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Abstract
Adenovirus disrupts endosomal membranes during cell entry. The membrane lytic capsid protein
VI (pVI) facilitates entry by fragmenting membranes. Although an N-terminal amphipathic α-
helix (VI-Φ) possesses similar membrane affinity as pVI, truncated protein lacking VI-Φ, (VIΔ54)
still possesses moderate membrane affinity. We demonstrate that incorporation of nickel-NTA
lipids in membranes enhances increases the membrane affinity and the membrane lytic activity of
VIΔ54. We also demonstrate that 3 predicted pVI α-helices within residues 54–114 associate with
membranes, sitting roughly parallel to the membrane surface. His-tagged VIΔ54 is capable of
fragmenting membranes similar to pVI and the VI-Φ peptide. Interestingly, neither VI-Φ nor His-
tagged VIΔ54 can induce tubule formation in giant lipid vesicles as observed for pVI. These data
suggest cooperativity between the amphipathic α-helix and residues in VIΔ54 to induce positive
membrane curvature and tubule formation. These results provide additional details regarding the
mechanism of nonenveloped virus membrane penetration.
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INTRODUCTION
Recent advances in our understanding of the mechanisms of nonenveloped virus membrane
penetration have involved the identification of viral and cellular factors which mediate this
process (Danthi et al., 2008; Farr, Zhang, and Tattersall, 2005; Kim et al., 2010; Maier et al.,
2010; Wiethoff et al., 2005; Zhang et al., 2009). How these factors mediate membrane
penetration is not as clearly understood as enveloped virus membrane fusion mechanisms,
however. While enveloped virus membrane fusion during cell entry shares analogous
features with normal cellular membrane fusion events, the mechanisms of nonenveloped
virus membrane rupture appear, so far, to be fairly unique in the context of cell biology and
may therefore serve as potential targets for antiviral interventions. Additionally, a better
understanding of the mechanisms of nonenveloped virus membrane penetration could shed
considerable light on viral pathogenesis.
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Adenovirus is an excellent model to study the process of nonenveloped virus membrane
penetration as considerable structural, biochemical and cell biological information exists
regarding the mechanisms Ad uses to enter cells. To enter cells, Ads first bind to a primary
attachment receptor via high affinity interactions between the virus fiber protein and the cell
surface receptor (Chroboczek, Ruigrok, and Cusack, 1995). For subgroup A, C, E and F, this
receptor is the coxsackievirus and adenovirus receptor (Roelvink et al., 1998). For subgroup
B and D viruses, this receptor has been found to be CD46 (Segerman et al., 2003; Sirena et
al., 2004; Wu et al., 2004), sialic acid (Arnberg et al., 2000; Johansson et al., 2007) CD80/
CD86 (Short et al., 2004; Short et al., 2006) or heparin sulfate proteoglycans (Tuve et al.,
2008). After attachment, secondary engagement of αv integrins by the RGD motif of the
viral penton base protein triggers clathrin mediated endocytosis of virions (Nemerow, 2000).

For subgroup C viruses, disassembly of the viral capsid is initiated very soon after
attachment, with the fiber reportedly released from the virion at the cell surface (Greber et
al., 1993; Nakano et al., 2000). Endocytosis results in further disassembly of the Ad capsid
proteins as additional proteins are shed from the virus (Greber et al., 1993). Uncoating
correlates with acidification of the endosomal compartment (Greber et al., 1993; Wohlfart,
Svensson, and Everitt, 1985) and is enhanced by interactions between the penton base and
αv integrins (Wickham et al., 1994; Wickham et al., 1993). Studies employing a temperature
sensitive mutant, Ad2ts1, which possesses a hyperstable capsid when produced at the
nonpermissive temperature due to lack of proteolytic capsid maturation, have demonstrated
that, although this virus can attach and trigger endocytosis, it’s failure to uncoat in
endosomes prevents endosomal escape (Greber et al., 1996; Hannan et al., 1983).
Additionally, while entry of wt Ad2 virions leads to eventual degradation of the interior
capsid protein VI (pVI), by 2 hrs post infection, the precursor form of pVI present in the ts1
virions is not degraded during cell entry presumably because it is not released from the
virion (Greber et al., 1996; Greber et al., 1993).

Adenovirus uncoating within endosomes is a requirement for viral membrane penetration so
that protein VI can be released from the interior of the capsid (Smith and Nemerow, 2008;
Wiethoff et al., 2005). Protein VI, present in the Ad capsid at 342–369 copies (Lehmberg et
al., 1999; van Oostrum and Burnett, 1985), is expressed as a 250 residue preprotein which
undergoes maturation cleavage by the virally encoded 23K cysteine protease before and
after residues 34 and 239 respectively (Sung et al., 1983). Release of protein VI from the
capsid interior was previously shown to be a requirement for in vitro membrane lytic
activity of the Ad virion (Wiethoff et al., 2005). Furthermore, Ad penetration of endosomal
membranes was shown to be inhibited in the presence of anti-protein VI antibodies capable
of preventing membrane lytic activity of protein VI (Maier et al., 2010).

The molecular mechanism through which pVI disrupts membranes has not been completely
characterized, but appears to be highly dependent upon an N-terminal amphipathic α-helix
(Maier et al., 2010; Wiethoff et al., 2005). Deletion of this α-helix greatly reduces protein VI
membrane affinity and membrane lytic activity, although these properties are not completely
abolished in the truncated form of the protein (Maier et al., 2010). Furthermore, this N-
terminal amphipathic α-helix appears to have affinity for lipid membranes identical to that
of the mature form of protein VI. Disruption of membranes by protein VI involves the
induction of positive curvature stress in the lipid bilayer. This curvature stress is thought to
be supported by the superficial, oblique orientation of the N-terminal amphipathic α-helix of
protein VI in the lipid bilayer (Maier et al., 2010).

We now demonstrate that, although the N-terminal amphipathic α-helix of protein VI is
sufficient to lyse membranes, a truncated version of protein VI lacking this α-helix, VIΔ54,
can efficiently lyse membranes when membrane binding is enhanced through interactions

Maier and Wiethoff Page 2

Virology. Author manuscript; available in PMC 2011 December 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between an N-terminal 6xHis tag and liposomes containing lipids with a NTA-Ni2+

headgroup. We further demonstrate that 3 additional predicted α-helices within residues 54–
114 in protein VI also interact with the lipid bilayer with superficial and oblique
orientations. This orientation is similar to that observed for the N-terminal amphipathic α-
helix. Additionally, the N-terminal amphipathic α-helix has a similar capacity to induce
positive membrane curvature as previously reported for protein VI (Maier et al., 2010). In
contrast, VIΔ54 appears to lyse membranes via a mechanism which is less influenced by the
presence of lipids which alter membrane curvature than either pVI or the N-terminal
amphipathic α-helix. Interestingly, while pVI induces membrane tubulation upon
fragmenting giant lipid vesicles (GLVs), neither the N-terminal amphipathic α-helix, nor
VIΔ54 are able to induce membrane tubulation despite efficient fragmentation of GLVs.
Thus, these data suggest that although protein VI interactions with membranes is driven
largely by an N-terminal amphipathic α-helix, additional protein VI membrane interactions
occur which influence the topology of the resulting membrane fragments. This data provides
new insight into the interactions of a nonenveloped virus membrane lytic protein with
membranes. Future studies will be necessary to understand the contributions of the different
domains of protein VI to viral escape from endosomes during cell entry.

RESULTS
VIΔ54 has increased membrane lytic activity with DOGS-NTA-Ni liposomes

Previously we have shown that an N-terminal amphipathic α-helix in pVI is largely
responsible for membrane lytic activity, however removing this helix does not completely
abrogate pVI membrane lytic activity. A construct that lacks this helix, VIΔ54, can still
disrupt membranes but with much lower efficiency (Maier et al., 2010). This decreased
membrane lytic activity could be either due to decreased membrane binding or an inability
to induce the membrane curvature observed with full length pVI. To determine the
contributions of the N-terminal amphipathic α-helix-mediated membrane binding to
membrane lytic activity of protein VI we artificially enhanced the membrane affinity of
VIΔ54 including an N-terminal 6xHis-tagged tag and using liposomes containing 5 mol% of
the Nickel-chelating phospholipid, DOGS-NTA-Ni. The binding of His-tagged pVI
constructs to liposomes was assessed as previously described using changes in intrinsic
tryptophan fluorescence upon association to membranes (Maier et al., 2010). By assuming
that the relative change in tryptophan fluorescence upon binding liposomes is directly
related to the amount of pVI bound to membranes, binding isotherms were generated and the
fractional saturation of binding sites was plotted versus increasing lipid concentrations.
Compared to untagged VIΔ54, binding of 6xHis-tagged VIΔ54 to DOGS-NTA-Ni
containing liposomes displayed an apparent affinity much closer to that observed for pVI
(Fig 1A) Addition of a 6xHis tag to pVI did not significantly enhance membrane affinity. To
determine if this increased membrane binding correlates with increased membrane lytic
activity, VIΔ54 was added to sulforhodamine B (sulfoB) loaded DOGS-NTA-Ni liposomes
and dye release was then measured. Addition of VIΔ54 to sulfoB-loaded DOGS-NTA-Ni
liposomes resulted in increased membrane lytic activity compared to liposomes without the
nickel-chelating lipid (Fig 1B). To control for the influence of the N-terminal 6xHis-tag on
observed membrane lytic activity, similar titrations with purified 6xHis-tagged penton base
were performed. Tagged penton base did not induce significant SulfoB release over the
same concentration range, suggesting that the His-tag was not responsible for the enhanced
membrane lytic activity of VIΔ54 on DOGS-NTA-Ni liposomes. These results suggest that
while the N-terminal amphipathic α-helix greatly enhances pVI membrane affinity, the
remainder of the protein can also contribute to efficient membrane lysis.
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Mapping membrane interacting domains within pVI
An N-terminal 80 amino acid domain in pVI (residues 34–114) possesses 85% α-helical
content as assessed by circular dichroism (Maier et al., 2010). This domain is predicted to
contain 4 α-helices (Fig 2A), and we have previously shown that the first amphipathic α-
helix has an oblique membrane orientation. Since residues outside this N-terminal α-helix
contribute to pVI lytic activity, we looked at the potential of the additional predicted α-
helices in this 80 residue domain to associate with membranes. Helical wheel diagrams
suggest that each of these putative α-helices have considerable amphipathy (Fig 2C-E).
Additionally, predictions of the free energy of interfacial membrane partitioning, ΔGif,
suggest that each of these helices would spontaneously associate with membranes although
the magnitude of ΔGif for these 3 additional α helices is considerably smaller than that for
the N-terminal α-helix (Fig 2B-E). To determine whether these α-helices interact with
membranes, single tryptophan (Trp) mutations were introduced individually at 1 or 2 sites
for each helix by replacing L67, L71, V80, L84 or V91 in the plasmid encoding VI114Δ
which had previously had all 3 native Trp residues replaced by phenylalanine (Maier et al.,
2010). Introduction of each of these mutations had no effect on membrane lytic activity or
secondary structure as assessed by circular dichroism spectroscopy (data not shown). The
depth of Trp penetration into lipid bilayers was determined by measuring quenching of Trp
fluorescence by lipids that have bromine atoms covalently attached to their acyl tails at
known distances from the center of the bilayer, zcf (Markello et al., 1985). Bromine
quenching of Trp fluorescence is distance dependent, and therefore can be used to determine
how deep into the bilayer a tryptophan residue penetrates (Chattopadhyay and London,
1987; Ladokhin, 1997).

To measure the depth of Trp membrane penetration, the single Trp mutants were incubated
with PS:PC:PC-Br liposomes (25:25:50 mol%) at a 1:100 ratio (protein:lipid), and Trp
fluorescence was then measured. Tryptophan fluorescence of each of these mutants was
quenched upon mixing with liposomes containing these brominated lipids suggesting that
they interact the lipid bilayer. The distance from the center of the bilayer was calculated
using both the parallax method and the distribution analysis (Table 1). Since the W67 and
W71 residues in the 2nd helix, and W80 and W84 in the third helix would be 6 Å apart in an
α-helix, yet they are positioned at depths which differ by only 1 Å in the membrane, it is
likely that the 2nd and 3rd helices are positioned in an oblique orientation relative to the
membrane surface and do not traverse the apolar region of the lipid bilayer similar to the
orientation reported previously for the N-terminal amphipathic α-helix (Maier et al., 2010).

Induction of positive membrane curvature by the N-terminal amphipathic α-helix and VIΔ54
Protein VI disrupts membranes by inducing a positive curvature stress in membranes,
however the domains responsible for this induction are not known. The shallow and oblique
membrane orientation observed with the alpha helices within the N-terminal 80 residues is
indicative of a protein that induces this type of curvature stress (Drin et al., 2007; Epand and
Epand, 2000; Zimmerberg and Kozlov, 2006). However, the relative contributions of the N-
terminal amphipathic α-helix and the helices between residues 54 and 114 to induction of
positive membrane curvature are unknown. To determine this contribution, we examined the
influence of lipids with a propensity to adopt positive (lysoPC) or negative (POPE)
membrane curvature on the membrane lytic activity of the N-terminal amphipathic α-helix
or VIΔ54. If the membrane lytic activity of either the N-terminal amphipathic α-helix or
VIΔ54 involves the induction of positive membrane curvature, then we would expect the
presence of lysoPC to enhance membrane lytic activity while POPE would inhibit
membrane lytic activity. Similar to our previous observations with pVI, the N-terminal
amphipathic α-helix membrane lytic activity is significantly enhanced in the presence of
increasing amounts of lysoPC while this activity is reduced in the presence of POPE (Fig
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3A). The membrane lytic activity of VIΔ54 is much less influenced by the inclusion of
increasing amounts of lysoPC in liposomes, and only slightly influenced by the inclusion of
POPE (Fig 3B). These data suggest that the N-terminal amphipathic α-helix contributes
more significantly to protein VI induction of positive membrane curvature than the rest of
the protein.

The N-terminal amphipathic α-helix and VIΔ54 cooperate to induce membrane tubule
formation

Previously we observed that pVI membrane lytic activity involves the fragmentation of
target membranes (Maier et al., 2010; Wiethoff et al., 2005). When added to fluorescently
labeled giant lipid vesicles (GLV), this fragmentation also leads to the formation of tubular
structures which likely possess significant membrane curvature stress. It was also shown that
the ability of protein VI to induce tubule formation requires only the N-terminal 80 residues
of pVI (Maier et al., 2010). To determine what domains in pVI are responsible for tubule
formation we investigated the effects of N-terminal amphipathic α-helix and VIΔ54 on GLV
morphology. The GLV membranes with or without 5 mol% DOGS-NTA-Ni were labeled
with 5mol% fluoresceinylated lipid and observed by epifluorescence microscopy. Vesicles
appear 5–50 μm in diameter and this morphology is unchanged upon addition of PBS (Fig
4A). As previously observed, the addition of full length pVI to GLVs at a protein:lipid molar
ratio of 1:100, fragments 10 vesicles into smaller structures (Fig 4B) including tubules
(arrows). However, although the N-terminal amphipathic α-helix is able to disrupt these
GLVs, it fails to form the highly curved tubular structures observed with full length protein
(Fig 4C). Incubating VIΔ54 with GLVs containing DOGS-NTA-Ni also results in
membrane fragmentation without tubulation (Fig 4D). These data suggest that although the
N-terminal amphipathic α-helix is sufficient to induce positive membrane curvature and lyse
membranes, the highly curved membrane tubules observed upon pVI membrane lysis
require additional elements within residues 54–114 of pVI to interact with membranes.

DISCUSSION
Currently, the molecular mechanisms of cell membrane disruption by capsid proteins of
nonenveloped viruses are still poorly defined. While studies have demonstrated that reovirus
μ1 protein (Ivanovic, et al. 2008) and picornavirus VP1/VP4 (Tosteson and Chow, 1997)
form pores in membranes, much less is known regarding the mechanisms used by other
nonenveloped viruses to penetrate cell membranes. To disrupt membranes during cell entry,
release of protein VI from the interior of Ad capsids is required (Smith and Nemerow, 2008;
Wiethoff et al., 2005). This protein fragments membranes by inducing positive membrane
curvature (Maier et al., 2010). Fragmentation as a mode of Ad disruption of endosomal
membranes is in agreement with the ability of Ad to facilitate the cytosolic translocation of
co-endocytosed high molecular weight molecules such as 70 kDa dextrans (Prchla et al.,
1995) antibody-toxin conjugates (FitzGerald et al., 1983) and even whole parvoviruses
(Farr, Zhang, and Tattersall, 2005). Our current data further describe the contributions of an
N-terminal amphipathic α-helix to pVI membrane fragmentation and identify additional
domains within pVI which interact with membranes and likely contribute to membrane lysis.

Previously we have shown that pVI is responsible for Ad endosomal escape, and that an N-
terminal amphipathic α-helix is the major determinant of membrane lytic activity (Maier et
al., 2010). A key role for this N-terminal amphipathic α-helix in pVI membrane lytic activity
was suggested to be the enhancement of pVI affinity for membranes since a peptide
corresponding to VI34–53 had nearly identical membrane lytic activity and membrane
affinity as pVI. Furthermore, a protein lacking residues 34–53, VIΔ54, possesses severely
reduced membrane affinity and lytic activity. We further demonstrated that pVI and an 80
residue α-helical domain, VI114Δ fragment membranes by inducing positive membrane

Maier and Wiethoff Page 5

Virology. Author manuscript; available in PMC 2011 December 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



curvature (Maier et al., 2010). We now demonstate that, a peptide corresponding to the N-
terminal amphipathic α-helix can fragment GLV membranes. Additionally, like pVI, the
membrane lytic activity of the N-terminal amphipathic α-helix is enhanced or attenuated in
the presence of lipids with a propensity to adopt positively or negatively curved membranes,
respectively. Thus, many of the membrane lytic properties of protein VI appear to be
contained within residues 34–53. However, the inability of the N-terminal amphipathic α-
helix to induce membrane tubules upon fragmentation of GLVs led us to consider whether
additional domains within protein VI could interact with membranes to facilitate this
tubulation.

Our previous work found that the 80 residues of VI114Δ possess ~85% α-helical character
(Maier et al., 2010). In addition to the N-terminal amphipathic α-helix, three additional α-
helices are also predicted for this domain. These α-helices are also predicted to
spontaneously associate with membrane interfaces as evidenced by the negative ΔGif values
(Fig 2). These predictions were confirmed by our observation that these 3 helices associate
with membranes, binding in shallow oblique orientations in the lipid bilayer. The magnitude
of these ΔGif is considerably less than that for the N-terminal amphipathic α-helix which is
in agreement with the severe reduction in membrane affinity observed for VIΔ54 compared
to pVI. To examine the contributions of these additional α-helices to pVI membrane lytic
activity, the affinity of VIΔ54 for membranes was artificially enhanced using Ni2+-NTA
containing lipids in the target membrane and a 6xHis tag on the protein. The increased
affinity of 6xHis-VIΔ54 for membranes correlated with an increase in membrane lytic
activity which was more comparable to that observed for pVI. Although the affinity of the
various forms of pVI for membranes correlates with membrane lytic activity this
relationship appears to be non-linear since the 6xHis-VIΔ54 binding to Ni2+-NTA
liposomes is less than pVI yet possesses similar membrane lytic activity.

Although the pVI membrane interacting region between residues 54–114 appears to
contribute to pVI membrane disruption, how this region contributes is still unclear. Unlike
pVI and a peptide corresponding to the N-terminal amphipathic α-helix, the membrane lytic
activity of 6xHis-tagged VIΔ54 does not appear to be as strongly influenced by the inclusion
of lipids which alter the propensity for positive or negative membrane curvature. Thus, it is
possible that VIΔ54 is able to more strongly induce positive membrane curvature in the
absence of lysolipids. We observed that neither the N-terminal amphipathic α-helix, nor
6xHis-tagged VIΔ54 can induce membrane tubulation independently. Our previous results
indicate that VI114Δ, containing the 4 α-helices, is capable of inducing membrane
tubulation. Together, these data suggest that although both the N-terminal amphiphathic α-
helix and VIΔ54 alone can induce positive membrane curvature, an intact VI114Δ
membrane-interacting domain is necessary to form membrane tubules. One possible
explanation could be that an intact domain from residues 34–114 can stabilize the highly
curved structures induced upon pVI membrane binding, either through cooperative
influences on membrane curvature or through protein-protein interactions which would not
occur in either the N-terminal peptide or VIΔ54 alone. Further studies are required to gain a
better understanding of this phenomenon.

Cooperativity between an N-terminal amphipathic α-helix which induces positive membrane
curvature and additional helical domains which stabilize these curved membranes is not
unprecedented. A similar cooperativity is observed with the COPII proteins Sar1p, and
scaffolding proteins Sec23/24p and Sec13/31p (Lee et al., 2005). During COPII vesicle
formation an N-terminal amphipahtic α-helix in Sar1p induces positive membrane curvature,
which is then recognized and stabilized by the additional coat proteins Sec23/24p and
Sec13/31p. The same is true for other proteins involved in membrane fission events such as
those involving the N-BAR domain containing proteins, endophilin and amphiphysin (Low
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et al., 2008; Masuda et al., 2006). Topologically, membrane fission through induction of
positive membrane curvature is very similar to the membrane fragmentation performed by
Ad pVI. This similarity appears to be only conceptual, as pVI does not share any obvious
sequence similarity with these proteins.

Although the importance of membrane tubulation during Ad cell entry has yet to be defined,
overexpression of the mRFP-pVI1–239 in mammalian cells was recently shown to result in
the protein associating with dynamic tubular membrane structures (Wodrich et al., 2010).
Furthermore, studies with proteins which deform membranes have shown that the formation
of tubular structures in vitro can be used as a marker for a protein’s ability to mediate
membrane fission in vivo (Lee et al., 2005). Therefore the cooperativity observed between
the N-terminal amphipathic α-helix and the 3 additional helices to form tubular structures in
vitro might be important for pVI to fragment the endosomal membrane during cell entry.
Further experiments will be required to define a role for these pVI domains in endosomal
escape of adenovirus during cell entry.

In summary, we have demonstrated that N-terminal amphipathic α-helix of pVI can
fragment membranes via induction of positive membrane curvature in a manner similar to
pVI. We have also identified additional residues in pVI which interact with membranes in an
analogous fashion as the N-terminal amphipathic α-helix. Interactions of these additional
regions of pVI with membranes appear to be important for the full phenotypic properties of
pVI membrane fragmentation and tubulation in vitro. Further studies which address the
mechanisms of protein VI will therefore have to consider the contributions of the entire N-
terminal 80 residues of pVI to Ad endosomal escape.

MATERIAL AND METHODS
1-Palmitoyl,2-oleoylphosphatidylcholine (POPC), 1-palmitoyl,2-oleoylphosphatidylserine
(POPS), 1-palmitoyl,2-oleoylphosphatidylethanolamine (POPE), 1-palmitoyl-2-stearoyl(6′,
7′-dibromo)-sn-glycero-3-phosphocholine 1-palmitoyl-2-stearoyl(9′,10′-dibromo)-sn-
glycero-3-phosphocholine, 1-palmitoyl-2-stearoyl(11′,12′-dibromo)-sn-glycero-3-
phosphocholine and 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DOGS- NTA-Ni) were purchased
from Avanti Polar Lipids. α-Lysophosphatidylcholine (lysoPC) were from Sigma, and N-
fluoresceinyl-1, 2-sn-dihexadecylphosphatidylethanolamine (FITC-DHPE) and
sulforhodamine B from Invitrogen. All other reagents were from FisherBiotech.

Generating pVI single tryptophan mutants
To generate pVI containing single tryptophan residues, mutations were introduced in
pET15bVI-N, a construct encoding residues 34–114. This region of pVI has 3 native
tryptophans. To obtain single tryptophan mutans in the 2nd, 3rd and 4th predicted helices, the
3 native tryptophans were first mutated to phenylalanine and various hydrophobic residues
in these helices were then mutated to tryptophan using the QuickChange II site-directed
mutagenesis kit (Strategene, La Jolla, CA). The no tryptophan construct was generated using
the following primers. Altered nucleotides are indicated in bold.

VIW59F 5′ GGCAGCAAGGCCTTTAACAGCAGCACAGG 3′,

VIW41F 5′ GCTGGGGCTCGCTGTTTAGCGGCATTAAAAATTTCG 3′,

VIW37F 5′ ACAAGGCCTTCAGCTTTGGCTCGCTGTGGAGC 3′

The single tryptophan mutants were generated using the following primers:

L67W 5’ ACAGGCCAGATGTGGAGGGATAAGTTGAAAG 3’
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V80W 5’ AAAATTTCCAACAAAAGTGGGTAGATGGCCTG 3’

L84W 5’ GGTGGTAGATGGCTGGGCCTCTGGCATTAGC 3’

V91W 5’ TCTGGCATTAGCGGGTGGGTGGACTGGCCAAC 3’

The mutations were confirmed by sequencing, and the plasmids were used to overexpress
proteins in E. coli.

Purification of recombinant proteins
Recombinant proteins were expressed in BL21(DE3) cells. Cultures inoculated with
overnight culture were grown at 37 °C, until they r eached an optical density at 600 nm of
1.0. The NaCl concentration was then increased by adding an additional 0.9 g NaCl/L, and
protein expression was induced by adding 1 mM IPTG (isopropyl-α-d-
thiogalactopyranoside) for 1 h. Cells were pelleted, resuspended in cell lysis buffer (1%
Triton X-100, 25 mM phosphate, 150 mM NaCl pH 7.5, 0.5 mg/ml lysozyme, 0.1 mg/ml
DNAse and 1 mM PMSF (phenylmethylsulfonyl fluoride)), and soluble protein was isolated
by centrifugation at 13,000 × g for 15 min at 4 °C. Recombinant proteins were purified with
Talon cobalt resin using the manufacturer's protocol (BD Biosciences). Proteins were
extensively dialyzed into 25 mM Phosphate, 150 mM NaCl, and 10% (v/v) glycerol pH 7.5
before flash freezing in liquid nitrogen. Aliquots were stored at − 80 °C until use.

Determining pVI in vitro membrane lytic activity
Liposomes containing POPC:POPS (75:25 mol%), or PC:PS:DOGS-NTA-Ni (70:25:5 mol
%) and entrapped 100 mM sulforhodamine B (SulfoB) (Molecular Probes) were generated
as previously described (Maier et al., 2010; Wiethoff et al., 2005). Liposomes containing
entrapped SulfoB were separated from free dye using a Sephadex G-75 column,
preequilibrated with 25 mM HEPES, 150 mM NaCl buffer pH 7.5 (HBS). The liposome
concentration was determined using a phosphate assay as previously described (Fiske and
Subbarrow, 1925).

Membrane lytic activity of recombinant pVI was determined by measuring SulfoB
fluorescence dequenching upon release from liposomes. The liposomes were diluted in HBS
to a final concentration of 10 μM. Different concentrations of pVI were then added to the
liposomes and incubated for 20 min at 37 °C. Fluorescence intensity was measured using the
Cary Eclipse fluorescence spectrophotometer (Varian) with the excitation wavelength of 575
nm and emission wavelength of 590 nm. One hundred percent dye release was determined
by adding Triton X-100 to the liposomes at a final concentration of 0.5% (w/v). The
percentage of SulfoB released was calculated using the formula % SulfoB released = 100 ×
[Fmeas − F0)/(Ftx100 − F0)], where Fmeas is the maximum fluorescence intensity measured,
F0 is fluorescence intensity in absence of protein, and Ftx100 is the fluorescence intensity in
the presence of 0.5% Triton X-100. Analysis of pVI binding to membranes

Binding to liposomes was assessed by monitoring changes in pVI intrinsic tryptophan
fluorescence upon titration with increasing amounts of liposomes (POPC:POPS 75:25 mol
%). This approach is routinely used for monitoring interactions between proteins and
ligands, membranes or other proteins and relies on the assumption that the fractional spectral
change in tryptophan fluorescence correlates directly with the amount of protein bound to its
substrate (Eftink, 1997). The fluorescence emission spectra from 300–480 nm of pVI in
HBS and 37 °C was obtained by selective excitation of tryptophan at 295 nm. The protein is
diluted in HBS such that trace amounts of glycerol remaining from protein storage buffer
(<0.5%) do not influence pVI membrane binding. Increasing amounts of liposomes were
added to pVI with mixing for 3 min and additional spectra were obtained. Spectra of buffer
or an equivalent amount of liposomes alone were subtracted from the spectra of each
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protein/lipid mixture to obtain corrected spectra. The spectral center of mass, Iλ, for the
emission spectra were determined using the Carey Eclipse software. Assuming that this
spectral change in tryptophan fluorescence correlates with the amount of protein bound, the
fractional saturation of binding sites, θ, was calculated using the following equation:

, where Iλ (obs) is the spectral center of mass for each
protein/lipid ratio and Iλ (0) and Iλ (max) is the spectral center of mass for protein alone and
the protein in the presence of saturating amounts of liposomes, respectively. Plotting θ
versus protein/lipid molar ratios yielded the resulting binding isotherms.

Analysis of pVI membrane penetration using Giant Lipid Vesicles (GLV)
GLV were generated as described previously (Akashi et al., 1996), by mixing POPC, POPS
and FITC-DHPE (70:25:5 mol ratio) or POPC, POPS, DOGS-NTA-Ni, FITC-DHPE
(65:25:5:5 mol ratio) in chloroform. A thin lipid film was then generated on a glass tube by
evaporating the chloroform with a stream of nitrogen gas. Residual chloroform was removed
by placing the tube under vacuum for 6 h. The lipid film was then prehydrated with a stream
of water saturated nitrogen gas for 25 min, followed by rehydration in 6 ml of HBS
containing 0.1 M sucrose. The tube was then sealed with parafilm and incubated overnight
at 37 °C. GLVs wer e harvested as a flocculate near the top of the solution the next day and
quantified by phosphate assay as described above. Typical preparations of GLVs are
polydisperse with vesicle diameters ranging from 5 to 50 μm. To visualize pVI membrane
lytic activity, recombinant pVI was incubated with GLV at a 1:100 (lipid:protein) ratio in
HBS with 0.1 M glucose, on a glass slide. After 15 min the samples were analyzed by using
an epifluorescence microscope.

Determining tryptophan depth of membrane penetration
Quenching of tryptophan fluorescence by brominated phospholipids was used to determine
the depth of tryptophan penetration into the lipid bilayer(Chattopadhyay and London, 1987;
Ladokhin, 1997). Liposomes containing 25 mol% POPS, 25 mol% POPC and 50 mol%
brominated phosphatidylcholine (Br2-PC) were made as described above. Recombinant pVI
single tryptophan mutants were incubated for 10 min at 37 °C with brominated liposomes at
a 1:100 (protein:lipid) ratio in HBS pH 7.5. The intensity of tryptophan fluorescence was
measured at 325 nm upon excitation at 295 nm. The differences in quenching tryptophan
fluorescence by the (6,7)-, (9,10)-, (11,12)-Br2-PC was used to calculate the location of the
residue in the bilayer using two methods: the parallax method (Chattopadhyay and London,
1987) and distribution analysis (Ladokhin, 1997). In the parallax method, the depth of the
tryptophan residue was calculated using the formula:

where Zcf represents the distance of the fluorophore from the center of the bilayer, Lcl is the
distance of the shallow quencher from the center of the bilayer, Lcl is the distance between
the shallow and deep quencher, F1 is the fluorescence intensity in the presence of the
shallow quencher, F2 is the fluorescence intensity in the presence of the deep quencher, and
C is the concentration of quencher in molecules/Å2. In the distribution analysis the depth of
tryptophan residue was calculated by fitting the data to the equation:

where F0 represents the fluorescence intensity in the absence of the brominated
phospholipids, Fh is the intensity measured as a function of the distance from the center of
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the lipid bilayer to the quencher h, c(h) is the concentration of the different quenchers, S is
the area under the curve (measurement of quenching efficiency), σ is the dispersion (a
measure of the distribution of the depth in the bilayer), hm is the most probable position of
the fluorophore in the membrane, and h is the average bromine distances from the center of
the bilayer, based on X-ray diffraction and taken to be 10.8, 8.3, and 6.3 Å for (6,7)-, (9,10)-
and (11,12)-Br2-PC respectively. When equal concentrations of the Br-lipids are used, the
c(h) value is unity.
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Figure 1. The membrane affinity and lytic activity of VI 54 are enhanced by DOGS-NTA-Ni
phospholipids
(A) Membrane binding of the different pVI constructs. Increasing lipid concentrations were
added to pVI constructs and changes in tryptophan fluorescence were used to determine the
fractional saturation (θ) of pVI binding capacity as described in the Material and Methods.
B) Protein VI membrane lytic activity was determined by measuring the release of Sulfo B
from liposomes after incubation with increasing protein concentrations. (B) 6xHis-tagged
pVI incubated with PC:PS:DOGS-NTA-Ni (70:25:5 mol%) (■) or PC:PS(70:25mol% ) (□).
6xHis-tagged VIΔ54 incubated with PC:PS:DOGS-NTA-Ni (70:25:5 mol%) (△) or PC:PS
(75:25 mol%) (▲) 6xHis-tagged penton base incubated with PC:PS:DOGS-NTA-Ni
(70:25:5 mol%) (●).
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Figure 2. α-helices in the N terminal 80 residue domain of pVI are predicted to interact with the
membrane
A) predicted secondary structure of protein VI. Helical wheel diagrams of the 1st (B), 2nd

(C), 3rd (D) and 4th (E) helix in the N terminal 80 residue domain of pVI are shown, with the
hydrophilic residues in white and hydrophobic residues in black. The residues in each helix
mutated to tryptophan have been boxed. The Free energy of partitioning into the lipid
membrane interface, ΔGif, calculated using the Membrane Protein Explorer software (Snider
et al., 2009) are shown for each helix with units of KJ/mol.
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Figure 3. The amphipathic alpha helix peptide and VI 54 induce positive membrane curvature to
lyse target membranes
Increasing concentrations of VI 34–54 (A) or VIΔ54 (B) VI 34–54 (A) were incubated with
POPC:POPS (75:25 mol%) (A) or POPC:POPS :DOGS-NTA-Ni (70:25:5 mol%) (B)(*)
liposomes entrapping SulfoB and 26 in which some POPC was replaced with 5 (■) or 10 (□)
mol% lysoPC or 5 (▲) or 25 (△) mol% of POPE .The %SulfoB released was determined as
described in the Material and Methods

Maier and Wiethoff Page 15

Virology. Author manuscript; available in PMC 2011 December 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Protein VI fragmentation of giant lipid vesicles
Fluorescein-DHPE labeled POPC:POPS (75:25 mol%) (A–C) or POPC:POPS:DOGS-NTA-
Ni (70:25:5 mol% (D) giant lipid vesicles were incubated with PBS (A), pVI (B), VI 34–54
(C) or VIΔ54 (D) for 15 min. Tubule formation was visualized by epifluorescence
microscopy. Arrows indicate tubular lipid structures formed in the presence of pVI
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Table 1

Depth of protein VI tryptophan residues penetration into the membrane

Single Trp. Mutant

Zcf
* (Å)

Parallax Distribution Analysis

W67 7.3 ± 0.5 8.1 ± 0.8

W71 8.7 ± 0.3 8.7 ± 0.1

W80 9.7 ± 0.1 9.1 ± 0.2

W84 8.8 ± 0.3 8.1 ± 0.2

W91 7.5 ± 0.0 8.4 ± 0.4

*
Zcf- the distance from the center of the bilayer
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