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ABSTRACT: The major coat protein (pVIII) of M13 phage is of particular interest to structure biologists
since it functions in two different environments: during assembly and infection, it interacts with the
bacterial lipid bilayer, but in the phage particle, it exists as a protein capsid to protect a closed circular,
single-stranded DNA (ssDNA) genome. We synthesized pVIII and a 32mer peptide consisting of the
transmembrane and DNA binding domains of pVIII. The 32mer peptide displays typically anR-helical
structure in trifluroethanol or 0.2 M octylglucoside solutions similar to pVIII. Attachment of polyethylene
glycol (PEG) onto the N-terminal of 32mer increased theR-helical content and the peptide thermal stability.
The peptides were reconstituted with DNA from a detergent solution into a discrete (<200 nm diameter)
nanoparticle on both linear double-stranded DNA (dsDNA) and linear ssDNA, where the linear dsDNA
is used to mimic the closed circular, ssDNA in M13 phage, upon removal of the detergent. The peptide/
DNA particle was an irregular and not a rod-shaped aggregate when imaged by atomic force microscopy.
All three peptides underwent a structural transition fromR-helix to â-sheet within∼1 h of DNA addition
to the detergent solution. There was a further decrease inR-helical content when the detergent was removed.
The presence of anionic (such as octanoic acid) or cationic (such as 1,5-diaminopentane) molecules in
the detergent mixture resulted in the retention of the peptideR-helical structure. Thus the interaction
between the peptide and DNA in octylglucoside is driven by electrostatic forces, and peptide-peptide
interactions are responsible for the transition fromR-helix to â-sheet conformation in pVIII and its
analogues. These results suggest that the assembly process to form a rod-shaped phage is a delicate balance
to maintain pVIII in anR-helical conformation that requires either an oriented bilayer to solubilize pVIII
prior to interaction with the DNA or other phage proteins to nucleate pVIII in theR-helical conformation
on the DNA.

The M13 phage is a rod-like particle (1µm length× 10
nm diameter) containing a closed circular ssDNA1 genome
(6407 base) which is coated by∼ 2700 copies of the phage
major coat protein, pVIII, along the long axis of the virus
(1). Each end of the phage cylinder is capped by five copies
of the products of gene III, VI or VII, IX. The 50-residual
M13 pVIII has segments that interact with bilayer membrane,

DNA, and adjacent pVIIII. In the mature phage particle,
pVIII roughly parallels the axis of DNA genome with its
C-terminal domain binding to DNA. When M13 phage
infectsEscherichia coli, the pVIII capsid diffuses into the
E. coli cell membrane and the DNA genome is introduced
into the host cytoplasm. The phage structure, life cycle, and
its assemblyin ViVo have been extensively reviewed (2-4).

In spite of the important biological functions of the M13
pVIII, little is known concerning how this capsid coat protein
self-assembles with DNA in a cell-free system. The first
successful study on virus reconstitutionin Vitro was ac-
complished with an RNA virus, tobacco mosaic virus (TMV)
(5), over four decades ago. Many subsequent attempts to
reconstitute other rod-shaped viruses have encountered
difficulties (6). For the in Vitro reconstitution of a DNA
phage, a pioneering work was published by Knippers and
Hoffmann-Berling (7), where the pVIII of fd phage (almost
identical to M13 phage except that on position 12 pVIII of
phage fd has an Asp, whereas pVIII of M13 has an Asn)
formed particles with single-stranded phage DNA, but not
with dsDNA in this work. Urea was used to solubilize the
fd phage coat proteins. Reconstitution of the particle occurred
upon removal of the urea by dialysis. The DNA was observed
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by electron microscopy to be encapsidated in irregular tubular
aggregates rather than as a rod-shaped phage. The particles
had a very low level of infectivity (1/107 titer of mature
phage). Cavalieri et al. prepared pVIII complexes with and
without DNA using a sodium deoxycholate dialysis method
and concluded that when the detergent was removed pVIII
was not associated with DNA (8). More recently, Feng and
colleagues employed a permeable host cell system which
can postpone the assembly process of filamentous phage
using the controlled accumulation of assembled components
(9). There is an absence of structural data on the peptide
when DNA interacts with pVIII in the assembly process.

The M13 pVIII protein has been extensively investigated
as a model of protein-membrane interactions in detergent
or bilayer environments (10). The sequence of pVIII can be
roughly divided into three functional domains: an amphip-
athicR-helical domain on the N-terminal, a transmembrane
R-helical domain in the middle, and a DNA binding domain
on the C-terminal (Figure 1A). The solution structure of
pVIII, solublized in detergent micelles, has been determined
by NMR and computed by restrained molecular dynamics
(11). By measuring the local polarity of the environment
around probes, it was found that the domains of pVIII packed
in various detergents, except SDS, are similar to the domain
packing in phospholipid bilayers (12). To investigate the
R-helical conformation in the micelle or bilayer environment,
the peptide mimics of the M13 pVIII transmembrane segment
were synthesized with lysine residues added to both the
N-terminal and C-terminal to increase its solubility in
aqueous buffers (13). The modified transmembrane segments

retained anR-helical conformation similar to the correspond-
ing pVIII, and maintained parallelR-helix in both the micelle
and bilayer environments (13).

Although viral systems, such as M13 phage, use a
multidomain peptide with a hydrophobic segment to form a
capsid to protect the DNA genome, few hydrophobic peptides
have been tested as DNA condensing agents for use as non-
viral gene transfer vectors (14-16). In this work, our goal
is to synthesize a 32mer peptide mimic embodying the M13
pVIII transmembrane and DNA binding segment (Figure 1),
solubilize the peptides with DNA in a detergent environment
that can permit observations of secondary structure, and then
reconstitute pVIII or the peptide mimics with non-viral
originated plasmid DNA by removal of the detergent. In these
experiments, the linear dsDNA is used to mimic the closed
circular ssDNA found in the M13 phage. The reconstitution
resulted in nanoparticles that incorporated DNA into small
diameter aggregates. The formation of the nanoparticles was
accompanied by a secondary structural transition of the pVIII
protein or peptides from a predominantlyR-helical config-
uration into a mixed configuration that contained a substantial
â-sheet component. These results suggest that either the
bilayer organization of the bacterial cell membrane or other
protein components of the phage/bacterial system are re-
quired to generate filamentous structures from the pVIII
protein.

EXPERIMENTAL PROCEDURES

Peptide Synthesis, Purification, and Modification.The
pVIII and the 32mer peptide corresponding to the pVIII
residue 20 through 51 (with one added N-terminal glycine
residue) were synthesized by Fmoc chemistry on an Applied
Biosystems 431A peptide synthesizer (Foster City, CA). The
standard scale (0.25 mmol substitution resin per batch) was
employed to extend the peptide chain using double coupling
at each residue. An Fmoc-ser(tBu)-NovaSyn TGA resin
(A26467) with low substitution ratio (0.16 mmol/g) from
Novabiochem (San Diego, CA) was used to extend the
peptide sequence from C-terminal to N-terminal. The Fmoc
protection was removed by piperidine from the N-terminal
amino group of the peptide in the last step of synthesis. The
peptide was cleaved from the resin with a cocktail composed
of 94.0% (v/v) trifluoroacetic acid, 2.5% (v/v) pure water,
2.5% (v/v) 1,2-ethanedithiol, and 1.0% (v/v) triisopropylsi-
lane. Cleaved peptide was precipitated with ice-cold diethyl
ether. The pellets were collected by centrifugation (3000 rpm)
and washed with diethyl ether four times. After drying, the
peptide can be dissolved in pure 2,2,2-trifluoroethanol (TFE)
with sonication under argon protection for 0.5 h. The yield
of peptide synthesis calculated by dividing the weight of the
cleaved peptide by the expected value based upon the resin
substitution was 95% (w/w) for 32mer and 73% for pVIII.
The peptide was purified on a Source reverse phase column
packed with 3 mL of polystyrene-based Source 15RPC beads
(Amersham Pharmacia, Piscataway, NJ). The elution gradient
varied from 30% to 90% B in 50 min (phase A, pure water;
B, isopropanol with 0.2% triethylamine). The purified
peptides were confirmed by matrix-assisted laser induced
(MALDI) mass spectrometry (Perspective Biosystems,
Framingham, MA). The molecular weights determined by
mass spectrum are 3450.2 (MH+/found) and 3450.2 (MH+/

FIGURE 1: Sequence, structure, and properties of pVIII and analogue
peptides: pVIII (A), 32mer (B), and PEG-32mer (C). The pVIII is
roughly divided into three parts: the N-terminal amphipathic
domain, the transmembrane domain, and the C-terminal DNA-
binding domain, which are indicated by the cartoon scheme above
the pVIII sequence (11). Charged amino acid residues on pVIII
and 32mer at physiological conditions (pH 7.4) are indicated as+
(positive) or- (negative). Calculations on the hydrophobicity and
polarity of pVIII (D) are based on the methods of Kyte and Doolittle
(17) and Zimmerman et al. (18), respectively. The hydrophobicity
scale is normalized from 0 to 1 by setting Arg (the minimum value)
as 0 and Ile (the maximum value) as 1. The polarity scale is
normalized from 0 to 1 by setting Ala and Gly as 0 and Arg as 1.
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theory) for 32mer; 5237.4 (MH+/found) and 5237.7 (MH+/
theory) for pVIII.

After removing the N-terminal Fmoc protection group with
piperidine, the N-terminal amine of the 32mer was further
modified with polyethylene glycol (PEG). Briefly, 50 mg
of the 32mer peptide on the resin without cleaving the side-
chain protection groups was weighed into 3.3 mL of
N-methylpyrrolidone/methylene chloride (2/1, v/v). Then 11
µL of 4-methylmorpholine and 9.2µL of NHS-m-dPEG (Mw
580) from Quanta Biodesign (Powell, OH) were added into
the mixture. The mixture was gently shaken for 3 h atroom
temperature. Then the resin was collected and washed with
methylene chloride and methanol, respectively. The PEGy-
lated peptide was cleaved from the resin and purified using
the same procedure as the native peptide. The PEGylated
peptide was identified by MALDI mass spectrometry, and
no free 32mer was detected. Mass spectral data for purified
PEG-32mer are 3916.0 (MH+/ found) and 3916.6 (MH+/
theory).

Hydrophobicity and Polarity. The pVIII sequence was
identified with the web-based program ProtScale (http://
us.expasy.org/cgi-bin/protscale.pl) with the following pa-
rameters: the window size was set at 9, and the relative
weight of the window edges compared to the window center
was 100%. The hydrophobicity and polarity calculation were
based on the methods of Kyte & Doolittle (17), and
Zimmerman et al. (18), respectively.

DNA. In this study, the source of the DNA is linear dsDNA
if no specific description is provided. Linear dsDNA was
prepared byBamHI restriction endonuclease cleavage of a
plasmid pBG956 (∼6.1 kb) from Valentis (Burlingame, CA)
according to the cleavage protocol from Invitrogen (Carlsbad,
CA). The linearized DNA was confirmed as a single band
(∼6.1 kb) with correct migration position by agarose gel
electrophoresis. The DNA concentration was determined
spectrophotometrically (one unit absorbance at 260 nm equal
to 50 µg/mL). The nucleotide amount on DNA was calcu-
lated by assuming the average molecular mass of nucleotide
base pair as 660 Da. The linear single-stranded DNA
(ssDNA) was made by heating the linear dsDNA at 95°C
for 10 min, and then rapidly placing it into a water-ice bath
at 0 °C. The dsDNA denaturation was confirmed by the
appearance of a faster running band using agarose gel
electrophoresis.

Formation of the Peptide-DNA Complex.The peptide
(pVIII, 32mer, or PEG-32mer), DNA, and various specific
additives were mixed in 10 mM HEPES at pH 7.0 to the
final volume of 1 mL together with 200 mM octylglucoside
(OG). Usually the peptide was dispersed into OG detergent
first, equilibrated for 0.5-1 h, and then mixed with DNA.
Brief vortexing of the sample was found to be the preferred
method to form an optically clear suspension. After about 1
h, the sample was loaded into a Slide-A-Lyzer dialysis
cassette (3500 Mw cutoff) from Pierce (Rockford, IL). The
sample was dialyzed against 1 L of the dialysis buffer (10
mM HEPES at pH 7.0) at 4°C for 2 days. The dialysis buffer
was changed every half a day for a total of four times.
Usually the volume of the peptide/DNA particle after dialysis
will expand to about 1.5 mL, and this concentration change
was accounted for in all experiments where the peptide
concentration was critical.

Particle Size andú-Potential Measurements. The particle
size and theú-potential of the peptide/DNA particle were
determined by photon correlation spectrometry (PCS) on a
Zeta 3000 laser light scattering spectrophotometer from
Malvern Instruments (Southborough, MA). For the size
determination, 0.5 mL of sample was mixed with 1.0 mL of
0.1 mM 3-(N-morpholino)propanesulfonic acid (MOPS) and
10 mM NaCl, pH 7.5. The resulting mixtures were briefly
shaken and subjected to size determination 5 min after
mixing. The measurements were repeated in triplicate. For
the ú-potential, a 20µL sample was diluted into 2 mL of
0.1 mM MOPS and 10 mM NaCl at pH 7.5. The mixture
was injected into the sample capillary slowly to avoid bubble
generation. The data were processed with the Malvern
software package using the automatic algorithm mode. The
measurements were repeated 20 times.

Gel Retardation Assay.A solution of peptide/DNA
complex corresponding to 1µg of DNA was loaded onto a
0.8% agarose gel containing 0.5µg/mL ethidium bromide
to visualize DNA, and the Tris/EDTA/acetate buffer (pH 8.0)
was the running buffer. The electrophoresis was performed
at 100 V for 1.5 h. To determine if the peptide/DNA particle
formed with the detergent dialysis method is different from
a simple aggregate between the peptide and DNA, the peptide
dialyzed using the same conditions but without DNA was
directly mixed with an equivalent amount of DNA for 1 h
before the sample was loaded on the electrophoresis gel and
analyzed.

DNase Digestion Assay.Samples of the DNA and peptide/
DNA particles containing 1µg of DNA were brought up to
a total volume of 40µL in 10 mM HEPES buffer at pH 7.0.
Ten microliters of 9 mM MnCl2 and 0.5 M Tris buffer at
pH 7.4 was added into the samples together with 1µL of
DNase I (50 units/mL), and then the samples were incubated
for 10 min at 37°C. After incubation, the sample tubes were
placed at 4°C and the digestion was stopped by the addition
of 5 µL of 10% SDS and 5µL of 0.5 M EDTA. The samples
were analyzed by electrophoresis on 0.8% agarose as
described above.

DNA Encapsidation Ratio. The peptide-DNA particle was
centrifuged at∼14000 rpm for 5 min on a benchtop
centrifuger (Eppendorf, Germany). The peptide/DNA particle
sedimentated during centrifugation. The free dsDNA con-
centration (c) in the supernatant was quantitated with the
PicoGreen kit (Molecular Probes, Inc., Junction City, OR).
The DNA encapsidation ratio was calculated asI(%) )
(c° - c)/c° × 100 wherec° is the starting amount of DNA
added to the peptide detergent suspension used to prepare
the particle. The PicoGreen method is not applicable for the
quantitative measurement of ssDNA concentration.

Circular Dichroism (CD).CD spectra were obtained on a
Jasco-715 CD spectrometer (JASCO Corporation, Japan) in
a 1 mm cell at 25°C except where otherwise noted. Spectra
were recorded under a continuous purge of 15-20 L/min of
nitrogen using the Spectra Manager Program version 1.53
(JASCO Corporation, Japan) as the average of four repeti-
tions with a data bin of 1 nm and a scan speed of 50 nm/
min. The results are expressed as mean molar residue
ellipticities [θ] (deg‚cm2‚dmol-1):

[θ] ) θ
MLn

(1)
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where θ means the ellipticity (mdeg),M is the molar
concentration of peptide,L is path length of the cuvette, and
n is the peptide residue number.

All spectra had the background obtained with buffer alone
or free DNA solution alone, and subtracted from them, except
where noted. The helical content was determined from [θ]222

at 222 nm according to the following relation:

whereR% is the percentage ofR-helix (19, 20).

For the temperature transition assay, the cuvette temper-
ature was changed at a rate of 30°C/h from 10°C to 90°C,
maintained at 90°C for 30 min until the signal was stable,
and then reduced to 10°C at the same rate. The ellipticity
at 208 nm was recorded with data bins of 0.5°C, and the
spectrum was also scanned every 10°C over the temperature
range.

For the time course of the peptide-DNA interaction in
detergent, the spectrum (185-320 nm) was recorded every
2 min with a fast scan mode of 100 nm/min at 25°C just
after mixing the peptide and DNA for 1 min. The ellipticities
of 208 and 222 nm were used to follow the peptide secondary
structural change in this period.

Tryptophan Fluorescence Spectrometry.Measurements
were made on a Spex Fluorolog photon spectrometer (Edison,
NJ) using a 150 W xenon light source. Peptides in solution
were irradiated at 295 nm, and samples were scanned from
300 to 400 nm at 1 nm intervals. Buffers and DNA
background were subtracted from each scan, and the emission
spectra were recorded in triplicate.

Atomic Force Microscopy (AFM).The pVIII/DNA com-
plex or free DNA was diluted with 10 mM ammonium
acetate buffer at pH 7.0 to a final DNA concentration of 0.5
µg/mL. The M13 phage strainµE (1.5× 1014/mL) from our
previous work (21) was diluted to 1.5× 1010/mL with 10
mM ammonium acetate buffer at pH 7.0 before imaging.
Samples were spin-coated on a freshly cleaved mica surface
and dried by nitrogen flow. The scanning force microscopic
images were obtained using a Nanoscope IIIa system (Digital
Instruments, Santa Barbara, CA) by the tapping mode in air.
Representative images are selected from three independent
experiments. The height of DNA and M13 phage was
determined as an average value from the object. The height
of pVIII/DNA particle was determined as a range from at
least four spots per particle to represent the variety of
morphologies observed in the sample.

Fluorescence Microscopy.The peptide/DNA complex was
diluted to a final peptide concentration of 0.05 mg/mL with
10 mM HEPES buffer at pH 8.5. Then 0.1 mg/mL fluores-
cein 5-isothiocyanate (FITC) was added into the mixture for
1 h of reaction. The sample was dialyzed against 10 mM
HEPES buffer at pH 7.0 overnight, and further centrifuged
at 14000 rpm to pellet the particle and to remove any
remaining FITC in the preparation. The modified particles
were resuspended in 10 mM HEPES buffer at pH 7.0 and
observed with a Nikon Eclipse TS100 fluorescence micro-
scope (Kanagawa, Japan) with the excitation wavelength at
460-500 nm and emission wavelength at 510-560 nm.

RESULTS

Synthesis of Peptides. The pVIII (Figure 1A) and the
32mer peptide mimic of pVIII (Figure 1B) were synthesized
using FMOC chemistry in good yield. Hydrophobicity and
polarity calculations on pVIII (Figure 1C) indicate that the
sequence of pVIII is hydrophobic and apolar, and the
transmembrane domain is much more hydrophobic than the
ends, which creates difficulties for synthesis and purification
(13, 22). The 32mer (Figure 1B) includes both the trans-
membrane domain and the DNA binding domain but lacks
the amphipathic N-terminal domain (Figure 1). Stopar and
co-workers recently proposed a new classification of the
pVIII membrane-anchoring elements where the amino acid
residues 1-6, defined as the acidic hydrophilic anchor, were
classified as the fourth element in addition to the three
domains described above (23). A glycine residue was added
at the N-terminal of the 32mer peptide to prevent the
acylation of N-terminal primary amine with the carboxyl
group on the side chain of glutamate acid during subsequent
chemical modification. This significantly enhanced the yield
of the 32mer PEGylation (data not shown). Previous studies
reported that both the C-terminal and N-terminal segments
could be removed from the transmembrane domain of pVIII
with no change to the secondary structure of the peptide or
to the peptide-peptide interaction that is observed using the
parental pVIII (13). This allowed us to investigate if the
N-terminal amphipathic domain is necessary for peptide-
DNA assembly.

A PEG chain was conjugated onto the N-terminal of the
32mer mimic before the protection groups on the peptide
side chains were removed. PEG is a noncharged, hydrophilic
and flexible molecule, and we hypothesized that the PEG
would stabilize the peptide structure when the C-terminal
DNA binding domain interacts with the DNA template. The
32mer and PEG-32mer are not water-soluble, like pVIII,
which is usually dispersed into detergent micelles or
membrane bilayers (24, 25).

Secondary Structure of Free Peptide and Its Stability. The
secondary structure of 32mer, PEG-32mer, and pVIII were
examined using CD in pure TFE or detergent systems (Table
1). In pure TFE, OG, or SDS detergent solutions, the 32mer
and PEG-32mer demonstrated typicalR-helical structure
(data not shown). The PEG-32mer had lower values at the

R% )
[θ]222 + 2340

(-30300)
× 100 (2)

Table 1: Secondary Structure Parameters of Peptides in the
Presence of Detergent or TFE

reconstitution conditions

samplea components
detergent
or solvent

[θ]208nm

×10-3
[θ]222nm

×10-3 R-helix (%)b

1 32mer pure TFE -17.0 -15.0 41.8
2 32mer 20 mM SDS -16.3 -14.5 40.1
3 32mer 0.2 M OG -15.6 -15.3 42.8
4 PEG-32mer pure TFE -22.1 -17.9 51.4
5 PEG-32mer 0.2 M OG -19.9 -18.8 54.3
6 pVIII pure TFE -19.0 -16.5 46.7
7 pVIII 0.2 M OG -16.6 -15.2 42.4

a Samples 1, 4, and 6 were determined by dissolving 0.1 mg/mL
peptide in pure TFE. Sample 2 at 0.1 mg/mL was assayed in the buffer
of 20 mM SDS, 20 mM NaCl, and 20 mM Tris at pH 7.4. Samples 3,
5, and 7 were determined at 0.1 mg/mL in the buffer of 0.2 M OG and
10 mM HEPES at pH 7.0.b Calculation is based on [θ]222nm by eq 2
(see Experimental Procedures).
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minima shoulders at 208 and 222 nm than did the 32mer
and pVIII in TFE or OG (Table 1). Calculation of theR-helix
content using the ellipticity value at 222 nm, the 32mer, PEG-
32mer, and pVIII have theR-helix ratio between 40% and
55% (Table 1). Removing the N-terminal amphipathic
domain had little effect on theR-helical content of the 32mer
and PEG-32mer (Table 1).

The thermal stability of pVIII and its peptide mimics was
measured using CD to assess the stability of theR-helix (13,
26, 27). The ellipticity of PEG-32mer at 208 nm is more
similar to that of pVIII than to the ellipticity of the 32mer
in TFE (Figure 2). This suggests that the PEG-chain has a
similar ability as the N-terminal amphipathic domain to
stabilize theR-helix. The increase of ellipticity at 208 nm
of pVIII and its mimic as the temperature was increased is
due to a transition fromR-helix toâ-sheet (13, 26, 27). When
the peptides were equilibrated at 90°C for 30 min, their
spectrum converted from one characteristic of aâ-sheet to
one characteristic of a random coil (data not shown).

When the temperature was decreased from 90°C, the
ellipticity at 208 nm fluctuated around a stable value from
90 °C to 30 °C (Figure 2). At 30°C a striking difference
was noted among the 32mer and the other two peptides. The
secondary structure of the PEG-32mer and pVIII reappeared
as the temperature was decreased from 30°C to 10 °C
whereas the secondary structure did not recover in the 32mer.
The final ellipticities of PEG-32mer and pVIII at 208 nm
after reaching 10°C are 66% and 58% of the initial values
at 10°C. Contrasted to that, the ratio for 32mer is only 16%
(Figure 2).

Peptide-DNA Particle Formation and Characterization.
For the pVIII and 32mer, their poor solubility in aqueous
buffer hinders their reconstitution with DNA. Thus, we
employed an OG detergent removal method to assemble the
peptide-DNA particle. OG is a nonionic detergent with the
critical micelle concentration (CMC)∼20 mM and an
aggregation number∼40 in aqueous buffers (28). The
hydrophobic 32mer or PEG-32mer peptide was dissolved in
the detergent buffer together with dsDNA. The detergent was

gradually removed by dialysis against buffer, and the
particles that formed depended upon the specific buffer
conditions (Table 2).

The 32mer and DNA formed a visible precipitate (diameter
greater than 1000 nm) at peptide/nucleotide ratio (P/N ratio)
higher than 0.25 (Table 2). The P/N ratio 0.25 was the highest
value for which the 32mer formed particle with diameter
between 100 and 200 nm and with a high ratio of DNA
encapsidation. The smaller diameter DNA-containing par-
ticles (diameter<200 nm) hold the potential to be used as
a gene delivery vector with longer circulation timein ViVo.
For the PEG-32mer, particles with similar size to 32mer were
found at the P/N ratio 0.25 (about 3000 copies of the peptide
on one 6.1 kb dsDNA).

For pVIII, the best condition to obtain small diameter
particles is at the P/N ratio 0.33 (about 4000 copies of the
peptide on one 6.1kb dsDNA) where the DNA encapsidation
is 97.8%. Further increases in the P/N ratio produced particles
larger than 200 nm. Small particles were also found when
the peptides were reconstituted with ssDNA.

Regardless of the peptide and DNA types used in the
study, the overallú-potentials on the surface of particles are
negative except the 32mer-DNA complex at P/N ratio 0.5.
In these experimental conditions, theú-potential of the free
DNA in the absence of peptide is not detectable, so the
ú-potential values in Table 2 reflect the charge on the particle
surface.

Several factors are critical for the particle formation
including the detergent type, the P/N value, the ionic strength,
and the pH of the reconstitution buffer. Octanoic acid, an
anionic detergent with a similar alkyl chain length as OG,
was a good solvent for the peptide. But when used with the
dialysis procedure, small particles were not formed and DNA
was not encapsidated (Table 2). When the cationic agents
1,5-diaminopentane or 1,3-diamino-2-hydroxypropane were
added into the 32mer-DNA reconstitution system, the
resulting particles had similar encapsidation (∼90%) to the
particles obtained with octanoic acid as additive (data not
shown). However, these two cationic agents do not act as
detergents and cannot dissolve the peptide-DNA mixture
without OG prior to dialysis. At high salt concentration (such
as when 0.15 M NaCl was used in the reconstitution and
dialysis buffer), the 32mer peptide had a strong tendency to
precipitate instead of forming small particles with DNA (data
not shown) compared to when a low salt buffer (10 mM
HEPES at pH 7.0) was used for dialysis. Reconstitution
buffers with a low pH (pH 3.0-4.0) will also induce peptide
precipitation (data not shown).

The major population of the peptide-DNA complexes had
diameters that ranged from 50 to 100 nm, although particles
above 200 nm were also found in some cases. A minor peak
around 500 nm was sometimes observed (less than 10%; data
not shown). This small percentage of large particles increased
the ú-average size to between 100 and 200 nm (Table 2).
The typicalú-average diameters for three evaluated particles
are 143.4( 2.6 nm for 32mer/DNA at P/N ratio 0.25, 175.9
( 1.2 nm for PEG-32mer/DNA at P/N ratio 0.25, and 133.4
( 1.7 nm for pVIII/DNA at P/N ratio 0.33 using 0.2 M OG
dialysis. The polydispersity index for these particle distribu-
tions are 0.43( 0.03, 0.38( 0.01, and 0.47( 0.03,
respectively. The diameter distribution and polydispersity of
the complexes formed from the three peptides are similar to

FIGURE 2: Comparison of theR-helix stability of pVIII and
analogue peptides in TFE: 32mer (solid line), PEG-32mer (dot
line), and pVIII (dot dash line). The ellipticity at 208 nm was
monitored continuously from 10°C to 90°C (area below the dash
line) and reversed from 90°C to 10°C (above the linear dash line).
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each other (data not shown), which indicates that the
peptide-DNA interactions were not influenced when the
N-terminal amphipathic segment was removed from 32mer.

Gel Electrophoresis and DNase Digestion of Peptide-
DNA Particles.To confirm that DNA is in a complex with
the peptide and the complex protects the DNA from
degradation by nucleases, agarose gel electrophoresis was
performed. When DNA was reconstituted with 32mer, PEG-
32mer, or pVIII by the detergent dialysis method, the DNA
encapsidated by peptides was fully retarded in the loading
well (Figure 3A). The control samples, prepared by simply
mixing the peptide aggregates with the same amount of
DNA, have a large amount of free DNA which is not retarded
by the peptides. These results suggest that the DNA was
encapsidated inside the particles after detergent dialysis and

the peptide-DNA reconstitution is different from the non-
ordered attachment of DNA onto the surface of peptide
aggregates.

The peptides when assembled with DNA using detergent
dialysis effectively protected the DNA from DNase digestion
(Figure 3B). This is a strong evidence for the peptide-DNA
encapsidation and implies that the DNA in the particle is
surrounded by the peptide.

Time Course of the Peptide-DNA Interaction in the
Presence of Detergent. We examined the peptide CD
spectrum as a function of time after adding DNA to learn if
the peptide structure is anR-helix conformation. A transition
from a highR-helix to a â-sheet structure occurred when
DNA was added into the peptide-detergent system for all
three peptides (Figure 4). The time course of the change in
secondary structure after adding DNA indicated that DNA
induced a structure change on the peptide (Figure 4). The
ellipticity at 208 and 222 nm approached a stable value about
1 h after the DNA was added to the peptide detergent
solution. In the near UV range between 270 and 280 nm,
the ellipticity decreased slightly with time and became stable
after 1 h (data not shown). This spectrum change is mainly
due to the change of DNA structure when condensed by
peptides.

In Table 3, the stable secondary structures of peptide
reconstituted with DNA in OG solution under various
conditions are compared. To learn if a charge interaction
between the peptide and DNA results in the transition of
peptide structure, octanoic acid was added into the OG
peptide mixture prior to DNA addition. The ellipticities of
the peptide at 208 and 222 nm with DNA were almost the
same as the values for the peptides in 0.2 M OG without
DNA (see samples 3, 5, and 7 in Table 1, samples 2, 7, and
10 in Table 3, and Figure 5).

When the cationic agents 1,5-diaminopentane or 1,3-
diamino-2-hydroxypropane were added into the 32mer-
DNA reconstitution system, theR-helix was also maintained
(samples 3 and 4 in Table 3 and Figure 5). These results
suggest that the change in peptide secondary structure is
caused by the assembly of peptide on the DNA template.
The peptide-DNA interaction was driven by the electrostatic
interaction between the negative charges on the DNA
phosphate backbone and the positive charges on the C-
terminal DNA binding domain of 32mer, PEG-32mer, or
pVIII and mediates helix-helix contact.

Table 2: Peptide-DNA Particle Formation by Detergent Dialysis

reconstitution conditions

sample components P/N ratio detergent and additives
ú-average

particle size (nm)
ú-potential

(mV)
DNA

encapsidation (%)

1 32mer/DNA 0.5 0.2 M OG >1000 14.5( 1.3 99.8
2 32mer/DNA 0.33 0.2 M OG >1000 -13.1( 9.7 95.3
3 32mer/DNA 0.25 0.2 M OG 143.4( 2.6 -23.6( 4.0 98.4
4 32mer/DNA 0.25 0.2 M octanoic acid >1000 -16.3( 12.8 3.5
5 32mer/DNA 0.25 0.2 M OG/20 mM octanoic acid 168.6( 4.2 -24.6( 10.6 91.6
6 32mer/ssDNA 0.25 0.2 M OG 162.6( 1.6 -6.2( 3.5 -
7 PEG-32mer/DNA 0.25 0.2 M OG 175.9( 1.2 -11.3( 8.6 95.8
8 PEG-32mer/ssDNA 0.25 0.2 M OG 190.1( 1.4 -10.2( 5.3 -
9 pVIII/DNA 0.5 0.2 M OG 252.2( 1.1 -21.2( 1.1 97.9
10 pVIII/DNA 0.42 0.2 M OG 309.6( 3.8 -14.5( 1.2 99.3
11 pVIII/DNA 0.33 0.2 M OG 133.4( 1.7 -4.2( 4.2 97.8
12 pVIII/DNA 0.25 0.2 M OG 182.6( 17.9 -29.9( 2.6 80.4
13 pVIII/DNA 0.33 0.2 M OG /20 mM octanoic aicd 231.9( 5.0 -11.8( 5.2 54.9
14 pVIII/ssDNA 0.33 0.2 M OG 208.8( 1.5 -9.1( 6.0 -

FIGURE 3: Gel retardation electrophoresis of peptide-DNA par-
ticles. (A) Lane 1, naked DNA; lane 2, 32mer aggregates mixed
directly with DNA at P/N ratio 0.25; lane 3, the 32mer/DNA particle
made by OG dialysis at P/N ratio 0.25; lane 4, PEG-32mer
aggregates mixed directly with DNA at P/N ratio 0.25; lane 5, PEG-
32mer/DNA particle at P/N ratio 0.25; lane 6, pVIII aggregates
mixed directly with DNA at P/N ratio 0.33; lane 7, pVIII/DNA
particle at P/N ratio 0.33; lane 8, 1 kb DNA ladder. (B) Analysis
after DNase treatment of the sample. The sample was solubilized
by the detergent of 10% SDS, which released the DNA from the
particle, and EDTA addition to inactivate the DNase. Lane 1, naked
DNA; lane 2, naked DNA after DNase digestion; lane 3, DNA
released from 32mer/DNA particle after DNase digestion; lane 4,
DNA released from PEG-32mer/DNA particle after DNase diges-
tion; lane 5, DNA released from pVIII/DNA particle after DNase
digestion; lane 6, 1 kb DNA ladder.
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The negatively charged octanoic acid has an alkyl chain
which was suitable to be incorporated into OG micelles. The
charge-charge interaction between the octanoic acid and
32mer interfered with the interaction of the 32mer with
DNA in solution. Thus the secondary structure of the pep-
tide in the micelle was not changed (Figure 5, curves d and
e).

For the case of 1,5-diaminopentane or 1,3-diamino-2-
hydroxypropane, they are cationic reagents which can bind
to free DNA by charge-charge interaction. It should be noted
that, in our conditions, both these two cationic reagents
cannot precipitate DNA, and all the samples in Table 2 are
clear solutions. So there was no phase separation to interfere
with peptide access to DNA. When the charges on the DNA
template were neutralized by cationic reagents, the charge-
charge interaction between the 32mer and DNA was also
inhibited and no change in secondary structure was obtained
(Figure 5, curves c and d).

When the 32mer peptide was reconstituted with ssDNA,
it retained higherR-helix contents than the peptide with
dsDNA (Table 3). It was also found that the PEG-32mer
and pVIII maintained a higher percentage ofR-helix when
interacting with DNA in detergent compared to the 32mer
(Figure 4 and Table 3).

Secondary Structure of the Peptide Complexed with DNA
after Detergent RemoVal. We investigated the secondary
structure of the peptide-DNA complex formed after deter-

gent dialysis (Table 4). TheR-helical content of the 32mer
in the complex went from 10.0% to 4.2% (also see Figure
5, curve a). Data on PEG-32mer and pVIII showed a similar
loss ofR-helical content, and the reconstitution did not inhibit
the R-helix to â-sheet transition upon removal of the
detergent. This is different from what is observed in the pVIII
structure on the mature M13, phage which has a high
R-helical content (29, 30).

The PEG-32mer and pVIII complexed with DNA had a
higherR-helical content than the 32mer, which might be due
to theR-helical stabilization effect of the PEG chain or the
N-terminal domain, respectively. The particles formed from

FIGURE 4: Time course of the peptide-DNA interaction in presence of detergent. The ellipticities at 222 and 208 nm of 32mer (A),
PEG-32mer (B), and pVIII (C) are shown after adding DNA into the peptide solution in 0.2 M OG and 10 mM HEPES at pH 7.0. Samples
were reconstituted with 50µg/mL of dsDNA at P/N ratio 0.25 for 32mer and PEG-32mer, and P/N ratio 0.33 for pVIII without detergent
removal step. For other details see Experimental Procedures.

Table 3: Secondary Structure Parameters of Peptides with DNA in the Presence of Detergent (OG)

reconstitution conditions

samplea components detergent or solvent additivesb
[θ]208nm

×10-3
[θ]222nm

×10-3
R-helix

(%)c

1 32mer/DNA 0.2 M OG -0.84 -5.36 10.0
2 32mer/DNA 0.2 M OG 20 mM octanoic acid -17.1 -15.8 44.4
3 32mer/DNA 0.2 M OG 20 mM 1,5-diaminopentane -13.6 -12.8 34.5
4 32mer/DNA 0.2 M OG 20 mM 1,3-diamino-2-hydroxypropane -13.2 -12.1 32.2
5 32mer/ssDNA 0.2 M OG -2.89 -8.88 21.6
6 PEG-32mer/DNA 0.2 M OG -12.1 -14.7 40.8
7 PEG-32mer/DNA 0.2 M OG 20 mM octanoic aicd -23.8 -20.6 60.3
8 PEG-32mer/ssDNA 0.2 M OG -12.0 -15.0 41.8
9 pVIII/DNA 0.2 M OG -11.3 -12.4 33.2
10 pVIII/DNA 0.2 M OG 20 mM octanoic aicd -17.9 -16.2 45.7
11 pVIII/ssDNA 0.2 M OG -12.9 -12.3 32.9

a Peptides were reconstituted with 50µg/mL of dsDNA or ssDNA at P/N ratio 0.25 for 32mer and PEG-32mer, and 0.33 for pVIII in 10 mM
HEPES at pH 7.0 plus detergent and additive according to the Experimental Procedures prior to the detergent dialysis. CD data were recorded after
at least 1 h equilibration for the peptide-DNA interaction.b The anionic octanoic acid was mixed with peptide first, and then mixed with DNA.
The cationic reagents, 1,5-diaminopentane and 1,3-diamino-2-hydroxypropane, were mixed with DNA first, and then mixed with peptide.c Calculation
is based on [θ]222nm by eq 2 (see Experimental Procedures).

Table 4: Comparison of theR-Helical Contents (%)a of Peptides in
Various Environments

environment/DNA type

peptide
names

OG/
no DNAb

OG/
dsDNAc

OG/
ssDNAc dsDNAd ssDNAd

32mer 42.8 10.0 21.6 4.2 23.5
PEG-32mer 54.3 40.8 41.8 19.9 29.4
pVIII 42.4 33.2 32.9 20.7 19.7

a Calculation is based on [θ]222nm by eq 2 (see Experimental
Procedures).b Data were from Table 1 for peptides in 0.2 M OG.c Data
were from Table 3 for peptides with dsDNA or ssDNA in the presence
of 0.2 M OG. d Peptides were reconstituted with 50µg/mL of dsDNA
or ssDNA as particles at P/N ratio 0.25 for 32mer and PEG-32mer,
and 0.33 for pVIII in 0.2 M OG and 10 mM HEPES at pH 7.0 after
the detergent dialysis.
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reconstitution of the 32mer and PEG-32mer with ssDNA
had a higher percentage ofR-helix than the dsDNA
(Table 4).

The change in peptide structure before and after detergent
removal was also monitored by the tryptophan emission
spectrum of the single tryptophan residing in the middle of
pVIII sequence (Figure 1A). The tryptophan excitation
wavelength was set at 295 nm to avoid interference from
tyrosine fluorescence (31). The 32mer, PEG-32mer, and
pVIII have similar values of the emission maxima but
different intensities (Figure 6). The peptides in 0.2 M OG
have an intense emission with maxima at∼317 nm,
indicating that the tryptophan was localized in the hydro-
phobic micelle core and was not accessible to the hydrophilic
environment. When DNA was added into the solution, the
emission maxima were not changed (Figure 6A). However,
the intensity of the emission decreased (Figure 6B). This is
probably caused by interactions between tryptophans that
were brought together on the DNA template (13). In addition,
the fluorescence yield will also change by going into a water
environment from micelles upon detergent dialysis. Removal
of the detergent induced a large red shift of the emission
maximum to∼342 nm in the three peptide/DNA particles
and a further decreased fluorescence intensity in the particles
formed from the 32mer and PEG-32mer (Figures 6A and
6B). These results suggest that the tryptophans are more
tightly packed when the detergent is removed but that the
environment of the tryptophan is less hydrophobic in the
particle than in the OG micelle.

Images of Naked DNA, Natural M13 Phage, and pVIII-
DNA Particle after Detergent RemoVal. The interaction
between M13 pVIII protein and DNA was examined by
AFM (Figure 7). The linear DNA strand (Figure 7A) has an

average height 0.52 nm and length∼2 µm when measured
by AFM. This height, which should be the diameter of DNA,
is much less than the theoretical diameter of the DNA double-
helix (2.2 nm). This is due to the strong interaction of the
DNA strand with the mica surface (32). The natural M13
phage (Figure 7B) is clearly visible as a∼1 µm long rod
with average height of 2.0 nm under AFM. For the pVIII-
DNA complex, the DNA was wrapped into irregularly
shaped structures instead of a rodlike structure. The coated
DNA domains have heights that ranged from 1.7 to 5.7 nm
(Figure 7C). The image suggests that different DNA domains
are cross-linked into a condensed aggregated structure. The
AFM images of DNA particles formed with the 32mer or
PEG-32mer are similar to the pVIII/DNA particles (Figure
7C) as condensed structures but also differ from the rodlike
structure of M13 phage (data not shown).

The free amino groups on the N-terminal and lysine
residues of pVIII in the particle can be modified with FITC
to allow visualization of the features of the DNA-containing
particles in a fluorescence microscope (Figure 7D). The
particle size is below 1µm when viewed by fluorescence

FIGURE 5: DNA template inducedR-helix to â-sheet transition of
peptides. The 32mer/DNA complex after 2 days of dialysis showed
a typical â-sheet structure (a). The 32mer/DNA complex in the
presence of 0.2 M OG after mixing the peptide and DNA together
for 1 h but before dialysis (b). The peptide without DNA but in
the presence of 0.2 M OG (d). The peptideR-helix to â-sheet
transition was inhibited by negatively charged octanoic acid (e)
and positively charged 1,5-diaminopentane (c), respectively in the
presence of detergent. Sample a corresponded to the 32mer/dsDNA
complex after dialysis in Table 4; samples b, c, and e corresponded
to samples 1, 3, and 2 in Table 3; and sample d corresponded to
sample 3 in Table 1.

FIGURE 6: The tryptophan fluorescence emission wavelength and
peak intensity at various stages of the reconstitution. The trytophan
emission maxima (A) and the relative intensities (B) of peptides
were measured in the presence of 0.2 M OG or after detergent
removal. Samples are assigned as: “peptide in OG”, pure peptides
in 0.2 M OG and 10 mM HEPES at pH 7.0; “peptide/DNA in OG”,
DNA was added into the peptide in 0.2 M OG and 10 mM HEPES
at pH 7.0; and “peptide/DNA particle”, the peptide/DNA complex
after detergent removal. For more details see Experimental Proce-
dures. The P/N ratio for 32mer, PEG-32mer, and pVIII was 0.25,
0.25, and 0.33, respectively. The fluorescence intensity was divided
by the molar concentration of the peptide to enable comparison of
the intensities at a relative scale.
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microscopy, which is consistent with the light scattering data
(Table 2).

DISCUSSION

We have reconstituted dsDNA and ssDNA with pVIII and
its analogues into a peptide coated nanoparticle that encapsi-
dates the DNA using a neutral detergent dialysis protocol.
Addition of DNA into the peptide detergent mixture induced
anR-helical toâ-sheet transition prior to detergent removal.
Addition of reagents such as octanoic acid or cationic
diamines can block the secondary structural transition in the
pVIII in the presence of DNA by interfering with the
peptide-DNA interaction. This transition from theR-helix
to â-sheet may be the reason why a rod-shaped structure is
not formed by detergent dialysis.

We became interested in viral reconstitution because it
may provide a paradigm based upon structural principles for
the assembly of bio-based components into better non-viral
vectors (5, 33, 34). Particles with diameter<200 nm are
thought to improve DNA delivery when vectors are injected
into animals. Non-viral vectors employ peptides, lipids,
proteins, or polymers as components of an “artificial virus”
to encapsidate exogenous DNA and deliver the DNA into
cells. Previous attempts to create non-viral vectors from
peptides (14, 15, 35-38) were guided more by the membrane
disrupting activity of the peptides than by their ability to
form a particular type of structure with DNA.

In the case of filamentous bacteriophage, such as M13,
there has been substantial progress on understanding thein
ViVo assembly of the bacteriophage (4, 9, 39-41) and
extensive work on the conformation and structure of the coat
protein, pVIII, in bilayer and detergent environments (1, 2,
13, 27, 42, 43). However, there has been little progress on
the in Vitro reconstitution of the bacteriophage coat protein
with DNA.

Knippers and Hoffmann-Berling used a urea dialysis
procedure to assemble the coat protein from the fd filamen-
tous bacteriophage with ssDNA to form an irregularly shaped
particle when viewed by negative stain electron microscopy
(7). Cavalieri et al. studied the morphology of pVIII
aggregates formed upon dialysis from a detergent (20 mM
sodium deoxycholate) solution without or with DNA and
concluded that pVIII was not associated with DNA (8). This
result is similar to what we observed when octanoic acid
was used as the detergent, the DNA was not encapsidated
(Table 2). This is because the negative charge on the
detergent (either octanoic acid or deoxycholate) interacted
with the positively charged residues in the peptide. Therefore
the peptide could not assemble on the DNA and aggregated
with other peptides via a hydrophobic interaction as the
detergent was removed.

Given the numerous interactions among the phage com-
ponents and the bacteria during phage assemblyin ViVo, it
may not be a surprise that the urea reconstitution process
did not result in a filamentous structure. In the mature phage,
2700 copies of pVIII in anR-helical conformation coat the
phage ssDNA. The pVIII is organized in the filament so that
the average tilt angle between the pVIIIR-helix and the viron
axis falls within the range of 13-20° (44). In M13 phage
assembly, pVIII is thought to exist as a flexible hydrophobic
monomer that associates with the cytoplasmic membrane (4).
During assembly, the DNA first interacts with the gene V
protein (pV) which directs the DNA into a channel (Figure
8). The DNA moves from the inner side of the host cell

FIGURE 7: Representative images of DNA, M13 phage, and pVIII/
DNA complex. Images of the linear dsDNA (A), M13 phage (B),
and pVIII/DNA complex (C) and the fluorescence microscopic
image of pVIII/DNA complex (D). The fluorescence image was
converted to negative gray scale image for better visualization of
the punctate particles. The pVIII/DNA complex was prepared using
detergent dialysis at the P/N ratio of 0.33.
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membrane to the outside. During the translocation, the coat
is formed when pV is replaced on the DNA by pVIII from
the membrane (45, 46). The interaction between DNA and
pVIII occurs in a membrane-bound assembly site, which
provides a protein environment to support the phage as-
sembly and avoids exposing pVIII to an aqueous environ-
ment, and theR-helical conformation remains the final
conformation of the pVIII in the coat. Because of this
sequential “extrusion” process, the pVIIIR-helix structure
is preserved in the mature phage to form a rodlike coat on
DNA.

In detergent or phospholipid bilayers, the M13 pVIII bound
to lipid bilayers is well described as anR-helix. The
membrane anchor domain is buried in the bilayer with the
DNA binding domain exposed in the membrane-water
interface (23). Furthermore, it was reported that pVIII (45)
and its transmembrane mimic (47) could associate into
noncovalent dimer or higher order oligomer in detergent or
lipid bilayers. In the absence of DNA, helix-helix interac-
tions can induce anR-helix to â-sheet transition of pVIII
(13) as can elevated temperatures (48). Modifications of the

pVIII transmembrane domain by the addition of several
lysines on both the N-terminal and C-terminal improved the
solubility of the peptide (13). To promote dimerization of
these more soluble peptides, a single cysteine was placed at
the N-terminal (13). This strategy revealed that in a detergent
solution interactions between the transmembraneR-helices
promote the transformation intoâ-sheet structures at elevated
temperature (13, 27).

These observations raised the question as to how pVIII
can maintain anR-helix conformation in the phage filament;
are other phage proteins needed to form a template to seed
pVIII into an R-helical conformation in the viron, or are
interactions between DNA and pVIII the factor that stabilizes
the helix in the viron?

To learn if DNA is a template for the assembly of a rod-
shaped structure with pVIII in anR-helix, we measured the
secondary structure of pVIII in various environments with
and without DNA. Three different peptides were synthesized
(Figure 1): full length VIII, the C terminal 32mer analogue
that contains the cationic DNA interacting segment plus the
transmembrane domain, and the 32mer with a PEG segment

FIGURE 8: Possible pathways for pVIII peptide reconstitution on a DNA template with detergent removal compared to the M13 phage
DNA extrusion process. The C-terminal DNA binding domains of the pVIII peptides are colored as black. A compact interaction model
with tight peptide-peptide interaction along the long axis of DNA chain was proposed to describe the interaction of the M13 pVIII peptides
with DNA in the in Vitro reconstitution process using the detergent dialysis method (left side). The peptides in the micelles simultaneously
approach the DNA template when DNA is added into the peptide detergent suspension, which induces the direct condensation between the
peptide-peptide hydrophobic domains and results in the peptideR-helix toâ-sheet transition. A simplified version of M13 phage maturation
(right side) illustrates the peptides lying on the phage DNA template with an angle (13-20°) between the pVIII and the long axis of DNA
(44). The extrusion process avoids the peptideR-helix to â-sheet transition as the hydrophobic domains move through the cell membrane.
The peptide secondary structures in the different steps are indicated asR-helix or â-sheet.
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attached to the N terminal region. The latter was prepared
in an attempt to stabilize theR-helical conformation of the
32mer as well as to improve the aqueous solubility of the
32mer. It also created an asymmetrical peptide that had a
water soluble, but uncharged, N-terminal, which eliminates
the possibility of charge interactions between the acidic
N-terminal of pVIII and its basic C-terminal and, hence,
reduces the possibility of antiparallel dimerization driving
â-sheet formation. All three peptides had a significant
R-helical content in TFE and in detergent solutions (Table
1).

pVIII and Its Peptide Can Form Nanoparticles with DNA
Using the Detergent Dialysis Method.The detergent removal
method enabled reconstitution of nanoparticles from non-
ionic detergent suspensions of pVIII-based peptides with
DNA that encapsidated the DNA and protected it from
DNase digestion (Figure 3).

A variety of conditions, peptide/DNA nucleotide (P/N)
ratios, and detergents were examined to learn their effect on
peptide conformation as well as on particle formation (Table
2, Table 3). OG demonstrated good performance for the
peptide-DNA reconstitution because of its non-ionic nature
and high CMC which makes it easily removed from the
suspensions.

Particles were formed between DNA and all three of the
peptides studied when the detergent was removed. When the
P/N ratios were 0.25 to 0.33, the particle diameters were
about 175 nm when measured by dynamic light scattering
(Table 2). The particles prepared from fluorescein labeled
pVIII peptides could be visualized as discrete punctate
objects by confocal microscopy (Figure 7D) and as globular
aggregates using atomic force microscopy (Figure 7C) that
differed from both the DNA used to form them (Figure 7A)
and from a M13 bacteriophage (Figure 7B). The process that
appears to occur during the reconstitution is outlined in
Figure 8.

Particles could be prepared from either single or double-
stranded DNA, which is different than the findings of
Knippers and Hoffmann-Berling (7) with the fd coat protein,
where a particle could only be formed with ssDNA from
the urea removal process. This difference is most likely due
to kinetic factors: urea is more rapidly removed from the
protein-DNA mixture than is detergent, and short cationic
segments bind more avidly to single-stranded DNA than to
double-stranded DNA (49); hence peptide-peptide aggrega-
tion as the urea is removed may proceed more rapidly than
does peptide-DNA assembly.

To reduce pVIII-DNA interaction, we used octanoic acid
as the solubilizing detergent. The anionic micelle formed by
octanoic acid can interact with the DNA binding domain of
the 32mer, and when the octanoic acid was removed by
dialysis, a large aggregate was formed that did not encapsi-
date DNA (Table 2).

The Transmembrane Segment of pVIII Has Peptide-
Peptide and Peptide-DNA Interactions That Are Similar to
Those of pVIII. By removing the amphipathic helix domain
from pVIII, we obtain the 32mer that contains one helix
domain, the transmembrane domain. Thus the change of the
R-helical content in the presence of DNA can be solely
attributed to the structural change of the transmembrane
domain. The 32mer maintains a slightly lowerR-helical
content when compared to pVIII, in detergents or TFE.

PEGylation on the N-terminal of 32mer increased the
R-helical content to close to that observed in pVIII (Table 1
and Figure 2). The PEG-32mer also was similar to pVIII in
terms of its thermostability and in the recovery ofR-helical
content after heating and cooling. These results are similar
to the previous findings of peptides that contain the trans-
membrane domain and that were used to study the helix
interactions in pVIII (13). The 32mer and PEG-32mer also
formed a peptide/DNA particle (Table 2 and Figure 3). Since
the PEG moiety removes the possibility of an electrostatic
interaction between the N-terminal and DNA, the PEG-32mer
must have a similar orientation on the DNA template as
found in the intact M13 phage: the C-terminal interacts with
the DNA. The PEG chain may reduce the peptide-peptide
interactions at high temperature and allow refolding into an
R-helix as the sample is cooled (Figure 2).

The Structural Change in the Peptide during Reconstitu-
tion Is Promoted by Nonspecific Electrostatic Interaction of
the DNA-Binding Domain with DNA.The results indicate
that all three peptides can bind to both dsDNA and ssDNA
(Tables 2-4). Since pVIII in the native M13 phage is highly
R-helical (1), the DNA inducedR-helix to â-sheet transition
of pVIII was not expected. TheR-helix to â-sheet transition
of pVIII observed in bilayers or detergent micelles in the
absence of DNA was previously interpreted as evidence for
strong pVIII-pVIII contacts (24, 43). Furthermore, trans-
membrane mimics of pVIII convert toâ-sheet fromR-helical
secondary structures at elevated temperature (13, 27). Thus
we think that interaction of DNA with the DNA binding
domain in the micelle promotes peptide-peptide interactions
which converts theR-helix to a â-sheet structure. This
interaction occurs rapidly upon DNA addition; the transition
is complete in about half an hour (Figure 4). The peptide
remains in a relatively hydrophobic environment after the
DNA is added into the detergent solution as indicated by
the emission maximum of the tryptophan fluorescence
(Figure 6). This suggests that the peptides are in the micelles
when they interact with the DNA.

Removal of the detergent by dialysis further promotes the
R-helix to â-sheet transition and places the tryptophan into
a more hydrophilic environment as indicated by the red shift
of the tryptophan fluorescence maximum (Figure 6). The
effect of DNA addition and subsequent detergent removal
on the conformation was similar for all three peptides.

When the anionic octanoic acid or the cationic 1,5-
diaminopentane or 1,3-diamino-2-hydroxypropane was added
into the 32mer/DNA reconstitution system, the transition into
a â-sheet conformation did not occur when DNA was added
(Table 3 and Figure 5). This result further supports the idea
that the pVIII-pVIII interaction was provided by nonspecific
electrostatic interaction between the DNA binding domain
on the C-terminal of pVIII and DNA template. This result
is consistent with the previous reports on M13 phage as
nonspecific charge neutralization is also taking place in the
phage particle (50, 51).

The current dialysis procedure does not reconstitute a rod-
shaped particle from the mixture of pVIII and DNA. This
may be due to a kinetic effect caused by multiple peptides
interacting with multiple positions on the DNA strand, a
situation that cannot arise during thein ViVo sequential
assembly where only a few DNA binding sites are exposed
to bilayer bound pVIII. The DNA-inducedR-helix toâ-sheet
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transition in Vitro might be due to “premature” peptide-
peptide intermolecular hydrogen bonding which promotes a
helix to sheet transition and impedes peptide alignment along
the DNA long axis (Figure 8). The addition of the anionic
or cationic agents can inhibit the binding of the peptides to
DNA and subsequently inhibit peptide-peptide interactions
on the DNA which drive the conformational change. With
respect to M13 phage assembly, the assembly process is well
controlled to allow only the peptides on the membrane-bound
extrusion complex to coat on the circular ssDNA.

These results suggest that the assembly process to form a
rod-shaped phage is a delicate balance to maintain pVIII in
an R-helical conformation that requires either an oriented
bilayer to solubilize pVIII prior to interaction with the DNA
or other phage proteins to nucleate pVIII in theR-helical
conformation on the DNA. One possible way to improve
theR-helix content of pVIII in the DNA-detergent solution
is to mutate amino acid residues in the sequence of pVIII to
improve the stability of theR-helix, such as the mutation of
valine to alanine in pVIII (27). By improving theR-helix
stability of pVIII, the peptides might be packed on the DNA
template into a configuration that more closely resembles
the rod-shaped structure of the native M13 bacteriophage.
Successful encapsidation of DNA in a peptide coat of defined
structure would clarify issues related to bacteriophage
assembly and could enable the design of improved DNA
vectors for gene therapy. Previous peptide-based non-viral
gene delivery systems using hydrophilic cationic peptides
have shown promising gene transfer capabilities in cultured
cells because of their bilayer destabilizing properties. How-
ever, their use in animals has been limited due to their highly
positively charged nature which causes them to aggregate
into larger structures when placed in blood which contains
a high concentration of negatively charged proteins (36-
38). The placement of positively charged residues in the
peptide that can mediate the assembly of a vector containing
DNA could be improved through investigating the viral
peptide-DNA and peptide-peptide interaction. This study
of pVIII -DNA interaction and assembly indicates that
hydrophobic peptides can be used to form a peptide-DNA
complex and that secondary structural measurements may
provide useful information to guide the design of improved
DNA vectors.
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