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Introduction

The viral envelope glycoprotein trimeric spikes responsible for
the entry of the human immunodeficiency virus type 1 (HIV-1)
into target cells is composed of heterodimeric units of surface
glycoprotein gp120 and the transmembrane glycoprotein
gp41 (reviewed in refs. [1–3]). The binding of gp120 to cellular
receptors and subsequent changes within the gp41 ectodo-
main involve the formation of a six-helix bundle structure, and
lead to both membrane fusion and viral entry.[1–4] The critical
role of the envelope spikes has made inhibiting viral entry a
viable approach for treating HIV infection by using peptides
and small molecules (reviewed in ref. [5]), and the exposed
nature of the envelope spikes facilitates their application asACHTUNGTRENNUNGimmunogens for raising neutralizing antibodies against HIV
(reviewed in ref. [6]).

Within a vaccine approach, cross-clade neutralizing antibod-
ies that induce both humoral and cellular immunity will have
the greatest success in overcoming HIV persistence.[7] The
human monoclonal antibodies (MAbs) 2F5 and 4E10 are two
rare, broadly neutralizing antibodies against HIV-1[8–10] that in-
teract with highly conserved epitopes close to the viral mem-
brane surface termed the membrane proximal region (MPR) of
gp41, which spans some 30 amino acids (amino acids (a.a.)
653–683 according to HXBc2 numbering). Specifically, these
MAbs recognize epitopes in gp41 with core sequences

ELDKWA (2F5, a.a. 662–667) and NWF ACHTUNGTRENNUNG(D/N)IT (4E10, a.a. 671–
676).[9–14]

However, following immunisation in animals and humans
these peptides alone have failed to generate broadly reactive
neutralizing antibodies;[15, 16] this suggests that additional fea-
tures or recognition motifs are required to form an efficientACHTUNGTRENNUNGimmunogen.

An additional feature that might be required to form an im-
munogen is the viral membrane. It is believed that the binding
affinity of 2F5 and 4E10 to the epitopes is enhanced when the
peptides are in a lipophillic or membrane environment.[17–19]

Indeed, based on the crystal structures of 2F5 and 4E10, it has

Two HIV-1 recognition domains for the human monoclonalACHTUNGTRENNUNGantibodies (MAb) 2F5, which recognises the core sequence
ELDKWA, and 4E10, which recognises the core sequence
NWFNIT, serve as promising models for immunogens in vaccine
development against HIV-1. However, the failure of these rec-
ognition domains to generate broadly reactive neutralizing an-
tibodies, and the putative membrane-binding properties of the
antibodies raised to these recognition domains, suggest that
additional features or recognition motifs are required to form
an efficient immunogen, which could possibly include the
membrane components. In this study we used an extended
peptide epitope sequence derived from the gp41 nativeACHTUNGTRENNUNGsequence (H-NEQELLELDKWASLWNWFNITNWLWYIK-NH), which
contains the two recognition domains for 2F5 and 4E10, to ex-
amine the role of model cell (POPC) and viral (POPC/cholester-
ol/sphingomyelin) membranes in the recognition of these two
antibodies. By using a surface plasmon resonance biosensor,

the binding of 2F5 and 4E10 to membranes was compared
and contrasted in the presence and absence of prebound pep-
tide epitope. The recognition of the peptide epitope by each
MAb was found to be distinct; 2F5 exhibited strong and
almost irreversible binding to both membranes in the presence
of the peptide, but bound weakly in the absence of the pep-
tide epitope. In contrast, 4E10 exhibited strong membrane
binding in the presence or absence of the peptide epitope,
and the binding was essentially irreversible in the presence of
the peptide epitope. Overall, these results demonstrate that
both 2F5 and 4E10 can bind to membranes prior to epitope
recognition, but that high-affinity recognition of gp41-derived
epitope sequences by 2F5 and 4E10 occurs in a membrane
context. Moreover, 4E10 might utilise the membrane to access
and bind to gp41; such membrane properties of 2F5 and 4E10
could be exploited in immunogen design.
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been proposed that these MAbs can interact with the viral
membrane through a hydrophobic surface present on the
third complementarity-determining region of the heavy chain
(CDR H3), which possibly facilitates binding to gp41 epitopes
that lie close to the membrane.[18, 20] Additional studies have
shown that diverse lipid species can be recognised by 2F5 and
4E10, including both neutral and anionic phospholipids,[21, 22]

specialised anionic lipids, such as phosphatidylinositol-4-pho-
phate (PtdIns(4)P),[23–25] and cardiolipin.[26] An overall conclusion
that has been drawn from these studies is that the recognition
of gp41-derived epitopes by 2F5 and 4E10 occurs in a mem-
brane context.[22, 27]

Surface plasmon resonance (SPR) is a key biophysical tech-
nique that can provide exquisite details of the kinetics andACHTUNGTRENNUNGaffinity of interactions between peptides, lipids, membranes
and antibodies relevant to designing gp41-based immuno-
gens.[14, 24, 27–34] However, despite advances in immunogen
design, which have in part been achieved by using results of
SPR-based analyses, the controversy in a key issue regarding
epitope recognition by 2F5 and 4E10 has not been suitablyACHTUNGTRENNUNGresolved.[35]

The theory that the 4E10 MAb can bind to a membrane in
the absence of an epitope is gaining wider acceptance.
Indeed, 4E10 binding to the NWF ACHTUNGTRENNUNG(D/N)IT motif has been re-
ported to follow a two-phase process of attachment to the
membrane-bound epitope followed by a large conformational
change to expose the complete epitope for strong binding.[34]

However, despite early reports,[21, 22, 26] whether 2F5 MAb can
bind to the membrane or whether the membrane has any in-
volvement in 2F5 recognition of the ELDKWA motif, is a partic-
ular controversy. Of particular note, recent SPR studies suggest
that the binding of 2F5 to the ELDKWA motif is completelyACHTUNGTRENNUNGindependent of the membrane. Specifically, Scherer and col-ACHTUNGTRENNUNGleagues observed no binding whatsoever for 2F5 on 4:1 phos-
phatidylcholine/cholesterol or 1:7:2 cardiolipin/phosphatidyl-
choline/cholesterol membranes.[32] In another study, little or no
direct binding of 2F5 to virion-like membranes in the absence
of the epitope was noted by SPR;[34] this was possibly due to
the 2F5 epitope being predominantly solvent-exposed and dis-
tinct from the membrane. This might mean that 2F5 does not
engage the membrane directly or that the ELDKWA motif does
not require a membrane context whatsoever.[34]

A major question the field is still addressing is therefore the
relevance of a lipid environment: whether the membrane is
simply tolerated in binding to 2F5 and 4E10; or whether a lipid
environment modulates gp41 epitopes to adopt a more struc-
tured (immunogenic) conformation, which is then recognised
by the MAbs; or whether it is a combination of membranes en-
hancing the epitope structure as well as directly forming part
of a combined lipid/peptide antigen. The implication of under-
standing the context of 2F5 and 4E10 recognition of their
gp41 epitopes could lead to the development of more suc-
cessful immunogens or biomolecular design for specific “tu-ACHTUNGTRENNUNGning” of therapeutic antibodies based on 2F5/4E10 scaffolds.

In the present work, we examined the role of neutral cell-
and viral-like membranes in the mechanism of action of these
two MAbs. Specifically, the interactions of 2F5 and 4E10 were

investigated in the presence and absence of a gp41 peptide
that encompasses both 2F5 and 4E10 epitopes, and was pre-
bound to model cell and viral membranes. We employed an
SPR optical biosensor, which are increasingly used to directly
study membrane-mediated interactions.[36] It was found that
both 2F5 and 4E10 are able to bind to membrane surfaces, but
4E10 showed a comparatively greater affinity and faster disso-
ciation rate. In the presence of the gp41 epitope prebound to
membranes, both 2F5 and 4E10 bound by a two-state model
and had considerably stronger—almost irreversible—associa-
tion with the surfaces. Based on our findings we suggest that
2F5 binds to the epitope independently of the membrane, and
that the membrane might be important to establishing anACHTUNGTRENNUNGordered structure of the epitope, and thereby facilitates recog-
nition. We further propose that 4E10 recognises the gp41 epi-
tope as a combined peptide/membrane antigen. These dia-
metric properties of the MAbs are discussed in terms of immu-
nogen design and new emerging strategies that can be under-
taken in an attempt to raise neutralizing antibodies to HIV.

Results

We investigated the interaction of the HIV-1 MAbs 2F5 and
4E10 with model membranes using an SPR biosensor, which
detects changes in the refractive index at the sensor surface
caused by mass changes. Throughout the studies we used
model membrane systems that mimic the conditions present
on both the target cell and viral membranes. Liposomes com-
posed of POPC (1-palmitoyl-2-oleyol-sn-glycero-3-phosphocho-
line) were used to mimic the target cell membrane as POPC is
a zwitterionic lipid (i.e. , neutral at the pH conditions used) with
fluidity properties similar to biological membranes.[37] Lipo-
somes composed of POPC/cholesterol (Chol)/sphingomyelin
(SM; 1:1:1) were used as a neutral mimic of the viral mem-
brane, which is rich in both Chol and SM[38, 39] and has been
used in similar ratios of 3:1:1[38, 39] and 4.5:1:1[38, 39] in other stud-
ies.

The SPR measurements examined several facets that are rel-
evant to the recognition of the gp41 epitopes by 2F5 and
4E10. Firstly, membrane-only experiments were carried out to
examine the binding of antibodies to membranes alone (no
epitope), and secondly, epitope experiments were undertaken
in which the binding of the antibodies to membranes precon-
ditioned with the gp41 epitope was examined at three differ-
ent epitope concentrations.

For both types of measurements, liposomes were immobi-
lized on the surface of the sensor chips from 8389 to 10 739 re-
sponse units (RU) for POPC vesicles and 11109 to 14 542 RU for
POPC/Chol/SM vesicles. For membrane-only experiments, a di-
methyl sulfoxide (DMSO) buffer control was undertaken prior
to injecting the antibodies in order to ensure that these experi-
ments were consistent with epitope experiments, as a small
percentage of DMSO (0.14 %, v/v) was critical for the solubility
of the peptide epitope prior to membrane capture. These
DMSO buffer injections caused very minor changes to either
surface compared to the level of liposomal deposition (�
10 RU). The peptide epitope was prebound at 0.3, 0.5 or 1 mm
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in DMSO, and elicited concentration-dependent changes in the
refractive index measured, since capture levels ranged from 62
to 146 RU POPC surfaces and 32 to 118 RU for POPC/Chol/SM
surfaces.

A schematic diagram of the assays is presented in Figure 1.
Immediately following the control DMSO injection or peptide
prebinding (60 s time delay), the MAbs were injected and their
binding to the surfaces were determined. When MAbs were in-
jected across the immobilized liposomes over a range of con-
centrations (0.06–0.3 mm for 2F5 and 0.06–0.5 mm for 4E10), the
surface response, which reports protein binding to the mem-
brane, was found to increase with higher protein concentra-
tions. A fresh liposome surface was generated for each MAb
binding test to prevent carry-over of bound material from in-
fluencing subsequent measurements.

2F5 and 4E10 membrane interactions in the absence of the
gp41 epitope

Both 2F5 and 4E10 antibodies bound to the POPC (Figure 2 A
and B) and POPC/Chol/SM surfaces (Figure 2 C and D) in the

absence of the peptide epitope. The results obtained show a
general increase in binding concomitant with increasing con-
centrations of both antibodies. However, in the case of 2F5
binding, the sensorgrams were not ideal with respect to both
POPC and POPC/Chol/SM, and showed a decreasing response
during the association phase and at lower concentrations (Fig-
ure 2 A and B). In addition, the binding of 2F5 to both POPC
and POPC/Chol/SM membranes did not return to baseline and
resulted in the defined capture of 2F5 to the surfaces. A plot
of response versus concentration at the end of the dissociation
phase is shown in Figure 3, and demonstrates that the relative
RU levels were similar for 2F5 on both POPC and POPC/Chol/
SM; this suggests a similar affinity of 2F5 for these two lipid
surfaces.

In contrast, higher binding levels were achieved for 4E10
binding to POPC and POPC/Chol/SM surfaces than for 2F5 (Fig-
ure 2 C and D). In addition, higher binding levels were achieved
for 4E10 on the POPC surfaces compared to POPC/Chol/SM in
both the association and dissociation phases. The binding and
dissociation levels were also proportionally distributed for
POPC surfaces, but showed distinct groupings of concentra-
tions on the POPC/Chol/SM surfaces. The plot of response
versus concentration at the end of the dissociation phase
shown in Figure 3, further demonstrates that 4E10 exhibited
higher binding to POPC membranes compared to POPC/Chol/
SM, and clearly shows there is much higher response achieved
for 4E10 despite a smaller contact time for the injections than
with 2F5.

The complexity of the interactions of these MAbs with the
lipid-only surfaces (Figure 2) precluded kinetic fitting and
steady-state approximations since the curves did not reach a
plateau (Figure 3) even following extended injection times or
higher concentrations of MAb (data not shown). In the case of
4E10, closer steady-state conditions were possible with extend-
ed injections or higher concentrations, however, such condi-
tions required very harsh regenerations, which damaged the
sensor chip surfaces and caused problems with consistency for
assay replication. Despite not being able to fit simultaneously,
dissociation-only fitting was possible for all experiments
except 2F5 binding to POPC/Chol/SM, which had a relative in-
crease over the fitted period due to baseline drift. Fitting was
achieved for the other membranes by using the Langmuir
model with global fitting of the apparent kd from late in the
dissociation phase (t = 400–650 s; highlighted in Figure 2 A–D)
when there was more of a 1:1 interaction. Although the calcu-
lation of apparent kd values with the selected time window
and model are not ideal, the behaviour of the MAbs on the
membrane surfaces was consistent enough under these condi-
tions to allow a comparison of the behaviour of the different
MAbs and surfaces to a higher degree of analytical standards.
The c2 and apparent kd values are listed in Table 1 and demon-
strate that despite the relative affinity being higher for 4E10,
the rate of shedding of 4E10 from both POPC and POPC/Chol/
SM is essentially the same, and is an order of magnitude faster
than 2F5 for the POPC surface.

Figure 1. Schematic representation of the SPR experiments. The L1 chip con-
sists of dextran modified with lipophilic compounds. A) Small unilamellar
vesicles (SUVs; 50 nm) were applied to the sensor chip surface; B) liposomes
adsorb to the surface spontaneously and form a supported lipid bilayer.
C) To study monoclonal antibody (MAb) binding, membranes were precon-ACHTUNGTRENNUNGditioned with the gp41 epitope. D) Monoclonal antibodies, 2F5 and 4E10,
were introduced to the surface either without the epitope (shown in B) or
following epitope capture (shown in D). E), F) After each binding assay the
sensor surface was regenerated with the appropriate conditions.
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2F5 and 4E10 membrane interactions in the presence of the
gp41 epitope

To study 2F5 and 4E10 interactions with the membrane-bound
peptide epitope, a selected range of peptide epitope concen-
trations (0.3, 0.5 and 1 mm) were prebound to the membrane
before interactions were examined by using a range of con-
centrations of the MAbs (0.06–0.3 mm for 2F5 and 0.06–0.5 mm

for 4E10). Figures 4 and 5 show the sensorgrams and kinetic
fitting of the binding of 2F5 to the different concentrations of

Figure 2. Sensorgrams obtained for 2F5 binding to immobilized A) POPC and B) POPC/Chol/SM (1:1:1) lipid membrane surface (L1 chip). Sensorgrams for the
binding of 4E10 to immobilized C) POPC and D) POPC/Chol/SM. MAbs samples (0.06, 0.08, 0.1, 0.2 and 0.3 mm) were injected over a freshly prepared lipid sur-
face, and subsequent association and dissociation were monitored. The Langmuir binding model was used to fit the data between 400–650 s.

Figure 3. Plots of response units (RU) measured at t = 700 s versus the con-
centration of MAb for the binding of 2F5 and 4E10 to POPC and POPC/Chol/
SM surfaces. Plots indicate 2F5 with POPC (*) and POPC/Chol/SM (~) ; and
4E10 with POPC (&) and POPC/Chol/SM (!).

Table 1. Apparent dissociation (kd) rate constants for 2F5 and 4E10 bind-
ing to POPC and POPC/Chol/SM membranes, determined by numerical
integration by using the Langmuir model.

2F5 4E10
POPC POPC/Chol/SM POPC POPC/Chol/SM

kd [s�1] � 10�6 76.4 n.d.[a] 520 520
c2 0.165 n.d.[a] 4.42 0.979
residuals �1 n.d.[a] �2 to 8 �2 to 5

[a] n.d. : not determined.
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the peptide epitope precaptured to POPC and POPC/Chol/SM
surfaces, respectively, and Figures 6 and 7 show the corre-
sponding sensorgrams and curve fitting for 4E10 binding.

The capture levels of peptide (prior to MAb injection)
ranged from 62 to 146 RU for POPC–epitope surfaces, and the
values for 0.3 mm peptide (75�13 RU) were slightly less than

for 0.5 mm peptide (85�17 RU), and both were less than with
1 mm peptide (125�21 RU). The corresponding capture levels
for POPC/Chol/SM–epitope ranged from 32 to 118 RU, andACHTUNGTRENNUNGspecific values for 0.3 mm peptide (51�19 RU) were similar to
0.5 mm peptide (53�12 RU), which were both less than with
1 mm peptide (89�29 RU).

Figure 4. Sensorgrams obtained for 2F5 (0.06, 0.08, 0.1, 0.2 and 0.3 mm) bind-
ing to membranes of POPC on the L1 sensor chips in the presence of pep-
tide epitope at: A) 0.3, B) 0.5, and C) 1 mm. The two-state binding model was
used to fit the data (dotted lines).

Figure 5. Sensorgrams obtained for 2F5 (0.06, 0.08, 0.1, 0.2 and 0.3 mm) bind-
ing to membranes of POPC/Chol/SM on the L1 sensor chips in the presence
of peptide epitope at: A) 0.3, B) 0.5, and C) 1 mm. The two-state binding
mod ACHTUNGTRENNUNGel was used to fit the data (dotted lines).
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For subsequent MAb interactions with these surfaces, it is
evident from Figures 4–7 that binding was so tight under all
conditions that very little 2F5 or 4E10 dissociated from the
peptide-bound surfaces; this reflects a very strong and almost
irreversible association of MAbs in the presence of the peptide
epitope for both membranes and all MAb concentrations stud-

ied. This contrasts quite dramatically to the binding of the
MAbs to membranes alone (Figure 2 A–D).

Overall the sensorgrams show a generally higher MAb re-
sponse at all concentrations in the presence of higher peptide
epitope concentrations. The 2F5 sensorgrams have a better
data spread than the 4E10 sensorgrams, which exhibited more

Figure 6. Sensorgrams obtained for 4E10 (0.06, 0.08, 0.1, 0.2, 0.3 and 0.5 mm)
binding to immobilized POPC lipid membrane surface (L1 chip) in the pres-
ence of peptide epitope at: A) 0.3, B) 0.5, and C) 1 mm. The two-state binding
model was used to fit the data (dotted lines).

Figure 7. Sensorgrams obtained for 4E10 (0.06, 0.08, 0.1, 0.2, 0.3 and 0.5 mm)
binding to immobilized POPC/Chol/SM lipid membrane surface (L1 chip) in
the presence of peptide epitope at: A) 0.3, B) 0.5, and C) 1 mm. The two-state
binding model was used to fit the data (dotted lines).
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of a grouping at lower 4E10 concentrations. The 2F5 responses
in the association and dissociation phases were: 166–1720 RU
(association) and 157–1690 RU (dissociation) on the POPC–epi-
tope surface; 250–1480 RU (association) and 246–1441 RU (dis-
sociation) for the POPC/Chol/SM–epitope surface. These ranges
contrast to the lower 4E10 responses of 12–1380 RU (associa-
tion) and 7–902 RU (dissociation) for the POPC–epitope sur-
face, and 60–1180 RU (association) and 44–1060 RU (dissocia-
tion) for the POPC/Chol/SM–epitope surface.

From these data ranges it can be seen that 2F5 exhibits
higher affinity for the surfaces than 4E10, and a kinetic fit for
all sensorgrams was possible with a two-state model. The two-
state model was refined for fitting the data by setting the Rmax

as a local parameter to account for variability of captured pep-
tide to the surfaces, and by including terms for baseline drift
and mass transfer limitations. It was found that all peptideACHTUNGTRENNUNGepitope concentrations gave similar rate constants for a given
MAb, but the 1 mm peptide epitope experiments provided the
lowest c2 values and displayed less variation than at other con-
centrations. Though these c2 values are generally higher than
desired ranges for SPR experiments, the deviations from the fit
might be a an imperfect behavioural property of the MAbs
and membrane–epitopes to simplified models, or might reflect
systematic deviations and noise due to high membrane cap-
ture levels as often found in membrane SPR experiments. How-
ever, deviations that cause elevated c2 values are predominant-
ly found either at the end of the injection phase or at the very
start of the dissociation phase, and the rest of the fitted areas
have very little deviation from �1 RU; therefore the fitted data
provide a close description of the two-state behaviour of
MAbs on the membrane–epitope surfaces. The data obtained
for 1 mm peptide epitope are therefore presented in Table 2
and the values for the KA and KD are reported as ranges thatACHTUNGTRENNUNGinclude all the 0.3, 0.5 and 1 mm data.

It can be seen that 2F5 displays approximately threefold
higher affinity for membrane-captured epitope surfaces than
4E10, and there was essentially no difference in the affinity dis-
played for a particular lipid composition by either MAb. The
values for 2F5 range from KA = (6–6.5 � 108) m

�1 to (6.2–13 �
108) m

�1 for POPC–epitope and POPC/Chol/SM–epitope surfa-
ces, respectively, whereas 4E10 has KA values ranging from
(2.4–3 � 108) m

�1 and (2.1–2.4 � 108) m
�1 for POPC–epitope and

POPC/Chol/SM–epitope surfaces, respectively (Table 2). The
slightly higher affinity constant (KA) for the interaction of 2F5
with the POPC/Chol/SM–epitope was because the fitted data
yielded much smaller and closer values for ka2 (s�1) and kd2 (s�1)
at all peptide epitope concentrations. When changes in theACHTUNGTRENNUNGparameter values, such as ka2 and kd2, are small, they do not in-
fluence the closeness of the fit and can vary broadly in the fit-
ting iterations; the BIAeval software often sets a value of the
parameter that is beyond reasonable measurement (~10�6 for
rate constants) and reports standard error values that are
>10 % for the parameter.[40] For the fit for 2F5 to POPC/Chol/
SM–epitope surfaces, the standard error for ka2 and kd2 was
>10 %, which indicates that changes in the ka2 and kd2 parame-
ter values do not influence the closeness of the fit ; this dem-
onstrates that the interactions of 2F5 with the POPC/Chol/SM–
epitope surface was more dependent on the values of ka1

(m�1 s�1) and kd1 (s�1) compared to 2F5 interactions with POPC–
epitope or 4E10 interactions with either surface.

If the interaction of the MAbs with the peptide–membrane
surface can be described in terms of a two-step process, then
the values of ka1 and kd1 describe the initial interaction of the
MAbs with the combined peptide–membrane immunogen,
which is generally regarded to be mediated by electrostaticACHTUNGTRENNUNGinteractions with membranes[41] or peptide/proteins.[42] The ka1

values for the interaction of both MAbs with all peptide-bound
surfaces are similar, with the exception of 4E10 interactions
with the POPC/Chol/SM–epitope surface, which is twofold
lower. Comparison of the values of kd1 for 4E10 reveal faster
off-rates with the POPC/Chol/SM–epitope surface compared to
the POPC–epitope surface, while the opposite was observed
for 2F5, which exhibited a slower off-rate on the POPC/Chol/
SM–epitope surface than the POPC–epitope surface. In addi-
tion, both 2F5 and 4E10 displayed similar kd1 values on the
POPC–epitope surfaces.

The second association (ka2) and dissociation (kd2) rate con-
stants can describe conformational changes to the peptide epi-
tope, MAb or the subsequent insertion or reorientation of the
MAb–peptide epitope within the membrane, which is largely
mediated hydrophobic interactions (values listed in Table 2). To
understand the importance of the second-state change to
these MAbs it is meaningful to consider the magnitude of the
ka2 :kd2 ratio in the two-state model, since mathematically this

has an influence on the overall
equilibrium constants. That is,
when ka2 is proportionally larger
than kd2, the overall equilibrium
constants will be significantly
influenced by the rate of
change of state in the system,
and conversely when ka2 is pro-
portionally smaller than kd2, the
overall equilibrium constants
will be influenced far less by
the rate of change of state in
the system.

From Table 2, for 2F5 on the
POPC–epitope surface this ratio

Table 2. Association (ka1, ka2) and dissociation (kd1, kd2) rate constants for 2F5 and 4E10 binding to POPC and
POPC/Chol/SM membranes in the presence of the peptide epitope, determined by numerical integration by
using the two-state model.

2F5 4E10
POPC POPC/Chol/SM POPC POPC/Chol/SM

ka1 [m�1 s�1] � 105 1.95 1.78 1.85 1.00
kd1 [s�1] � 10�5 349 35.2 322 2570
ka2 [s�1] � 10�6 18 400 NR*[a] 11 200 57 300
kd2 [s�1] � 10�6 1720 NR*[a] 2 690 1 070
KA [m�1] � 108 6–6.5 6.2–13 2.4–3.0 2.1–2.4
KD � 10�9 1.5–1.7 0.8–1.6 4.1–4.9 4.1–4.7
c2 21.9 31.2 21.9 2.6
kt [ � 108] 13.8 342 5.69 764

[a] NR* has a standard error >10 %.
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of ka2/kd2 is ~10, whereas for 2F5 on the POPC/Chol/SM–epi-
tope surface the magnitude differences are not significant to
the fit and approximate to 1 with standard errors greater than
10 %; the latter interaction—while obeying a two-state
model—was not significantly dependent on the second rate
constants for the quality of the fit and hence the values are
not reported in Table 2. For 4E10 interactions with the POPC–
epitope surface this ratio was ~4 with the slowest ka2 on-rate
(and the fastest kd2 off-rate). For 4E10 on the POPC/Chol/SM–
epitope surface the ratio was ~50, with the fastest ka2 on-rate
(and slowest kd2 off-rate). This means that the second state
transition is different for the particular MAb and is specific for
the membrane environment; this suggests that 2F5 is less de-
pendent on a membrane to effect strong binding, but might
tolerate the involvement of a membrane the fluidity of which
is less ordered. In the case of 4E10, we reason that not only is
the involvement of the membrane important, but also a specif-
ic lipid species appears to influence the second state transi-
tion; however, these effects result in overall equilibrium con-
stants that are almost the same for each MAb on the different
membrane–epitope surfaces.

Discussion

2F5 and 4E10 are two MAbs against HIV-1, the epitopes of
which are closely localized in the gp41 membrane proximal
region (MPR), which is close to the viral membrane surface
(the 2F5 epitope extends slightly outside the MPR N terminus).
In the native state the MPR is believed to lie parallel to the sur-
face of the viral membrane external layer. The 2F5 ELDKWA
epitope motif has been shown structurally to be an independ-
ent and discrete extension from the viral membrane and forms
the leg of the envelope spikes, which are attached to the 4E10
NWF ACHTUNGTRENNUNG(D/N)IT epitope foot that is continuous to the membrane
plane. The MAbs have been modelled to dock in a manner by
which they interact with both the membrane and peptide epi-
tope.[43] In support of this, it has been proposed that the 2F5
and 4E10 MAbs interact with the viral membrane through a
CDR H3 hydrophobic surface,[18, 20] which is thought to orien-
tate the MAbs in the manner proposed by Zhu et al. ,[43]

though we note that such a scenario as presented in this
“tripod” structure of the viral envelope is not necessarily ex-
cluded in other “stalk” structural models.[44, 45] Furthermore, pre-
vious studies have shown that the MPR has a tendency to par-
tition into membranes,[46, 47] and liposomal studies have shown
that the binding of 2F5 and 4E10 to their epitopes is enhanced
when gp41 is presented in a lipid environment.[17, 18] However,
despite this evidence, there remains no general consensus
about the MPR structure in the context of the native gp120–
gp41 or during the fusion process, and it is possible that this
region is membrane-associated during the virus–cell fusion
event.

The goal of the present study was to examine the mem-
brane interactions of 2F5 and 4E10 by using POPC and POPC/
Chol/SM liposomes as membrane models to mimic the host
cell and viral membranes, respectively. The study was per-
formed in the presence and absence of a peptide epitope

(H-NEQELLELDKWASLWNWFNITNWLWYIK-NH), which has mem-
brane-binding properties and contains both 2F5 (ELDKWA) and
4E10 (NWFNIT) epitopes flanked by native gp41 sequences.
The use of this peptide epitope, rather than each MAb core
epitope sequence separately, allows the binding properties of
each MAb to be studied with the inclusion of the flanking resi-
dues that are naturally present in the whole gp41 envelope
and provides a more relevant recognition context to better
mimic the natural epitope conformation.

Currently, a powerful tool for determining the role of key
peptide motifs and the relationships of sequence-specific prop-
erties to biological activity is the measurement of the underly-
ing thermodynamics and kinetics of a specific interaction. One
of the most commonly used optical biosensor technologies is
SPR. Though other biophysical techniques provide important
information on the relationship between membrane–peptide
structures and biological function, SPR allows a detailed analy-
sis of the kinetics and affinity of interactions and has beenACHTUNGTRENNUNGapplied to the study of biomolecular interactions involved in
almost every aspect of the HIV replication cycle.[48] However,
there are only a limited number of SPR studies of 2F5 and
4E10 interactions with their epitopes that also involve the
membrane, and experimental/kinetic details involving mem-
brane interactions are incomplete and conflicting.[27, 34]

We employed an SPR biosensor approach whereby lipo-
somes of POPC or POPC/Chol/SM were deposited onto the L1
aliphatic alkanethiol-modified carboxymethyldextran surface to
form suspended membrane surfaces that mimic biophysicalACHTUNGTRENNUNGaspects of the neutral cell- and viral-like membranes. The 2F5
and 4E10 MAbs were allowed to flow over the membrane sur-
faces in the absence or presence of prebound gp41 peptide
epitope, and the binding was kinetically followed as a refrac-
tive index change proportional to a mass change on the sur-
face.

The results obtained for the membrane-only experiments
allow conclusions to be made about the membrane-binding
characteristics of the MAbs. In agreement with other investiga-
tions,[21, 22, 26] we have found that not only 4E10, but also 2F5
can bind to membranes in the absence of gp41 peptide epi-
topes (Figure 2 A–D), although to a much lesser extent. Based
on the low affinity of 2F5 for each membrane one may hy-
pothesize that 2F5 binding to membranes alone might not
necessarily involve the antigen-binding site where high-affinity
interactions occur. This hypothesis is supported by previous
fluorescence work,[49] in which it was shown that no extensive
2F5–membrane interaction occurred and thereby 2F5 was sug-
gested not to use membrane interactions prior to high-affinity
interaction and gp41 docking.

Higher binding responses were achieved for 4E10 on the
POPC surfaces compared to POPC/Chol/SM or 2F5 on both sur-
faces, and the apparent off-rates from late in the dissociation
phase show that the rate of shedding of 4E10 from both POPC
and POPC/Chol/SM is essentially the same and is faster than
2F5. The low affinity interaction of 2F5 to membranes is in con-
trast to 4E10, which shows a much higher affinity for both
membranes studied. This high affinity of 4E10 suggests that
the antigen-binding site is likely to be involved, and therefore
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the interactions of 4E10 with the membrane could be an im-
portant facet to immunogen design with this region of gp41.

The binding of 2F5 and 4E10 increased significantly in the
presence of the membrane-bound peptide epitope complex
and exhibited almost irreversible binding over the course of
the measurements, that is, there was relatively little desorption
during the dissociation phase. In the presence of the prebound
epitope, we found that 2F5 binds with approximately threefold
greater affinity for all surfaces than 4E10, with KD values of
1.16–1.95 nm for 2F5 binding to POPC–epitope surfaces and
0.02–1.22 nm for POPC/Chol/SM–epitope surfaces, and KD

values of 0.63–5.69 nm for 4E10 binding to POPC–epitope sur-
faces and 0.54–4.21 nm for POPC/Chol/SM–epitope surfaces,
which are similar to values determined by Alam et al. (KD of
4 nm for 2F5 and 6 nm for 4E10 by ITC; 1.8 nm for 2F5 and
21.5 nm for 4E10 by SPR)[27] and Sun et al. (~10 nm reported
for 4E10 by SPR).[34]

In terms of the mechanism of interaction, the two-state reac-
tion model describes a more complex modification of the 1:1
Langmuir interaction, similar to the bivalent reaction model.
For both models, the initial electrostatic binding of the MAbs
to the peptide–membrane surface is followed by a second
event, which could, in the case of the two-state reaction
model, be a rearrangement or insertion of the MAb into the
surface. For the bivalent model the second step is normally de-
fined as the binding of the second antigen binding site. Our
data show that there are at least two steps that could include
bivalency, for which the involvement of the second antigen
binding site might be a very fast process and be enhanced by
the first antigen binding. owever, the very strong and/or irre-
versible binding of the MAbs to the peptide–membrane com-
plex is consistent with an insertion or reorientation of the
MAbs into the plane of the membrane upon binding and is
mediated by hydrophobic interactions.

Conversely, 4E10 interactions with the peptide on the POPC/
Chol/SM–epitope surface is far more dependent on the second
rate constants to fit to the two-state model, with the fastest
on-rate and slowest off-rate of all the assays for the second
rate constants (ka2 and kd2), but slowest on-rate and fastest off-
rate for the first rate constants (ka1 and kd1). This suggests that
the membrane composition is important, since 4E10 does not
show as good an initial interaction to the POPC/Chol/SM–epi-
tope surface as to other surfaces, and curiously, the 4E10
POPC–epitope surface had 20 % of the ka2 rate and twice the
dissociation rate kd2. This suggests that 4E10 exhibits strongest
interactions with both the membrane and the peptide epitope
as a combined peptide–membrane immunogen, and so lipid
composition could be very relevant to 4E10 neutralisation.

These suggestions are supported by structural data. In terms
of the structure of the peptides within membrane mimeticACHTUNGTRENNUNGenvironments, an MPR synthetic peptide has been shown to
adopt a helical conformation parallel to the membrane, near
the lipid interfacial region,[50] and a revised structure has
shown that the 2F5 and 4E10 immunogens are helical domains
separated by a defined kink.[34] In contrast, the X-ray crystal
structure of the 2F5 and 4E10 Fab (fragment, antigen binding)
regions complexed to synthetic epitopes[18, 20] demonstrate that

the epitopes adopt a b-turn and a-helical conformation, re-
spectively, that is distinct from the conformations found in the
solution-based studies.[34, 50] While the crystallographic evidence
lacks a membrane context, the different structures suggest
that each epitope might undergo a conformational change
during recognition by the respective MAbs.

Given the proximity and location of the 2F5 and 4E10 epi-
topes to the viral membrane, it is not surprising that both
MAbs bind almost irreversibly to the peptide in the membrane
context. Based on the neutralising activity of each MAb, it
could be anticipated that the MAbs would bind more strongly
to the lipid composition of the model viral membrane with the
peptide epitope (POPC/Chol/SM–epitope) than to the model
mammalian membrane with the peptide epitope (POPC–epi-
tope). However, since the binding of each MAb was similar
with both lipid mixtures in the presence of the peptide epi-
tope, the results suggest that the lipid composition requires
further optimisation to provide a more precise mimic of the
virion membrane. Indeed, other studies have shown that 2F5
and 4E10 bind unspecifically to neutral and anionic phospho-ACHTUNGTRENNUNGlipids (phosphatidylcholine (PC) and phosphatidylglycerol (PG)
for 2F5 and PC, SM, phosphatidylethanol (PE), PG and phos-
phatidylserine (PS) for 4E10), and bind more strongly to
CL.[21, 22, 26] It has also been reported that 4E10 might bind to
PtIns(4)P through a phosphate-binding subsite,[23, 24] and lipids,
such as PS or PtIns(4)P, might be exposed at the HIV surface.[25]

Additionally, Chol also seems to be important for 4E10 epitope
recognition[51] and this could be the reason why the second
rate constants obtained in the present study for the POPC/
Chol/SM–epitope mixture exhibit different properties com-
pared to the POPC–epitope surfaces. It is possible that Chol
changes the fluidity of the acyl chains and the orientation of
the phospho-head groups of the viral membrane and facili-
tates surface orientation of the peptide by tryptophan inser-
tion at the interface;[34] this would give 4E10 an overall prefer-
ence for cholesterol-containing lipid compositions combined
with the gp41 epitope.

Naturally the exact composition of the HIV virion is contro-
versial and might well be plastic to cell-type and cell-cycle spe-
cifics, which can alter lipid compositions at the site of budding
(e.g. , lipid rafts),[52] but more importantly the lipid composition
in the vicinity of the gp41 spikes is unknown and it is feasible
to speculate that the virion could have an asymmetric lipid dis-
tribution about the local environment of gp41, which would
be facilitated or even dictated by envelope proteins as well as
lipid concentrations at the site of budding. If so, the lipid envi-
ronment and composition itself could play a critical role in the
viral fusion process, and perhaps facilitate virion structural
changes at the point of fusion or assist translocation due to
the presence of localised inner leaflet lipids, such as SM and
PtdIns-species.

Immunogen design

The gp41 epitopes have attracted increasing attention as
promising models for immunogens in vaccine development
(e.g. , see ref. [53]). Phogat and Wyatt describe a range of strat-
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egies currently undertaken to design either protein or peptide
immunogens for HIV vaccines.[6] In the case of the 2F5 and
4E10 peptide epitopes this has frequently involved constrain-
ing or restricting peptide conformations and creating scaffold
or carrier-assisted immunogens that try to present the peptide
epitopes in a manner that elicits an immunogenic response rel-
evant to native HIV envelope spikes.[6] Such approaches require
characterisation of the molecular details of 2F5 and 4E10 inter-
actions with the gp41 peptide epitopes, and an important con-
sideration in these approaches is the role of the viral mem-
brane, which—if important to recognition by MAbs—could be
central to novel biomolecular design approaches and for pre-
senting more biologically relevant immunogens.[25, 35] An impor-
tant question, therefore, concerns the role the membrane
plays in MAb recognition. Though recent work may call into
question whether 2F5 really binds phospholipid species,[32, 34, 54]

very valid points have been raised that these differences could
be merely technical, technique-specific or related to the phos-
pholipid occupying only a small portion of the 2F5 antigen-
binding paratope.[35] Recent work has shown that the confor-
mation of the epitope recognised by the MAbs is a transient
intermediate that conceivably might not be achievable with
particular peptide lengths or lipid compositions, which do not
present (in the case of 2F5) an extended, prehairpin intermedi-
ate conformation.[55] Therefore, such differences could also be
a reflection of difficulties in studying the fine details of HIV
biology.

Similarly the tryptophan-rich conserved region below the
2F5 domain (including the 4E10 epitope) can be functionally
replaced with antibacterial peptides with similar membrane-
perturbing properties as the 4E10 epitope; these may even
contain strategic helix-breaking proline residues.[56] This indi-
cates that the conformation of the MPR about the 4E10 epi-
tope is more complex than current structural data suggest,
and the membrane-perturbing properties are of paramount
importance for function. Furthermore, the authors suggest
that based on current structural data the MPR needs to also
transition through short-lived intermediate conformations to
attain the prefusion state.[56]

Indeed the Wyatt group have recently reported a fused hep-
atitis B S1–MPR (HBsAg–MPR) virus-like particle and examined
different surface antigen contexts arranged on the hepatitis
B S1 scaffold that comprises MPR-containing epitopes and
plasma membrane/synthetic derived lipid constituents.[57] In
this study the membrane was shown to be critical to recogni-
tion by delipidation and reconstitution of particles in 1,2-di-ACHTUNGTRENNUNGoleoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-
phospho-l-serine (7:3). Curiously the MPR C-terminal con-
structs were most effective, which actually places the 2F5 por-
tion of the epitope close to the membrane, and suitable 4E10
recognition was obtained only upon addition of transmem-
brane sequences C-terminal to the 4E10 portion of the epi-
tope.[57] The authors attribute the extended transmembrane re-
quirements to a more intimate association with the membrane,
which could conceivably be brought about by a relaxation of
the highly strained membrane (22 nm particles), or asymmetry
of the membrane about the additional transmembrane exten-

sion to allow the membrane-perturbing properties of the MPR
to structurally occur. The delipidation/lipidation properties of
this new HBsAg–MPR platform, offers a means of experimental-
ly investigating the lipid environment and novel lipids (or
other nonlipid agents) for the HIV membrane, which could
help achieve a more antigenic prehairpin structure. Conceptu-
ally this could be simply probed by using SPR and immobilised
MAbs or Fab fragments for a more complete understanding of
the lipid environment and role of the membrane in efficient
antibody neutralisation.

Conclusions

Here, we have presented the significant finding that 2F5 does
not bind specifically to the membrane, but the membrane is
important to the secondary structure of the 2F5 epitope, pre-
sumably by supporting the epitope in the required prehairpin
intermediate conformation recognised by 2F5. Conversely, we
have shown 4E10 appears to bind to both the peptide and
membrane, most likely as a combined immunogen, and there-
fore the composition of the membrane is predicted to be im-
portant for recognition. These important roles for the viral
membrane about the peptide epitopes are a facet of HIV be-
haviour that could be exploited in novel immunogen design
approaches to raise antibodies that are specific to HIV and that
recognise both the viral membrane and part of gp41.

Experimental Section

General : (2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl)uronium
hexafluorophosphate (HATU), N-methyl pyrrolidone (NMP), dime-
thylformamide (DMF), diisoproylethylamine (DIPEA), piperidine, tri-ACHTUNGTRENNUNGisopropylsilane (TIPS) and trifluoroacetic acid (TFA) were of peptide
synthesis grade and obtained from Auspep (Melbourne, Australia).
POPC (1-palmitoyl-2-oleyol-sn-glycero-3-phosphocholine) was pur-
chased from Avanti Polar-Lipids (Alabaster, AL, USA). Sphingomye-
lin (SM; chicken egg yolk), cholesterol (Chol), (3-[3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS) and sodium
dodecyl sulfate (SDS) were obtained from Sigma (St. Louis, MO,
USA). HEPES was obtained from Sigma (Castle Hill, NSW, Australia)
and NaCl was from Amresco (Solon, Ohio, USA). HEPES buffer
(10 mm HEPES buffer pH 7.4, 150 mm NaCl) was used throughout
the studies by dilution from a 10 � stock. The SPR system used
was a BIACORE T100 analytical system (Biacore, Uppsala, Sweden)
with L1 sensor chips (Series S; Biacore) for liposome attachment.
The regeneration solutions were SDS (0.5 %, w/v), CHAPS (20 mm),
NaOH with methanol (10 mm NaOH, 20 % MeOH) and NaOH
(10 mm). All solutions used in the T100 were freshly prepared and
filtered (0.22 mm filter).

Antibodies : Human HIV-1 gp41 monoclonal antibodies 2F5 and
4E10 from Dr. H. Katinger and Polymun Scientific were provided by
the EU Programme EVA Centralised Facility for AIDS Reagents, Na-
tional Institute for Biological Standards and Control (UK), and were
also purchased from Polymun Scientific (Vienna, Austria). The
MAbs 2F5 and 4E10 (100–670 mL) were dialysed in HEPES buffer
(1 L, for >16 h, 4 8C) by using a SnakeSkinTM pleated dialysis tubing
(10 kDa, Pierce, Rockford, IL, USA). The MAbs were diluted to ~ ten-
fold prior to dialysis to reduce the protein concentration and avoid
protein aggregation; no evidence of aggregation was detected in
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samples by measuring absorbances at 280 and 320 nm, even after
periods of more than six months after the experiments. Protein
concentrations for assays were quantified with the modified Lowry,
DC protein assay (Bio-Rad, Gladesville, NSW, Australia). In order to
avoid signal response variations during the SPR experiments due
to the differences between the MAb solutions and the running
buffer, the dialysis buffer was subsequently filtered (0.22 mm mem-
brane, Pall Life Sciences, Melbourne, Australia) and used as running
buffer in SPR experiments, thereby removing refractive index
changes between solutions. Refractive index differences between
different MAb preparations was <2 RU.

Peptide synthesis : Rink amide resin was obtained from Novabio-
chem (San Diego, CA, USA) and Fmoc-l-amino acids were obtained
from GL Biochem (Shanghai, China). The peptide H-NEQELLELDK-
WASLWNWFNITNWLWYIK-NH (hereafter referred to as peptide epi-
tope) was synthesised on Rink amide resin (on a 0.1 mmol scale)
by using a Libertytm microwave peptide synthesiser (CEMtm ; NC,
USA) by employing Fmoc solid-phase techniques (for a review see
ref. [58]). The peptide epitope was assembled by systemicallyACHTUNGTRENNUNGrepeated steps of “double” coupling and “double” deprotection.
“Double” coupling: Fmoc-amino acid (5 equiv), HATU (4.5 equiv),
DIPEA (10 equiv), in NMP (2 � 5 min, with 20 W microwave irradia-
tion at 75 8C). “Double” deprotection: piperidine (20 %) in NMP (1 �
30 s, with 40 W irradiation at 38 8C; followed by 1 � 3 min, with
40 W irradiation at 75 8C).

Following linear assembly, the peptide was cleaved from the resin
with simultaneous removal of side-chain protecting groups by
treatment with a cleavage cocktail (2 mL) consisting of TFA (95 %),
TIPS (2.5 %) and H2O (2.5 %) for 3 h at room temperature. Suspend-
ed resin was removed by filtration and the peptide precipitated in
ice-cold diethyl ether. Solid material was then collected in a sin-
tered glass funnel (pore size 4), washed with diethyl ether, dis-
solved with MeCN/H2O (1:1) and lyophilised. An initial analysis of
the crude material by RP-HPLC and mass spectrometry suggested
the presence of multiple N-carboxy groups, which presumably re-
sulted from the incomplete removal of tert-butoxycarbonyl side-
chain protection from the indol nitrogen of the five tryptophan
residues present.[59] Decarboxylation of these carbamic acid inter-
mediates was achieved by dissolving the crude material in MeCN/
H2O/CH3COOH (9:9:2) and stirring at room temperature, overnight.
The peptide was then purified by preparative RP-HPLC by using an
Agilent HP1100 system fitted with a Vydactm C18 (250 � 22 mm) RP
column. The eluents used were TFA (0.1 %) in H2O (A) and TFA
(0.1 %) in MeCN (B); the peptide was eluted by applying a linear
gradient (6 mL min�1, 0 % to 60 % B over 60 min). Fractions collect-
ed were examined by analytical RP-HPLC and those found to exclu-
sively contain the desired product were pooled and lyophilised.
Analysis of the purified final product by RP-HPLC indicated a purity
of >90 %. Successful synthesis was confirmed by electrospray-ioni-
sation mass spectrometry (found: 3652.8; calcd: 3650.8).

Peptide preparation for biosensor experiments : Peptide stock
solutions were prepared in DMSO and diluted to the desired con-
centrations with HEPES buffer. The total DMSO concentration was
maintained at 0.14 % (v/v) in the peptide samples throughout the
SPR experiments to aid peptide solubility, as low DMSO concentra-
tions are reported not to perturb particular liposomal composi-
tions.[60] This value is well below the chemical compatibility of the
L1 sensor chips (10 %) and was confirmed not to cause large base-
line changes in this study with buffer-only injections over mem-
brane surfaces (�10 RU). Peptide concentrations were quantified
with the modified Lowry, DC protein assay, and peptides were

spectrophotometrically monitored for solubility and aggregation
by measuring absorbances at 280 and 320 nm.

Liposome preparation and lipid bilayer formation : Small unila-
mellar vesicles (SUVs) of POPC and a mixture of POPC/Chol/SM
(1:1:1) were used throughout the studies. POPC (dissolved in
chloroform) alone or mixed with Chol (in chloroform) and SM (in
chloroform/methanol mixture 2:1, v/v) was dried under a gentle
stream of nitrogen. Solvent removal was completed in vacuo, over-
night. The lipid was suspended in HEPES buffer (final concentration
1 mm) and sized by being subjected to seven repeated freeze/
thaw cycles and extrusion (19 times) through polycarbonate filters
(50 nm pore diameter).

All biosensor experiments were conducted at 25 8C with sampleACHTUNGTRENNUNGinjections by using instrument high-performance parameters and
collection rates (10 Hz). The L1 sensor chip surface was washed as
part of a start-up cycle by the sequential injection of CHAPS
(20 mm, 5 mL min�1 flow rate, 60 s contact time), NaOH in methanol
(10 mm NaOH in 20 % MeOH, 50 mL min�1, 36 s) and NaOH (10 mm,
50 mL min�1, 36 s). SUV were captured onto the L1 surface at a flow
rate of 2 mL min�1 (2400 s). A NaOH pulse was used to remove
loosely bound liposomes from the surface (10 mm, 50 mL min�1,
36 s), which resulted in a stable baseline.

2F5, 4E10 and gp41 epitope scouting conditions : To establish
the conditions of the binding experiments, scouting experiments
were performed to optimise the MAbs and gp41 epitope concen-
trations (with varied amounts of DMSO), contact times and flow
rates for capture of the epitope and subsequent antibody binding.
It was found that only a narrow range of conditions was applicable
to both POPC and POPC/Chol/SM surfaces with both antibodies.
Extending beyond these conditions proved too detrimental to the
membrane systems in terms of DMSO effects and regeneration of
the surfaces; the latter was particularly difficult with elevated anti-
body concentrations or prolonged contact times, which needed to
be optimised individually for 2F5 and 4E10. A range of solvents
and additives were tested to increase the range of conditions, but
only very harsh regeneration conditions—above the rigors typically
employed for membrane systems (i.e. , n-octyl-b-d-glucopyranoside
or CHAPS regenerations)—successfully restored basal responses
without carryover to subsequent assay cycles.

Scouting experiments examined various 2F5 and 4E10 concentra-
tions (0.01–0.5 mm), gp41 epitope concentrations (0.1–1 mm), DMSO
concentrations for dissolving the gp41 epitope (0.015–0.14 %
DMSO), contact times for each parameter (30–180 s) and flow rates
for each step (5–30 mL min�1). Regeneration conditions were
screened by using a range of concentrations of solvents, deter-
gents and additives comprising: SDS, polyethyleneglycol, polyeth-ACHTUNGTRENNUNGyleneimine, methyl-a-d-glucopyranoside, l-a-o-benzylglycerol, n-
octyl-b-d-glucopyranoside, MgCl2, EDTA, CHAPS and NaOH in
methanol. The final conditions derived (detailed in the following
section) provided the most reproducible results on the T100 bio-
sensor platform.

2F5 and 4E10 binding to membranes or precaptured gp41 epi-
tope : Solutions of 2F5 (0.06–0.3 mm) and 4E10 (0.06–0.5 mm) in
HEPES buffer were studied on membrane surfaces prepared from
the deposition of POPC or POPC/Chol/SM SUV (1 mm). The MAb
experiments were performed either in the absence or presence of
peptide epitope (concentrations of 0.3, 0.5 and 1 mm) prebound to
the membrane surfaces. As control, MAb binding was studied in
the presence of DMSO (0.14 %, v/v) buffer control, as DMSO was
critical for the solubility of the peptide epitope. Prebinding of the
peptide epitope (or DMSO control treatment) was achieved by in-
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jection of solutions over the membrane surfaces (5 mL min�1, 180 s).
Upon completion of the injection, the flow was continued
(5 mL min�1 for 60 s) before the MAb solutions were injected over
the combined membrane–epitope (or membrane–DMSO control)
surfaces. The MAb solutions were injected by using different con-
tact times at a constant flow (5 mL min�1; 2F5 contact time 90 s,
4E10 contact time 60 s), followed by a uniform dissociation time
(600 s). After each MAb binding assay, the sensor surface wasACHTUNGTRENNUNGregenerated (0.5 %, w/v, SDS, 5 mL min�1, 60 s), followed by theACHTUNGTRENNUNGsequential injection of CHAPS (20 mm, 5 mL min�1, 60 s), NaOH in
methanol (10 mm NaOH in 20 % MeOH, 50 mL min�1, 36 s) and
NaOH (10 mm, 50 mL min�1, 36 s).

Analysis and data fitting : Analysis and fitting was conducted by
using BIAeval version 4.1, Sigmaplot version 2001 and Graphpad
Prism version 4.00. Because fitting the MAb interactions to the
lipid-only surfaces with kinetic fitting or steady-state approxima-
tions was not possible, a comparative kinetic fit was used by
global fitting of the dissociation phase (t = 400–650 s) to derive ap-
parent values of the dissociation rate constant kd as opposed to ki-
netically measured values obtained in the presence of the epitope.
At the fitted period the dissociation phase was more uniform
across both MAbs and membrane surfaces and demonstrated a
more 1:1 Langmuir behaviour; this allowed a closer fit with lower
c2 values and residuals.

For the MAb interactions with peptide epitopes, data were origi-
nally assessed for fitting to Langmuir 1:1 models as the simplest in-
teraction before examination of fitting to bivalent (accounting for
both interacting arms of the IgG molecules) and two-state reaction
models (including modified models to account for possible mass
transfer limitations or baseline drift). The bivalent model was re-
jected for two reasons: firstly it was found that the c2 values were
generally higher; secondly, the fitting could be artificially manipu-
lated to more closely match the data by setting high starting pa-
rameters—especially, any incremental value from 1 � 104–1 � 105 for
ka1 (it should be noted that the bivalent model multiplies ka1 by a
factor of two as part of the fit, which might have been relevant in
this case). Such high initial parameters sometimes returned final
values of ka1 beyond the range of the T100 SPR to accurately mea-
sure, and in some fits early iterations would automatically find a
high value for ka1; so, although the fit always appeared to match
the data, the final numbers did not necessarily represent the true
physicochemical properties of the MAbs.

The two-state model was refined by setting the Rmax as a local pa-
rameter and making kinetic allowance within Biaeval 4.1 for sys-
tematic baseline drift (local parameter) and mass transfer limita-
tions (global parameter), as used in the standard models for 1:1
binding with drifting baseline and 1:1 binding with mass transfer.
The data could be fitted to this model, which provided lowest c2

values and consistent final numbers irrespective of initial values for
the fitted parameters in the model.

Kinetic data were assessed by using c2 values, plots of the residuals
from the model fitting and the significance of a parameter as-
sessed by the standard error (SE) statistics. The quality of the fit to
a specific parameter was deemed significant if the standard error
was less than 10 %. Except where specifically indicated, all parame-
ter values were significant to the fit.
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