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Abstract—Diverse virus families have evolved to exploit the acidification of endosomal compartments to gain entry into cells. We
describe a supramolecular approach for selectively targeting and inhibiting viral infections through this central biochemical path-
way. Using adenovirus as a model non-enveloped virus, we have determined that an eight-residue cyclic DD,LL-a-peptide, selected from
a directed combinatorial library, can specifically prevent the development of low pH in endocytic vesicles, arrest the escape of virions
from the endosome, and abrogate adenovirus infection without an apparent adverse effect on cell viability. The likely generality of
this approach against other pH-dependent viral infections is supported by the inhibition of type-A influenza virus escape from endo-
somes in the presence of the same peptide. Our studies suggest that self-assembling cyclic DD,LL-a-peptides hold considerable potential
as a new rational supramolecular approach toward the design and discovery of broad-spectrum antiviral agents.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Most pathogenic human viruses use cellular endocytic
pathways to gain entry into cells (Fig. 1).1–3 However,
the capacity of a virus to appropriate this pathway is
intimately tied to its ability to effectively enter and va-
cate the endosome prior to degradation or recycling.
Interestingly, to escape from endosomes many envel-
oped and non-enveloped viruses depend critically on
the natural endosomal acidification process to trigger
conformational changes in their viral proteins required
for membrane fusion or lysis of endosomes.1–3 We
hypothesized that membrane-associating cyclic peptides
might effectively block key steps involved in virus entry
into or escape from endosomes and thus provide a class
of antiviral agents with broad-spectrum activity. To-
ward this goal, we chose to explore the utility of mem-
brane-active cyclic DD,LL-a-peptides in inhibiting
adenovirus (Ad) infections in mammalian cells.

Adenoviruses are non-enveloped viruses responsible for
a variety of acute respiratory, gastrointestinal, and ocu-
lar infections in humans.4 We considered adenovirus to
be a particularly suitable viral infection model for test-
ing our hypothesis because of its well-characterized life
cycle that includes efficient cell entry via clathrin-medi-
ated endocytosis and a pH-dependent endosomal escape
(Fig. 1).5,6 We utilized a directed combinatorial ap-
proach to select amphiphilic cyclic DD,LL-a-peptides that
could potentially prevent adenovirus infection. It has
been shown that appropriately designed cyclic DD,LL-a-
peptides can rapidly permeate selected cellular mem-
branes by mechanisms that are thought to involve cyclic
DD,LL-a-peptide uptake and self-assembly into membrane-
permeating supramolecular peptide nanotubes (Fig.
2c).7–9 Importantly, members of this class of synthetic
membrane-active species have been shown recently to
display good in vivo efficacies.9,10

2. Results and discussion

We designed a single-compound-per-bead combinatorial
eight-residue cyclic DD,LL-a-peptide library with a relative-
ly narrow amphiphilic sequence space to direct the
potential antiviral activity toward membrane-active
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species (Fig. 2a). Four hundred randomly selected mem-
bers of the library were screened for their ability to
inhibit adenovirus infections of human epithelial cells
(HeLa). A recombinant Ad5-GFP virus expressing a
green fluorescent protein (GFP) marker was used to
quantitatively assess the extent of Ad-mediated transfec-
tion by the fluorescence readout of GFP transgene
expression. Each peptide sample was initially screened
at 10 lM for the ability to inhibit Ad5-GFP transfection
and at 50 lM for potential cytotoxicity to HeLa cells
using a standard MTT assay of metabolic activity.
Members of the peptide library that satisfied both crite-
ria (apparent IC50 < 10 and LD50 > 50 lM) were identi-
fied using automated HPLC-MS/MS sequencing.11

Among the 20 hits identified, peptide 1 (Fig. 2b), which
exhibited substantial inhibition of Ad5-mediated gene
delivery, was synthesized on large scale and used in
the following studies.

Peptide 1 was shown to cause dose-dependent inhibition
of Ad-mediated gene delivery to HeLa cells (IC50=5 lM)
(Fig. 3a, Figure S1) and was not cytotoxic in the active
dose range of 5–10 lM (LD50=57 lM at 4 h) even after
prolonged exposure (LD50=38 lM at 48 h). The inhibi-
tory activity was not cell line specific with maximal inhi-

bition (>95%) occurring at �7 lM for the four cell lines
tested (Fig. 3a, Table S1). Furthermore, HeLa cells re-
mained viable when exposed to the active dose range
of 1 and Ad5-GFP, ruling out the possibility of synergis-
tic cytotoxicity as the result of the active infection pro-
cess. Cells treated with peptide 1 4 h after addition of
Ad5-GFP showed no change in infectivity as a function
of peptide concentration (Fig. 3a), suggesting that the
peptide did not alter normal cellular functions including
transcription or translation of Ad delivered GFP, but
was required during the early stages of infection to re-
veal its antiviral activity. To elucidate the mechanism
of antiviral activity, we systematically examined the ef-
fect of 1 on various early steps of the adenovirus infec-
tion pathway (Fig. 1a).

Recent studies have shown a correlation between Ad
capsid stability and the ability of adenovirus to escape

Figure 2. (a) Composition of the cyclic DD,LL-a-peptide library (brackets
indicate cyclic backbone and underlined residues indicate DD-amino

acids). (b) Structure and sequence of peptide 1, identified in initial

screens as inhibitory of adenovirus-mediated gene delivery. (c)

Schematic illustration depicting plausible modes of cyclic DD,LL-a-
peptide self-assembly into membrane permeating supramolecular

peptide nanotubes.

Figure 1. (a) Schematic depiction of the early stages of adenovirus

(Ad) infection cycle. Following binding of Ad to its receptor, the virus

is internalized via clathrin-mediated endocytsis. Once in the early

endosome, active acidification leads to pH-dependent partial disas-

sembly of the Ad capsid and escape from the endosome via membrane

lysis. (b) Studies reported here suggest that membrane associating

cyclic DD,LL-a-peptides incorporate into endosomal membranes during
the virus internalization and exert their antiviral action by counter-

acting the development of low pH environment inside endosomes via

the formation of membrane permeating supramolecular assemblies.

5146 W. S. Horne et al. / Bioorg. Med. Chem. 13 (2005) 5145–5153



from endosomal compartments. However, the apparent
in vitro stability of Ad5 remained unchanged in the pres-
ence of 1 as judged by the temperature-dependent extent
of Ad capsid permeability to the DNA intercalating dye
TOTO (Figure S2).12 Moreover, when Ad particles were
first incubated for 30 min with 10 lM peptide 1 and then
diluted 10-fold upon addition to cells, for a final concen-
tration well below the active dose, the extent of Ad-med-
iated gene delivery was similar to that of untreated virus
(data not shown). Therefore, we concluded that the anti-
viral activity of 1 was not a result of perturbations of
virus particles.

We examined whether the peptide interferes with host
cell functions including receptor engagement (Fig.
1a). Although most of the 51 different Ad serotypes,
including Ad5, use the Coxsackie Adenovirus Receptor
(CAR) as their primary cell surface receptor, certain
subgroup B (e.g., Ad16) and D adenoviruses (e.g.,
Ad37) use the membrane cofactor protein CD46.13–15

We reasoned that if peptide 1 selectively inhibited
Ad5 interactions with CAR, it would be unlikely that
it could also inhibit Ad5.F16 and Ad5.F37, which are
modified Ad5-GFP viruses displaying fiber proteins
that mediate receptor binding to alternate cell recep-
tors.16 We found that in the presence of peptide 1
(10 lM), the relative inhibition of gene delivery was
similar to the pseudotyped Ad-GFP vectors (Fig. 3b).
Therefore, peptide 1 does not inhibit receptor-mediated
Ad cell attachment.

Previous studies have shown that the overexpression of
a mutant form of the protein dynamin (Lys44! Ala)
significantly inhibits adenovirus infection through the
clathrin-mediated endocytic pathway.17,18 Using a cell
line stably transfected with a plasmid for mutant dyn-
amin under tetracycline-controlled promoter, we direct-
ly compared the influence of peptide 1 on Ad infectivity
when this pathway was active or substantially restricted.
These studies indicate that the peptide did not differen-
tially impact virus infection in cells expressing WT or
mutant dynamin (Fig. 3c). Therefore, peptide 1 does

not seem to interfere with the clathrin/dynamin-medi-
ated internalization of adenovirus.

It has been demonstrated that the low pH environment of
the endosome induces the partial disassembly of the Ad
particle, exposing a membranolytic capsid protein that
lyses the endosomal membrane allowing the virus to es-
cape to the cytoplasm.6 To investigate whether peptide 1
impacted the ability of the virus to escape from endo-
somes, cells were infected with varying amounts of Ad
in the presence of a fixed concentration of a-sarcin, a
150-residue ribonuclease that targets 28S ribosomal
RNA. During the infection process, a-sarcin is co-inter-
nalizedwithAd into endosomes and subsequently escapes
into the cytoplasm upon virus-mediated lysis of the endo-
somal membrane.19 The cytosolic a-sarcin then inacti-
vates ribosomes, leading to a decreased protein
translation that can be monitored by the levels of 35S-la-
beled methionine incorporation into nascent protein
chains. Strikingly, treatment of cells with peptide 1
(10 lM) led to a 30-fold increase in the quantity of adeno-
virus required to cause a 50% decrease in [35S]Met incor-
poration as compared to cells infected in the absence of
the peptide (Fig. 4a). This finding strongly suggested that
peptide 1 exerts its antiviral action by restricting virus es-
cape from the endosome (Fig. 1b). Given the membrane
permeating activity of selected amphiphilic cyclic DD,LL-a-
peptides (Fig. 2c)7–9, it seemed plausible that peptide 1
might act by collapsing or preventing the formation of
endosomal transmembrane proton gradient.20–23Howev-
er, the fact that peptide 1 in the presence or absence of Ad
did not promote entry of the 17 kDaa-sarcin suggests that
the putative endosomal membrane permeation is not as a
direct result of membrane lysis or formation of large
transmembrane pores.

The effect of peptide 1 on endosomal pH during the ade-
novirus infection was directly assessed by fluorescence
microscopy and image analysis using carboxyfluorescein
(CF)-labeled virus particles.24–26 Previous observations
have revealed that the adenovirus escape from endo-
somes is rapid and can hamper analysis of CF-labeled

Figure 3. (a) Dose-dependent inhibition of adenovirus-mediated gene delivery as measured by fluorescence for four different cell lines infected with

Ad5-GFP, including treatment of HeLa cells after infection. (b) Percent inhibition of adenovirus-mediated gene delivery for Ad5-GFP and two Ad5

fiber chimeras that use different cell receptors. (c) Dose-dependent activity of peptide 1 against HeLa cells expressing either WT or Lys44Ala mutant

dynamin, a protein involved in the clathrin-mediated endocytosis of the virus. All fluorescence values are normalized to untreated cells, and the

mutant dynamin fluorescence is normalized to that of wild type for comparison.
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Ad in acidic intracellular compartments.25 To more
accurately measure the pH in the virus-containing vesi-
cles, we used Ad2-ts1, a temperature sensitive adenovi-
rus mutant that is defective in its ability to escape
from endosomes, but otherwise similar to the wild type
virus with respect to CAR receptor binding and inter-
nalization.27 In the presence or absence of peptide 1
(10 lM), the intracellular localization of CF-Ad2-ts1
in cells showed similar punctuate perinuclear fluores-
cence (Figs. 5a and b). The environmental pH values
of internalized viral particles were determined using
ratiometric (I488nm/I457nm) analysis of CF-Ad2-ts1 fluo-
rescence based on a standard curve generated from
images collected for CF-Ad2-ts1 infected cells incubated
at various pH values (Figure S3).24,25 In untreated cells,
the environmental pH of CF-Ad2-ts1 exhibited a ten-
dency towards acidic values with an average pH of 5.3
(Fig. 5c, open symbols). This likely reflects the different
stages of virus trafficking from initially coated pits at
neutral pH to acidified late endosomes. In striking con-
trast, the environmental pH of CF-Ad2-ts1 in cells treat-
ed with 1 had a more restricted range of pH values with
an average value of 6.8 (Fig. 5c, filled symbols). These
findings indicate that 1 inhibits endosomal acidification,
a process crucial for virus escape from endosomes
(Fig. 1).

We reasoned that if peptide 1 was capable of blocking
Ad escape from endosomes via disruption of endosomal
pH gradients, it should also restrict the cell entry of
other pH-dependent viral pathogens.1–3 To probe this
possibility, we analyzed the extent of a-sarcin delivery
induced by type A influenza virus (WSN), an enveloped
virus that enters cells via pH-dependent membrane fu-
sion from within endocytic vesicles.28 The uptake of a-
sarcin has been previously shown to correlate with the
entry of enveloped viruses.23 Similarly, we observed ti-
ter-dependent a-sarcin uptake mediated by type A influ-
enza virus (Fig. 4b, open circles). Remarkably, peptide 1
(10 lM) significantly reduced influenza virus-mediated
a-sarcin delivery (Fig. 4b, closed circles) and was not
toxic at this dose to the MDCK cells used in the assay
(LD50 = 93 lM).

There remained a possibility that the antiviral activity of
peptide 1 might not derive from the postulated pH ef-
fects caused by the peptide assembly-mediated endo-
somal membrane permeation but instead from the
inhibition of vacuolar proton ATPases (V-ATPase).
V-ATPases are large transmembrane proton pumps
responsible for the production of low pH environments

Figure 4. (a) Adenovirus mediated uptake of ribonuclease a-sarcin in the presence and absence of 1 as measured by radiolabeled 35S-Met

incorporation. The increase in the quantity of Ad necessary for 50% incorporation of the radiolabel suggests that peptide 1 prevents virus escape

from the endosome. (b) The same assay using type A influenza in place of adenovirus leads to a similar decrease in virus-induced a-sarcin uptake. (c)
Peptide mediated permeation of synthetic liposomes containing sulforhodamine-B dye by peptides 1 and 7. Peptide was added at 60 s to a final

concentration of 10 lM.

Figure 5. (a) Representative fluorescence microscopy image of cells

infected with CF-Ad2-ts1; (b) representative image of cells infected

with CF-Ad2-ts1 in the presence of 10 lM of peptide 1; (c) population

distribution of environmental pH for particles from images taken in

the presence or absence of peptide 1.
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in a variety of intracellular vesicles including endo-
somes.29 The antibiotic bafilomycin is a potent inhibitor
of V-ATPase and has been shown to prevent endosomal
acidification and viral entry.21,23,30 We designed and
studied a number of peptide 1 analogues to probe
whether the antiviral activity of 1 resulted from its spe-
cific molecular interactions with V-ATPase or other
receptors (Table 1). The possibility of a receptor/li-
gand-mediated mechanism of action is unlikely since
the enantiomeric sequence 10 and the retro-peptide 11
both display antiviral activities similar to that of 1 (Ta-
ble 1). The antiviral activities of the single alanine-scan
analogues (peptides 2–9) also support the membrane
permeation mode of action. Substitution of either tryp-
tophan residue in the putative membrane-interacting
hydrophobic segment of peptide 1 with alanine (peptides
7 and 9) abolished the antiviral activity. Moreover, pep-
tide 6 with four contiguous hydrophobic residues, in-
stead of three in 1, showed a decrease in membrane
selectivity (lower LD50 value). Alanine substitutions in
the hydrophilic portion of the sequence were well toler-
ated in peptides 2 and 5 but not in peptides 3 and 4, pro-
viding further support to our working model that
membrane partitioning is primarily mediated by hydro-
phobic side chains while membrane selectivity can be
greatly influenced by the interactions of hydrophilic side
chains with cell membrane constituents. The low cytox-
icity of 1 (LD50/IC50 > 10) and its analogues, and lack of
apparent adverse effects on cell viability at the effective
antiviral dose range could also be related to the differen-
tial uptake or self-assembly of the cyclic DD,LL-a-peptides
in specialized membrane domains. It has been suggested
that entry of some viruses is enhanced by lipid microdo-
mains that function to increase the local concentration
of molecules involved in cell entry.1,31 Therefore, it is
tantalizing to speculate that the source of observed
membrane selectivity might stem from selective peptide
interactions with these specialized membrane domains.
Several natural antimicrobial peptides, in particular,
defensins, have also been shown to display in vitro anti-
viral activities.32–35 In some cases, the binding of the
peptides to viral glycoproteins (lectin-like behavior)
has been implicated as the potential mechanism of anti-
viral action. However, in light of our findings and the
well-known membrane permeating activity of many nat-

ural antimicrobial peptides, the possibility exists that
some of these peptides may also operate by inhibiting
virus escape from endosomes.

Biophysical studies in synthetic model membranes with
lipid compositions selected to mimic those of early endo-
somes also support the membrane permeation mode of
action.36 The addition of peptide 1 to sulforhodamine-
B dye-entrapped liposomes led to a rapid increase in
fluorescence due to release of the dye into solution as
the result of liposomal membrane permeation (Fig.
4c). The Trp! Ala analogue 7, which showed de-
creased ability to inhibit Ad infections, was also less ac-
tive than 1 in this model (Fig. 4c). Attenuated total
reflectance (ATR) FT-IR spectroscopy of peptide 1 in
oriented 1,2-dimyristoyl-sn-glycero-3-phosphatidylcho-
line (DMPC) lipid multilayers shows amide-A (NH
stretch), amide-I, and amide-II bands characteristic of
tightly hydrogen bonded antiparallel b-sheet structures
seen in self-assembled peptide nanotubes (Figure S4
and Table S2).8,9 Quantitative measurements indicate
that the amphiphilic peptide assemblies are oriented at
a 66 ± 5� tilt angle from the membrane normal, consis-
tent with a carpet-like mode of action (Fig. 2c).

3. Conclusion

Despite remarkable achievements in recent years, the
most commonly employed strategy of inhibiting spe-
cies-specific viral proteins typically affords narrow-spec-
trum antiviral therapeutics that are subject to
deactivation by the rampant evolution of drug resistant
viral species. We speculate that the supramolecular ap-
proach described here, by virtue of acting on a common
cellular pathway involved in many virus infections,
might offer a new opportunity in the rational design of
broad-spectrum antiviral agents that are less prone to
the development of resistance. However, despite the
promising initial findings reported here, for the practical
utility of this new class of antiviral agents to be seriously
contemplated, cyclic DD,LL-a-peptides with significantly
wider therapeutic indices need to be fashioned.

4. Materials and methods

4.1. General

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), 2-Cl-trityl chloride resin,
and all protected amino acids were purchased from
Novabiochem. (7-Azabenzotriazole-1-tloxy)tripyrrolidi-
nophosphonium hexafluorophosphate (PyAOP) was
purchased from Aldrich. Lipids were purchased from
Avanti Polar Lipids. Sulforhodamine B was obtained
from Molecular Probes. Dulbecco�s modified Eagle�s
medium (DMEM) was obtained from Invitrogen and
supplemented with 10% FBS. Solvents and all other re-
agents were purchased from Aldrich or Fisher unless
otherwise noted. All peptide stock solutions used for
biological assays were prepared in 5% DMSO/saline un-
less otherwise noted. An E1/E3-deleted Ad5 vector

Table 1. In vitro antiviral activity and cytotoxicity of cyclic DD,LL-a-
peptides

Compound Sequence IC50 (lM)
a,b LD50 (lM)

b

1 c[SHKRKWLW] 5 57

2 c[AHKRKWLW] 8 54

3 c[SAKRKWLW] 13 70

4 c[SHARKWLW] 19 >100

5 c[SHKAKWLW] 7 65

6 c[SHKRAWLW] 6 43

7 c[SHKRKALW] >30 >100

8 c[SHKRKWAW] 17 100

9 c[SHKRKWLA] >30 >100

10 c[SHKRKWLW] 7 63

11 c[WLWKRKHS] 5 35

a Inhibition of Adenovirus (Ad-5) infections.
b HeLa cells were used in both assays.

W. S. Horne et al. / Bioorg. Med. Chem. 13 (2005) 5145–5153 5149



encoding the gene for EGFP under control of the CMV
promoter was propagated as previously described.6

4.2. Synthesis of cyclic DD,LL-a-peptides11

Fmoc-Lys(Boc)-OAllyl37 (1.0 mmol/g of resin to be
loaded) was treated with 1:1 TFA/CH2Cl2 for 1 h. The
solution was concentrated to dryness by rotary evapora-
tion, and subjected to high vacuum to remove the resid-
ual TFA. The crude material was dissolved in CH2Cl2,
and DIEA was added (4.0 equiv relative to amino acid).
This solution was transferred to a sintered peptide syn-
thesis vessel containing 2-Cl-trityl chloride polystyrene
resin. The mixture was agitated on a shaker for 4 h.
The vessel was then drained, and the resin was washed
with CH2Cl2 (3 · 1 min), 8:2:1 CH2Cl2/MeOH/DIEA
(2 · 10 min), CH2Cl2 (3 · 1 min), and MeOH. After dry-
ing under vacuum, loading was measured by UV
quantification of Fmoc release after treatment with
20% piperidine/DMF.

The orthogonally protected Fmoc-Lys-OAllyl loaded
trityl resin prepared above (0.10 mmol) was placed in
a sintered glass peptide synthesis vessel and swollen in
CH2Cl2 for 45 min. The resin was washed twice with
DMF, treated with 20% piperidine/DMF (2 · 8 min),
to remove the Fmoc group, and washed again with
DMF (3·). For each coupling, a solution of the Fmoc-
protected amino acid (0.40 mmol), HBTU (148 mg,
0.39 mmol), and diisopropylethylamine (175 ll,
1.0 mmol) in DMF (2 ml) was allowed to prereact for
2 min, then added to the resin. The resin suspension
was agitated for 30 min, drained, and washed with
DMF (3·). This deprotection–coupling cycle was
repeated until the desired linear peptide sequence was
obtained.

The resin bearing full-length linear peptide was washed
with CH2Cl2, then suspended in 8:2:1 CH2Cl2/N-meth-
ylmorpholine/acetic acid. The mixture was degassed by
bubbling Ar for 10 min. Pd(PPh3)4 (58 mg, 0.05 mmol)
was added and the mixture was degassed for an addi-
tional 5 min. The vessel was then sealed and agitated
for 4 h. The vessel was then drained, and the resin was
washed with CH2Cl2, DMF, 5% DIEA/DMF, 0.5%
w/v sodium diethyldithiocarbamate in DMF, and finally
once again with DMF. The N-terminal Fmoc group was
then removed by treatment with 20% piperidine/DMF
(2 · 8 min), and the resin was washed with DMF (3·)
and 5% DIEA in DMF (3·).

PyAOP (307 mg, 0.6 mmol) was dissolved in DMF
(2 ml). DIEA (0.209 ml, 1.2 mmol) was added and the
solution was transferred to the vessel containing the lin-
ear peptide on resin. The mixture was agitated for 4 h,
drained, and washed with DMF (3·). In some cases,
the cyclization was repeated with fresh reagents to drive
the reaction to completion. The resin was washed with
DMF, CH2Cl2, and MeOH and dried under vacuum.
The peptide was cleaved from the resin by treatment
with a mixture of 81.5% TFA:5% thioanisole:5% phe-
nol:5% water:2.5% 1,2-ethanedithiol:1% triisopropylsi-
lane for 4 h. The cleavage solution was collected by

filtration and the crude peptide was precipitated by
addition of cold ether. The suspension was centrifuged,
decanted, and the solid was washed twice more with
ether. The solid was dried under vacuum to yield crude
peptide. All peptides were purified by preparative RP-
HPLC on a C18 column to better than 95% purity as
determined by analytical HPLC. Identity of the purified
products was confirmed by MALDI- or ESI-MS.

4.3. Preparation of peptide library

A library of peptides was prepared using a split-and-
pool approach based as previously reported.11 Briefly,
the method is based on the general protocol for peptide
synthesis described above with the following modifica-
tions. Trityl-chloride loaded polystyrene macrobead res-
in (Peptides International) was used as the solid support.
Reaction times were extended to 3 min for each wash,
15 min for each deprotection, and 90 min for each cou-
pling. Coupling reactions were carried out with 5 equiv
of Fmoc-amino acid, 4.95 equiv HBTU, and 12.5 equiv
diisopropylethylamine (quantities based on approximate
resin quantity after splitting). Allyl removal and cycliza-
tion reactions were each carried out twice for 5–6 h.
After washing as described above, the beads were dried
under high vacuum and stored at 4 �C.

4.4. Library stock plate preparation

Dried macrobeads from the above library were individu-
ally arrayed into wells of a 96-well polypropylene plate. A
mixture of 95:2.5:2.5 TFA/water/triethylsilane (�100 ll/
well) was added, and the plate was covered. After 4 h,
the cleavage mixture was removed under a stream of
nitrogen followed by additional drying in a vacuumdesic-
cator. To this crude residue and the remaining bead was
added DMSO (10 ll/well) followed by PBS, pH 7.0
(90 ll/well). Based on resin loading, the concentration
of these stock solutions was approximately 1 mM.

4.5. Peptide sequencing

Unknown peptides were sequenced using HPLC-MS/
MS with software for automated analysis of fragmenta-
tion spectra as previously described.11

4.6. Ad infectivity by bulk fluorescence

Cells were plated onto tissue culture treated, clear bot-
tomed, black 96-well plates (200 ll/well, 5000 cells/well).
The cells were incubated in DMEM +10% FBS for 24 h
at 37 �C under an atmosphere of 5% CO2. Peptide stock
solution (20 ll/well, triplicate for each concentration)
was added followed by virus (20 ll/well, 1.25 · 109 par-
ticles/ml in TBS). The cells were then incubated for 4 h
at 37 �C. After 4 h, the medium was removed, fresh
medium was added, and the cells were allowed to incu-
bate for an additional 24 h at 37 �C. After 24 h, the
medium was removed and the cells were washed twice
with HBS and left under HBS (100 ll/well). The plates
were then scanned on a Molecular Dynamics Fluorim-
ager 595. The integrated intensity of GFP fluorescence
for each well was determined using the accompanying
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software. These values were background corrected
against wells containing uninfected cells, and triplicate
conditions were averaged.

4.7. MTT toxicity assay

Cells were plated onto tissue culture treated, clear bot-
tomed, black 96-well plates (200 ll/well, 5000 cells/well).
The cells were incubated for 48 h at 37 �C. Peptide stock
solution (20 ll/well, triplicate for each concentration)
was added and the cells were incubated in the presence
of peptide for 4 h at 37 �C. After 4 h, the medium was
removed and fresh medium was added along with 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (100 ll/well of a 0.2 mg/ml solution in DMEM).
The cells were incubated for 2 h at 37 �C, washed, and
dissolved in DMSO (100 ll/well). The plate was allowed
to stand at 37 �C for 20 min to completely dissolve the
formazan precipitate. The absorbance at 560 nm was
then measured on a Molecular Devices SpectraMAX
250 microplate reader. Replicate wells were background
corrected, averaged, and divided by the value obtained
for untreated cells on the same plate to obtain relative
metabolic activity for peptide treated cells.

4.8. Measurements of Ad capsid stability

The thermal stability of the Ad capsid following expo-
sure to 1 was measured by the changes in accessibility
of the viral DNA to a fluorescent interacalating dye,
TOTO-1 (Molecular Probes), as previously described
with minor modifications.6,12 Briefly, 100 lg/ml Ad5
was incubated with 60 nM TOTO-1 in 50 mM Hepes,
100 mM NaCl, pH 7.5. The fluorescence emission of
TOTO-1 was monitored as a function of temperature
using an ABI Prism 7900HT real-time PCR machine
(Applied Biosystems) programmed to measure fluores-
cence (kex 488 nm, kem 540 nm) every 2.5 �C between
20 and 70 �C. Samples were equilibrated at each temper-
ature for 2 min prior to measurement.

4.9. Sarcin assay

Cells (HeLa for Ad5; MDCK for influenza) were plated
in 96-well plates at a density of 10,000 cells/well for 24 h
prior to infection. One hour prior to infection, cells were
washed once with DMEM without cysteine or methio-
nine and supplemented with 10 mM Hepes, 2 mM gluta-
mine, and 0.5% BSA with penicillin and streptomycin
(abbreviated DMEM- hereafter) and incubated in
DMEM- for 1 h at 37 �C. The medium was then re-
moved and cells were incubated with DMEM- contain-
ing 0.1 mg/ml a-sarcin (Sigma) and either Ad5 ranging
from 1 to 1 · 10�3 lg/ml or Influenza A ranging from
0.1 to 1 · 104 PFU/ml, in the presence or absence of
10 lM of 1, for 2 h at 37 �C. The cells were then washed
once with DMEM- and incubated with DMEM- con-
taining 0.1 lCi of [35S]LL-methionine (Amersham Biosci-
ences) per well for an additional 2 h at 37 �C. The cells
were then washed twice with 100 ll of 20 mM TBS,
pH 7.4, incubated with 50 ll of ice-cold 5% TCA at
4 �C for one hour and then centrifuged at 1000g for
15 min at 4 �C and washed twice with cold ethanol.

The pellet was then dissolved overnight in 5 ll of 1%
SDS, 0.1 N NaOH at 4 �C on a rotary shaker. The
resulting solutions were neutralized with 1 ll of 0.6 N
HCl and 34 ll of MicroScint 20 liquid scintillation cock-
tail (Packard) was added to each well followed by vor-
texing. Radioactivity was measured using a Topcount
(Packard) 96-well liquid scintillation counter.

4.10. Microscopy with fluorescently labeled adenovirus

The Ad temperature sensitive mutant, ts1, was labeled
with approximately three molecules of carboxyfluoresce-
in (CF) succimidyl ester (Molecular Probes) per hexon
protein as previously described.25 Similar labeling of
wild type Ad2 maintained �85% of the original infectiv-
ity. HeLa cells (7 · 104 cells/well) were grown overnight
on glass coverslips in 24-well plates in DMEM. Cells
were washed with ice-cold DMEM and incubated on
ice for 10 min before adding 5 · 104 particles per cell
of CF-ts1 and incubated further on ice for 1 h. Unbound
virus was removed with three washes of ice-cold DMEM
and then warmed medium was added with or without
10 lM peptide 1 and incubated at 37 �C for 20 min.
Cells were then placed on ice and washed three times
with ice-cold PBS. Coverslips were mounted with PBS
containing 2.5% (w/v) DABCO, pH 7.4, and examined
by laser scanning confocal microscopy. In additional
samples, cells were infected with CF-ts1 in conditions
identical to those mentioned above, fixed for 10 min
with 4% paraformaldehyde in PBS, and mounted in
PBS containing 2.5% w/v DABCO at specific pH values
in the presence of the ionophores nigericin (20 lM) and
monensin (10 lM). These samples were used as stan-
dards to generate a curve for pH calibration.

Imaging of CF-labeled virions was performed using a
Bio-Rad 2100 confocal laser scanning microscope.
Images were sequentially scanned at 457 and 488 nm
using a 60· 1.4N.A. objective. The environmental pH
of internalized CF-ts1 was determined by employing
the pH-dependence of the I488 nm/I457 nm ratio. Images
were analyzed using ImageJ (NIH). Regions of interest
(ROIs) were selected using 488 nm excitation images
by thresholding and selecting regions composed of a
minimum of 10 pixels to minimize contributions from
noise. Typically, 150–200 ROIs were identified per field.
Based on the standard curve generated from cells
mounted in different pH media, ratios in peptide
untreated and treated samples were converted to a pH
value. Histograms were generated with ROI�s binned
in 0.4 pH unit increments. Two fields were analyzed
for each sample, and three replicate samples were aver-
aged for each experimental condition.

4.11. Liposome dye release

Liposomes were prepared using the technique of reverse
phase evaporation. A 16 mM solution in chloroform
containing phosphatidylcholine (PC, egg), phosphati-
dylethanolamine (PE, egg), phosphatidylinositol (PI,
soy), phosphatidylserine (PS, egg), sphingomyelin (SM,
egg), gangliosides (porcine), and cholesterol was
prepared in molar ratio of 5 PC:1 PE:1 PI:1 PS:1
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SM:1 gangliosides:3 cholesterol. 2.5 ml of this solution
was transferred to a degassed flask under argon. Ether
(1 ml) was added followed by 2 ml of a 100 mM solution
of sulforhodamine B in Dulbecco�s PBS. The flask was
sealed under argon, and sonicated for 7 min in an ice
cooled bath. Most of the organics were removed by
rotary evaporation, and an additional 1.5 ml of PBS
was added. After an additional 5 min of rotary evapora-
tion, the solution was transferred to a syringe and
passed through stacked 200 and 400 lm filters. The solu-
tion was then transferred to a Sephadex G-25 column
and eluted with PBS. The liposomes which eluted as a
pink band were collected and used within 24 h.

The lipid preparation from above (12.5 ll) was added to
PBS (1 ml) in a fluorescence cuvette with equipped stir
bar. Time-dependent fluorescence measurements were
carried out on an Aminco Bowman Series 2 Lumines-
cence Spectrometer at kex = 535 nm and kem = 585 nm.
Measurements were taken in 1 s intervals with stirring.
After 1 min of background measurement, peptide
(10 ll of a 10 mM solution in DMSO) was added to
the sample. After the fluorescence stabilized (�10 min),
Triton X-100 (25 ll of a 10% solution in H2O) was add-
ed. Normalized fluorescence values (In) were calculated
as follows:

In ¼
I t � I0
I1 � I0

;

where It, I0, and I1 are the fluorescence values at time t,
time 0, and after addition of Triton X-100, respectively.

4.12. ATR-FTIR sample preparation8

1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DM-
PC, Avanti Polar Lipids) (20 mg) was transferred to a
degassed flask. Chloroform (1 ml) was added followed
by ether (1 ml) and water (2 ml). The flask was sealed
under argon and placed in an ice cooled sonicator for
7 min. The flask was then transferred to a rotary evapo-
rator and evaporated until foaming was no longer ob-
served. Water (2 ml) was added, and the suspension
was placed on the rotary evaporator for an additional
10 min. Peptide (16 ll of a 10 mM solution in DMSO)
was added to a portion of this lipid preparation
(184 ll) for a final concentration of 6.8 mM DMPC,
0.8 mM peptide in 8% DMSO/water. This mixture was
vortexed periodically over a 10-min period and passed
through a pre-wetted column of Sephadex-G25. One
hundred microliters of the resulting mixture was depos-
ited on a 45 � Ge-ATR mirror (Spectra Tech) and al-
lowed to dry several hours in air then for 3 h in a
vacuum dessicator.

4.13. ATR-FTIR spectroscopy

Spectra were collected on a Nicolet 550 Magna Series II
FT-IR instrument with a liquid nitrogen cooled mercu-
ry–cadmium–telluride detector under a nitrogen atmo-
sphere. The multibilayer coated mirror mentioned
above was fitted on a baseline horizontal ATR optical
bench with a ZnSe polarizer (Spectra Tech). Each spec-
trum represents an average of 800 scans obtained at a

resolution of 2 cm�1. The spectra were processed with
Omnic (Nicolet) with ATR correction against a back-
ground consisting of the empty mirror at the same
polarization angle, and further baseline corrected manu-
ally. The final spectra were subjected to exponential
smoothing using Mathematica (Wolfram Research).
Calculation of lipid and cyclic peptide orientation angles
was carried out as previously described for this class of
compounds.8
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