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One of the most important steps in the process of viral infection is a fusion between cell membrane and

virus, which is mediated by the viral envelope glycoprotein. The study of activity of the glycoprotein in

the post-fusion state is important for understanding the progression of infection. Here we present a first

real-time kinetic study of the activity of gp41 (the viral envelope glycoprotein of human

immunodeficiency virus—HIV) and its two mutants in the post-fusion state with nanometer resolution

by atomic force microscopy (AFM). Tracking the changes in the phosphatidylcholine (PC) and

phosphatidylcholine–phosphatidylserine (PC:PS) membrane integrity over one hour by a set of AFM

images revealed differences in the interaction of the three types of protein with zwitterionic and

negatively charged membranes. A quantitative analysis of the slow kinetics of hole formation in the

negatively charged lipid bilayer is presented. Specifically, analysis of the rate of roughness change for

the three types of proteins suggests that they exhibit different types of kinetic behavior.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Application of atomic force microscopy (AFM) to studies of
biological systems has a few important advantages over other
techniques such as electron microscopy. These include: (i) the
ability to produce reliable results – both images and measure-
ments of physical characteristics of the studied surfaces – in
liquid environment, including buffers with high salt concentra-
tion, (ii) the ability to achieve nanoscale resolution under these
conditions, (iii) the extreme surface sensitivity of the technique,
and (iv) the ability to track changes of the biological system in real
time. These advantages have positioned AFM as a powerful tool
for studying processes in biological specimens at high resolution
[1,2]. During the last decade there has been a wealth of studies
applying AFM for imaging various lipid bilayers and their
interactions with peptides and proteins [3–12].

The initial step of viral infection is frequently mediated by viral
envelope proteins [13,14]. In the case of the human immunode-
ficiency virus (HIV) the envelope protein forms a trimer, with each
monomer consisting of two non-covalently associated subunits,
gp120 the receptor binding domain, and gp41 which is respon-
sible for the mixing of the viral and target cell membrane leading
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to membrane fusion [15]. Binding of gp120 to the corresponding
target membrane receptor triggers a cascade of conformational
changes in the envelope protein. This results in fusion induction
of the viral envelope with the target membrane, thereby initiating
infection by the virus [17–21]. As a consequence of the
conformational changes, the N-terminus of gp41 becomes
exposed and interacts with the target cell membrane. This creates
a prehairpin intermediate (PHI) that bridges both viral and
cellular membranes [16,22]. The PHI is short lived, and collapses
after up to 30 min into a low-energy conformation of a six
helix bundle (SHB) [23,24]. However, recent studies revealed that:
(i) other regions within gp41 could be involved in membrane
destabilization and fusion [25–35] and (ii) formation of holes
starts before gp41 folding to SHB is complete [36]. Moreover
association of gp41 with negatively charged membranes was
shown to cause structural modifications and as a consequence
influence SHB stability [35]. In contrast, the SHB interaction
with a zwiterionic membrane did not cause its dissociation [31].
Recently, we reported investigation of the biochemical and
structural aspects of these issues with AFM [37]. The previous
study examined final states of the perturbed membrane to deduce
the contribution of all the functional regions within gp41 to the
structural and functional properties of the protein and conversely
the influence of the membrane on the structure and core stability
of gp41.

In spite of the vast amount of information acquired over the
past two decades on HIV envelope proteins and their interactions
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with lipid membranes, kinetic studies exploiting the high resolu-
tion visualization of interactions between lipid membranes and
gp41 ectodomain by AFM have never been reported. In this work
we present a direct observation of the interaction between gp41
and its two truncated versions and supported lipid bilayers of two
types: zwitterionic and negatively charged. The studies were done
in liquid buffer by AFM in real time with nanoscale resolution.
Quantitative analysis of the real-time studies allows characteriza-
tion of the kinetics of membrane destruction for the three types
of proteins. Significant differences in the time course for the
interaction between the lipid bilayer and different truncated
forms of gp41 are revealed.
2. Materials and methods

2.1. Materials

LPC and PC (from egg yolk) were obtained from Sigma. LPS and
PS (from porcine brain) were obtained from Avanti. N-(lissamine
rhodamine B sulfonyl) dioleoylphsphatidylethanolamine (Rho-PE)
and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) dioleophosphatidy-
lethanolamine (NBDPE) were purchased from Molecular Probes
(Eugene, OR). All other reagents were of analytical grade.

2.2. HIV-1 gp41 ectodomain cloning, expression, and purification

Gp41 from the HIV-1 strain HXB2 was cloned into pET24d
plasmid between HindIII and BamHI sites. For this, the intrinsic
HindIII site was cancelled by directed mutagenesis. Also the two
cysteins in the loop were mutated to alanines. The sequence of the
ectodomain starts from 512 to 684, the sequence of e-core starts
from 546 to 684 and the sequence of the core starts from 538 to
666. Asparagine and glycine were inserted between TrpdelE and
gp41 for future nonenzymatic cleavage. The proteins were
expressed in BL21 pLys S E. Coli by growing cell culture in LB
supplemented with kanamycin until OD600 was at 0.4. Then
1 mM of IPTG was added to induce expression. The chimeras were
located in inclusion bodies and were purified by sonicating the
cells, centrifuged at 15,500 rpm and 4 1C for 30 min, following
washing the inclusion bodies 6 times with lysis buffer
(50 mM Tris, pH 7.0, 100 mM NaCl, 5 mM EDTA, 0.1 mM PMSF,
0.1% triton-100). The purified chimeras were then nonenzymati-
cally cleaved by hydroxylamine between asparagine and glycine.
The products of the reactions were separated by RP-HPLC at 80 1C
using C18 column and a gradient of 25–80% acetonitrile in water
for 40 min. The eluted proteins were dialyzed for 24 h against
50 mM sodium formate buffer (pH 3) at 4 1C using a 3 kDa cutoff
dialysis cassette. The dialyzed proteins were concentrated by
centrikones and verified by mass spectrometry. The construct of
the core was treated differently as it was in the soluble fraction of
the cell. In short, cells were lysed in the presence of glacial acetic
acid (as previously described).

2.3. Preparation of large unilamellar vesicles

Thin films of PC or PC:PS (3:2) were generated following
dissolution of the lipids in a 2:1 (v/v) mixture of CHCl3/MeOH and
then dried under a stream of nitrogen while rotating. Two
populations of films were generated: (1) lipid only mixtures,
termed unlabeled, and (2) the same lipid mixture containing 0.6%
molar of NBD-PE and RHO-PE each, termed labeled. The films
were lyophilized overnight, sealed with argon gas to prevent
oxidation, and stored at �20 1C. Before the experiment, the films
were suspended in PBS buffer �/� (without Ca++ and Mg++) and
vortexed for 1.5 min. The lipid suspension underwent five cycles
of freezing–thawing and then extrusion through polycarbonate
membranes with 1 and 0.1 mm diameter pores to create LUVs as
imaged by negative staining electron microscopy.

2.4. Preparation of supported lipid bilayers for atomic force

microscopy (AFM)

Supported lipid bilayers were prepared using the vesicle fusion
method. Briefly, PC and PC:PS (3:2) LUV suspensions (1 mM,
70 ml) were deposited onto freshly cleaved mica squares (1 cm2)
and allowed to adsorb and fuse on the solid surface for 4 h at
25 1C. Samples were then placed in AFM.

2.5. AFM experiments

Supported bilayers were investigated using a MultiMode AFM
with Nanoscope V controller (Veeco Metrology LLC, Santa Barbara,
CA) equipped with a small scanner (E-scanner). AFM images
were obtained in tapping mode in buffer solution at room
temperature (23–25 1C). The stability of the membrane under
our scanning conditions was initially verified by recording a long
(45–60 min, 10–12 images) series of images before protein
injection. The AFM probe was withdrawn by 150–200 nm during
protein injection to avoid any damage due to local turbulence and
ensure tracking was maintained in the same area. The scanning
was resumed approximately 5 min after protein injection (defined
as time 0) and continued for an equivalent time as the series made
before the injection. In addition, a ‘reference point’ e.g., small but
distinct membrane corrugation was tracked before and after
protein injection to verify that the same area was scanned. The
proteins were dissolved in 50 mM sodium formate buffer (pH 3).
Next, they were injected into the buffer to reach approximately
0.9 mM protein concentration, and images were taken continually
every �3–5 min. All images were recorded using oxide-
sharpened microfabricated Si3N4 cantilevers (DNP-S, Veeco
Metrology, Santa Barbara, CA) with a spring constant of
�0.12 N/m (manufacturer specified) and at a scan rate of
1.5–3.5 Hz. The target amplitude was 300 mV (�22 nm) and set
point was 245–250 mV (�18 nm) for all measurements (to avoid
possible influence of different penetration depths on the process
of membrane destruction by the tested proteins). Therefore ‘light’
tapping has been applied to avoid possible damage to the
membranes and influence of the scanning itself on the membrane
destruction produced by the gp41 and the two mutants in the
case of PC:PS lipids.

2.6. Image analysis

The original images were opened, processed and roughness
was evaluated by a custom Matlab code (Matlab V. 7.6.0.324;
MathWorks Inc., Natick, MA). Moreover the program allows
dividing the original image to a predefined number of sub-
images, making roughness evaluation for each part. The program
could work also in the batch mode that enables fast processing of
the image set.
3. Results

3.1. Interaction of gp41 and its two truncated forms with

zwitterionic membrane

Corresponding triplets of 3D images (for three types of protein:
gp41 and the two mutants) appear in our previous publication



ARTICLE IN PRESS

Fig. 2. Typical image of the interaction between full length ectodomain and PC:PS

bilayer (1 mm�1 mm; z scale: 5 nm) immediately after protein addition.

Cross-sections show the depth of holes at the initial stage (�2 nm) and

approximate width of hole (�20 nm). The positions of the cross-sections are

marked on the image by lines 1 and 2.
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[37]. Comparison of successive images during the period before

the protein injection proves that in all cases no membrane
perturbations were produced by the scanning itself. Inspection of
successive images during the period after protein injections
proves that for all three proteins, no membrane perturbations
occurred: rms roughness remained essentially unchanged over
50 min of scanning before and 50 min after protein injection,
lying in the range of 0.18–0.22 nm (rms). These data yield
additional proof that gp41 and the two mutants do not affect
the PC lipid membrane integrity.

3.2. Interaction of gp41 and its two truncated forms with negatively

charged membrane

Corresponding triplets of 3D images (for three types of
protein: gp41 and the two mutants) could also be found in our
previous publication [37]. As for the previous case, comparison
of successive images during the period before injection of gp41
and the two mutants proves that no membrane perturbations
were produced by the scanning itself. These roughness values
ranged between 0.19 and 0.32 nm (rms) with no observable
trend occurring over the scanning time. In contrast to the case
of the zwitterionic membrane, changes in the PC:PS membrane
topography begin appearing even in the first image after
injection of each of the 3 proteins (gp41 and its two
mutants), and the changes continue throughout the course of
the run.

3.3. Topography changes of phosphatidylcholine–phosphatidylserine

(PC:PS) membrane in the process of interaction with gp41 and the

two mutants

Neither full length protein gp41, nor the two mutants altered
the topography of the PC lipid membrane. In contrast, all three
types of proteins significantly perturb the state of the PC:PS
membrane, but the mechanism appears to be different. With the
core and ecto-domain, a few small holes appear in the PC:PS
membrane at the early stages of reaction. The typical depth of
Fig. 1. Typical image of the interaction between core mutant and PC:PS bilayer

immediately after protein addition (1 mm�1 mm; z scale: 5 nm). Cross-section

shows the depth of hole at the initial stage (�2 nm) and approximate width of

hole (�50 nm). Cross-section is shown in the image as white line.

Fig. 3. Typical image of the interaction between e-core mutant and PC:PS bilayer

(1 mm�1 mm; z scale: 5 nm) immediately after protein addition. Cross-sections

show the depths of holes at the initial stage (�2 nm) and approximate widths of

holes (�80–120 nm). Cross-section is shown in the image as lines 1 and 2. This

image reveals the appearance of the membrane elevations at the initial stage for

the e-core mutant (cross-section 1).
these holes is 2 nm, but some holes are only 1 nm deep. Typical
images and cross-sections are presented in Figs. 1 and 2. In
contrast to this the e-core protein produces wider and deeper
holes (depth up to 3 nm) within 15 min after e-core injection.
A typical image is presented in Fig. 3. Moreover elevated domains
of about 3 nm height start to appear near the edges of the holes at
the initial stage of e-core action. The differences are intensified in
the later stages of the reaction. PC:PS membranes pretreated with



ARTICLE IN PRESS

Fig. 4. Typical image of the final stage (40 min) of the interaction between core

mutant and PC:PS bilayer (1 mm�1 mm; z scale: 10 nm—twice that of Figs. 1–3).

Cross-sections show the depths of holes at the final stage (�4 nm) and

approximate widths of holes. The cross-section positions are seen in the

image—lines 1 and 2. The membrane protrusions appear over the entire

membrane at the final stage.

Fig. 5. Final stage (40 min) of the interaction between ectodomain and PC:PS

bilayer (1 mm�1 mm; z scale: 5 nm). This image reveals that the membrane is

fully covered by relatively small corrugations. Cross-sections show the depths of

holes at the final stage (�4 nm) and approximate widths of holes. Cross-section

positions are shown on image as white lines 1 and 2. The ubiquitous nature of the

mesh in the final stage prevents a choice of zero-level (corresponding to the

unperturbed membrane).

Fig. 6. Typical image of the final stage (40 min) of the interaction between e-core

mutant and PC:PS bilayer (1 mm�1 mm; z scale: 15 nm—note larger scale than in

previous images). Cross-sections show the depths of holes at the final stage

(�4 nm) and approximate widths of holes. Placement of cross-sections noted as

lines 1 and 2 in the image. Very large membrane protrusions and wide holes cover

the whole membrane at the final stage preventing a choice of zero-level

(corresponding to the flat membrane).
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core mutant exhibit medium size holes of 4 nm depth and
elevated domains of 2–3 nm height 45–50 min after injection
(Fig. 4). In this later stage, PC:PS membranes pretreated with
ecto-domain exhibit a strongly corrugated surface with many
small holes and small elevated domains with heights of about
2–3 nm (Fig. 5). In contrast action of the e-core mutant after long
times results in very large holes of 4 nm depth and elevated
domains of up to 8 nm height (Fig. 6).
3.4. Kinetics of membrane reorganization during interaction with

gp41 and the two mutants with PC:PS membrane

Membrane perturbations or destruction can be characterized
quantitatively in different ways. Here we suggest comparing the
root mean square (rms) roughness as quantitative parameter of
membrane deviation from the flat surface. This parameter is a
measure of the spread of height values around a mean. For a
Gaussian distribution of heights, this parameter is approximately
1/3 the difference between the 5th and 95th percentile of
represented heights [38]. Analyzing with this parameter the sets
of images acquired over about 45–50 min enables a quantification
of the time course or kinetics of the changes of the membrane
state. Corresponding graphs for PC:PS membranes treated by
e-core, ecto-domain and core proteins are presented in Fig. 7(a),
(b) and (c), respectively. It is clear that PC:PS membrane, treated
with core mutant, exhibits a slow, almost linear increase in the
membrane roughness over about 50 min. The action of the ecto-
domain (or full gp41 protein), exhibits an apparent acceleration in
the time interval between 5 and 15 min. But roughness changes of
PC:PS membrane, treated with e-core mutant, undergoes a steep
increase in the same time interval between 5 and 15 min. The rate
of roughness change can be associated with the rate of membrane
destruction. The large perturbations seen in this early period
indicate that the major action occurs early in the process.
Comparison of the curves for the different mutants enables us
to quantify the ‘effectiveness’ of each applied protein. One can
conclude that the e-core mutant is even more ‘effective’, than
the full ecto-domain and much more effective than the core
mutant.
4. Discussion

The unique possibility to explore organization of supported
lipid bilayers in liquid environment by AFM enables visualization
of the interaction of protein gp41 and its mutants in real time.
Moreover it provides the possibility to obtain information about
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details of this process at the nanometer scale. Inspection of the
series of images obtained and comparison of the series for intact
gp41 ectodomain and the two mutants allow characterizing
different ways in which these proteins interact with lipid bilayers.
Firstly—the three types of protein have no effect on the
phosphatidylcholine (PC) membrane integrity. Therefore one can
conclude that neither the six helix bundle folded form of the
intact gp41 ectodomain, nor those of the two mutants interact
with zwitterionic membranes. Secondly—in contrast to this the
PC:PS lipid bilayers are extensively modified by all three proteins,
but seemingly by different mechanisms. In the initial stage of
the interaction of core mutant with a PC:PS membrane a few
relatively wide (about 50 nm) holes appear, with small (less
than 1 nm) elevations of the membrane near the hole edges.
The depths of these holes are about 2 nm which is consistent
with removal of half of the bilayer (see Fig. 1). In this case the
elevations can be assigned to lipid molecules which were
removed from the membrane, and subsequently accumulated
near the edge of the hole, lying horizontally rather than assuming
a vertical head–tail orientation. At the initial stage of the
interaction of ecto-domain (full gp41) with PC:PS membrane a
few but narrow holes appear (15–25 nm—2–3 times narrower
than in the case of core mutant). The depths of these holes are also
about 2 nm (half of a bilayer—see Fig. 2). However, in this case the
elevations appear as small corrugations of the lipid bilayer surface
and appear far from the edges of the holes (see for example upper
half of Fig. 2). A different situation can be observed for the
interaction of e-core mutant with PC:PS membrane. In this case
the holes are about 2 nm deep, with much large widths (about
80–120 nm) and elevations of both types appear over the entire
bilayer surface (see Fig. 3). The elevations in the vicinities of holes
are large and can reach heights of 3–4 nm. At the same time
one can observe also corrugations similar to those seen for the
ecto-domain.

As the reaction proceeds, the core mutant produces large wide
holes possessing a depth of 4 nm, but regions of intact membrane
can still be resolved (see Fig. 4). The membrane elevations range
up to 4 nm height. At the same time there are also relatively flat
regions elevated by 1–2 nm at the later stages of core mutant
interaction with PC:PS bilayer. The membrane state in advanced
stages of the interaction with the ecto-domain is different from
the case of the core mutant. All surfaces of the membrane exhibit
nanoscale remodeling, leading to a net-like appearance (see
Fig. 5). Total remodeling of the PC:PS bilayer also occurrs in
interaction with the e-core mutant. But in this case, extensive
corrugation is seen, with protrusions above the remaining
membrane surface of up to 8 nm height, and holes of 4 nm depth
indicating complete bilayer removal (see Fig. 6).

The tendency toward wide or narrow holes can be discussed in
terms of the mechanism of small hole coalescence. The initial
holes produced by a single protein are very small and could
be refilled by neighboring lipid molecules to disappear, or unite
with other holes producing larger and growing holes. In these
systems, we have observed the characteristic differences in
the holes sizes for the different proteins at all stages of
interaction. A possible explanation of these differences is a
participation or influence of the specific protein (full ecto-domain,
core mutant or e-core mutant) on the process of small, unit
holes coalescence due to local energetics. Energetics could also
Fig. 7. Comparison of the kinetics for the three protein types with negatively

charged membrane, presented on identical scales. Quantification of membrane

destruction is represented by rms roughness of the surface. Plotting this parameter

as a function of time yielded the kinetic curve. Each point is an average of four

images, standard deviations indicated by error bar. Membrane roughness starting

50 min scanning time before adding the mutant (‘negative’ time) is included to

show that changes occurred only after addition of protein (time 0 represents first

image after this addition, approximately 5 min after protein addition). (a) Kinetics

of PC:PS membrane destruction by e-core mutant. (b) Kinetics of PC:PS membrane

destruction by ectodomain. (c) Kinetics of PC:PS membrane destruction by core

mutant.



ARTICLE IN PRESS

A. Bitler et al. / Ultramicroscopy 110 (2010) 694–700 699
control the appearance of membrane elevations of different
shapes and sizes. On the other hand, the different types of
observed deposits on top of the membrane could be due to a
different phenomenon. The large bumps could be attributed to
clumps of lipid molecules leaving the membrane and settling
randomly on the surface. This could explain the variable heights
of these elevations. But flat low elevations could be attributed to
membrane blistering [39]. In this case the negatively charged
lipids could be repelled and lifted up from the mica, possessing
low negative charge.

As was pointed out in Section 3.4, the kinetics of membrane
destruction is also different for full gp41 ecto-domain and the two
mutants. The kinetic results show that the proteins containing the
fusion peptide lead to more complete membrane disruption, as
noted by the saturation rms values. Thus, the core mutant has the
slowest rise time, and lowest (approx 0.7 nm rms) saturation
roughness. The large ultimate rms value for the e-core (2 nm rms)
appears from the images to be due to the accumulation of
material, presumably membrane lipids, near the edges of holes
which could be due to hydrophobic interactions in the aqueous
medium. Observed differences in the rate of membrane destruc-
tion could be attributed to the influence of a specific protein
(full ecto-domain, core mutant or e-core mutant) on the kinetic
parameters of the membrane reorganization process. There
could be different mechanisms of this influence that is partially
confirmed by the pointed difference in the ‘effectiveness’ between
three proteins studied. There is also a remarkable steep increase
in the rate of membrane destruction over a relatively narrow time
interval for the e-core mutant. This could point to the existence of
‘lag-burst’ type kinetics for this protein. All the discussed features
actually refer to the basic question: are the modes of interaction
between studied proteins and negatively charged lipid bilayers
synergistic (cooperative) or random and could be a challenge for
further studies.
5. Conclusions

In this work we report direct observation by AFM of the
process of interaction between three proteins – ecto-domain
of HIV envelope protein gp41 and its two truncated forms in
the post-fusion state, and 2 lipid bilayers – zwitterionic and
negatively charged. Real-time imaging with nanometer resolution
enabled a confirmation that all three proteins strongly perturb
the negatively charged lipid membrane and do not affect the
zwitterionic membrane. The use of AFM allowed tracking
and describing the nanoscale changes in the membrane integrity
in real time obtaining access to the fine details of the interaction
process. Furthermore we suggest a quantitative approach to
characterize the kinetics of these interactions and described the
differences and features in the kinetics for the three proteins.
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