosphingolipid receptors at a mem-
brane surface. At low concentrations of rgp120, GalCer is the
preferred receptor, with an affinity constant of about 10°,
which is at the upper range of measured protein—receptor
interactions at membrane surfaces. At higher concentrations,
cooperative binding occurs, regardless of the chemical struc-
ture of the carbohydrate on Cer. Finally, we emphasize that
the results presented here cannot be obtained from ELISA
and other nonequilibrium based techniques, although they do
complement and further substantiate the results reported by
McReynolds et al.l"!

Experimental Section

POPC and cerebrosides were purchased from Matreya Lipids and Sigma
and used as received. Rgp120 expressed in baculovirus and labeled with
fluorescein isothiocyanate (FITC) was obtained from Intracel Corporation
and used without further purification. The FITC:rgp120 labeling ratio was
determined to be about 4:1 by UV/Vis and fluorescence spectroscopy.

Phospholipid bilayers composed of pure POPC in the inner leaflet and 19:1
POPC:cerebroside (molmol~!) in the outer leaflet were deposited on fused
silica slides (Dynasil) at a surface pressure of 35 mNm~! (58 A2molecule!)
using the Langmuir-Blodgett—Schaefer technique.?! Nano-Pure water
with a resistivity of 18 Mohmscm was used as the subphase. All depositions
were carried out at 25°C. Substrates were cleaned by sonication in 1:1
isopropanol:water, rinsing in water, soaking in 30% H,0,:70% concen-
trated H,SO, for 30 min, and rinsing in water.

Supported bilayers were maintained in an aqueous environment during
mounting in a micro-TIRF flowcell. The micro cell (volume of approx-
imately 50 puL) was constructed to minimize the amount of gp120 needed to
perform binding studies; details of its construction will be provided in a
later publication. The flowcell was mounted on a Nikon Diaphot inverted
microscope. FITC-rgp120 was injected into the flowcell and allowed to
equilibrate for 30 min prior to each measurement, which was sufficient to

2884 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

achieve a steady-state response. Fluorescence emission was back-collected
through the quartz slide with a 10X objective, optically filtered, and
detected with a photomultiplier tube.
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