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ABSTRACT. Synthetic nonviral vector systems are attractive because of their apparent simplicity of
preparation and use. However, there are many barriers to success at the moment, including the formulation
of uniform and reproducible particles of transfection competent, condensed nucleic acids such as plasmid
DNA (pDNA). For this reason, we have been studying the kinetics of cationic peptide-mediated pDNA
condensation and the reverse process following peptide dissociation by stopped-flow techniques under
conditions commonly used to prepare synthetic nonviral vector systems. We observe that the process of
pDNA condensation and the reverse process of pDNA expansion appear to be equivalent to protein folding
and unfolding, respectively. We also observe chaotic behavior at low peptide/pDNA ratios that becomes
more uniform at higher ratios suggesting that with suboptimal ratios, pDNA is condensing in a multitude
of conformations, each representing different stages of hydrophobic collapse in the search for the
thermodynamically most stable (i.e., the fully condensed pDNA molecule). At higher ratios, peptide/
pDNA complexes formed appear to be increasingly irreversible consistent with the formation of kinetically
and/or thermodynamically stable, condensed pDNA molecules. Such stable states could create problems
for the successful transcription of pDNA post delivery to cells.

In vivo, DNA is usually associated with cationic proteins MRRAH HRRRR ASHRR MRGG; 2440 Da) and a 23-
or peptides such as protamine in sperm, histones in chro-amino acid peptide derived from the adenovirus core protein
matin, and certain viral proteins in viruses that condense V (pepV, RPRRR ATTRR RTTTG TRRRR RRR; 3036 Da)
DNA through their cationic amino acid residues. This (6—9). For our gene transfection purposes, complexes at a
property of cationic peptides is commonly exploited in the ratio of 0.6 peptide to plasmid DNA (pDNA) (w/w) were
context of nonviral gene therapy where precondensation offound to be most suitable since the resulting particles retain
transgenic DNA is a necessary prerequisite to successful geng, gjight negative charge to facilitate their interaction with
transfer (—5). In our laboratory, two key cationic peptides  ¢4tionic liposomes). We were able to relate the peptides’
are the 19-amino acid adenovirus core pepid€mu,  gpijity to precondense pDNA with a complex-stabilizing

t We thank the Mitsubishi Chemical Corporation for supporting the effect in biological fluids, a central criterion for successful
Genetic Therapies Centre at Imperial College and the work presentedin vivo gene therapyg, 10, 11). However, the actual process

here. of DNA condensation is not very well-understood, and
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transcription. We recently obtained evidence suggesting that A 03
complexes of DNA and cationic peptides can readily dis- 0 M AR
sociate in cells in vitro&, 9) and some suggestion that some 03 1
irreversible association can take place. The consequence of
the latter may be impeded transcription since DNA is likely
to have to dissociate from the cationic carriers to be read by 4.5
the host transcriptional machiner$, (12), whereas early 40
dissociation would mean that DNA is condensed inad- 3s
equately following cell entry to effect proper nuclear entry Volt |
(8, 9). Furthermore, simple mixing of DNA and polycations 3.0
usually produces particles displaying a multitude of shapes 2.5
and sizes13—18). These observations raise questions over 2.0
the ability to control the formation of homogeneous particles
at ratios below the point of DNA charge neutralization. We
set out, therefore, to look at the process of DNA condensation 109 02 04 06 08 1 12
in more detail, and we hereby report the findings of a study

in which we attempted to characterize the process of Time (s)

condensation of a pDNA model (pUMVC1, 7.52 kbp; B
average nucleotide molecular weight 329 Da) by kinetic
analysis of peptide/DNA interactions in vitro.

RESULTS

Nature of the Binding Cures.A stopped-flow fluorimeter 54 1 17
setup was employed (SFM-3, BioLogic) to monitor peptide/ Volt
DNA complex formation and pDNA condensation using two
different fluorescent probes. On one hand, the fluorescence 339
of ethidium bromide (EtBr) upon intercalation with pDNA ] YR
was monitored using an excitation wavelength of 260 nm. " Time ()

EtBr fluoresces strongly when bound to DNA, and the T 0 o1 o2 0s 04 os o6 o7 os

displacement of EtBr upon interaction with cationic peptides Time (s)

re_sults in adecrease_ |n.fluorgscence intensity that correlgteqzlGURE 1: (A) Representative experimental trace showing the
with pDNA peptide binding. Figure 1 shows a representative pinding ofu peptide to DNA (in EtBr). A total of 2@iL of x peptide
example of a trace obtained for the interactiorugieptide (24 ug/mL) was mixed into 3QcL of DNA (26.6 ug/mL) in EtBr
with pDNA in the presence of EtBr. The data were best and made 10&L with 4 mM HEPES pH 7.0 4/DNA ratio 0.6

described by a nonlinear curve fit with two exponentials, W/W. £0.7). The final DNA and EtBr concentrations were§/
mL and 0.3 mg/mL respectively. The fluorescence was measured

yielding two observed association rate constakisy(and o excitation at 260 nm and collected using a cutoff filter at 345
fluorescence amplitudes. Since the association/dissociatiomm. All experiments were performed in 4 mM HEPES pH 7.0 at

of EtBr occurred within the dead-time of mixing, these 20°C. The data were best described by nonlinear curve fitting with
association rates are EtBr exclusion rates that monitor thetwo exponentials (see top panel for goodness of fit). No curve was

. ; : 1 Observed for the dissociation of EtBr and DNA in the absence of
rate-determining process of pPDNA condensation by peptide peptide, confirming that the observed event was related to peptide

binding. Equivalent decreases in fluorescence are alsopjnging. (B) Dissociation curves obtained for RFONA complexes
observed in ethidium bromide exclusion assays from which at a ratio of 1.2 w/w 4£1.4) in the presence of EtBr. Main graph,

our stopped flow protocols here were initially derivei®,( excitation at 260 nm; inset, excitation at 323 nm. A total of 105
20). uL of 4 mM HEPES pH 7.0 in 4wg/mL EtBr was mixed with 45

: . . . o . uL of Dn-u/DNA complex (26ug/mL DNA). The emitted light

Since this approach _dld not follow peptide binding dl_rectly, was selected using a cutoff filter of 345 nm.

we also used & peptide analogue that was N-terminally
labeled with a dansyl reporter group as a second fluorescent )
probe (Dng). Binding experiments with Dp-in the absence/ Similar results were obtalneq when preformgd complexes
presence of EtBr were performed by monitoring the fluo- Of #:DNA and Dnx:DNA were diluted to follow dissociation
rescence on excitation either at 260 nm (to follow the kinetics. The process could only be observed by following

the binding of Dnu directly). As expected, the interaction confirmed that the dissociation rate constants obtained were

of Dnu with DNA resulted in an increase in dansyl not due to the dissociation of the peptide buF related to PDNA
fluorescence intensity. However, this binding event took structurgl rearrangements and conseque.nnal reassociation of
place within the dead-time of mixing, and no kinetic binding EtBr. Dissociation kinetics traces were fitted accurately by
curve was observed regardless of whether the data were? triple exponential function giving three rate constants for
obtained in the presence or absence of EtBr (data not shown)EtBr inclusion, themselves equivalent to rates of pDNA
However, when binding of Dp-and DNA was reexamined ~ €xpansion and state changes.

by following the fluorescence of EtBr, a kinetic binding curve  Table 1 lists the values for the observed rate constants
similar to that of Figure 1A was promptly reestablished. This obtained from curve fitting of the respective experimental
result confirmed thakt,ps values are a function of pPDNA state  results. EtBr exclusion ratekog for Dn-u:DNA complexes
change. were about twice as fast as those @aDNA, a finding
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Table 1: Comparison of the Observed Rates of pDNA
Condensation (EtBr Exclusiokg,) and pDNA Expansion (EtBr
Inclusion, kgis9 as Mediated by or Dnu Binding to pDNA?

kobs(sil) kdiss(sfl) 150
(0.6 w/w,£0.7) (1.2 wiw,+1.4)

complex rate 1 rate 2 rate 1 rate 2 rate 3

Dnu/DNA 225+ 37 30.4+5 273+42 245+6 1.7+1
u/DNA 116+ 10 14.2+3 46=+9 9.2+3 1.0+0.3

L 0 - —
100 E 0.8 1.2 1.6 2
a Data were obtained in 4 mM HEPES pH 7.0 at°’ZDas described i T
in the legend to Figure 1 and in the text. Ratios refer to the weight of -
peptide to DNA. For comparison, folding of two-state proteins generally 50 O E
occurs with folding rates between 10 and 1000 (80). e @ i e ® o
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consistent with competition between the dansyl label and 0 S, 2,0 0,9 0,09
EtBr for DNA binding sites. Correspondingly, the rates of
EtBr inclusion kais9 were also significantly greater for Din-
peptide consistent with both the release of a greater number pepV:DNA (w/w)

of EtBr-DNA binding sites upon peptide release but also a B

faster peptide dissociation rate in line with previously 200 L L AL
published results showing that Dinbinds DNA more weakly '
thanu peptide ).

Varying Peptide ConcentratiorHaving established the
nature of the binding curves, we then performed a series of
titration experiments where we added varying amounts of L , , .
peptide into a fixed concentration of DNA. The resulting 04 0.8 12
data were expressed in terms of their respective amplitudes
and observed rate constants of EtBr exclusion (DNA
condensation) as a function of the peptide concentration. The
data for pepV are shown (Figure 2A), similar results were s0 L |
found with 4 or protamine sulfate, a third cationic peptide §
that is used commonly as a DNA charge-neutralizing and L

150 | 0T

o> O
»
[ JoJ 2

1

Amplitude

100 ® -

kdi.\'.\' (SAI)

condensing agent in gene therapy (PRRRR SSSRP VRRRR Q g g_
RPRVS RRRRR RGGRR RR; 4250 D& (L0, 11, 21, 22). 0 D N A R —

The amplitudes were found to increase in magnitude with 02 0.4 0.6 0.8 1 12
the peptide concentration until saturation was achieved at pepV:DNA (W/w)

ratio of 1.4 w/w, indicating the ratio Of. max'.mum exc'.USIOn Ficure 2: (A) Fluorescence amplitudes (inset) and rate constants
of EtBr and extent of DNA condensation (Figure 2A, inset). o Etgr exclusion ko) following the interaction of pDNA with

The observed rate constants were found to be chaotic anchepV. Similar results were obtained withor protamine sulfate.
irreproducible for ratios below 1.4 w/w. We would like to  Values were obtained from the fitting of the experimental associa-
note that theoretical charge/molecular weight ratios of all tion curves to a double exponential decay function. Values of

. . . } mplitude and rate and amplitude and rate 2} were plotted
three peptides are approximately equivalent; hence, calculatecgs FE)i function of th]eq)pepV/Dl\?A ratio. Three eg(perimgnts were

w/w ratios also turn out to be reasonable estimations of averaged per data point, and each data point was repeated three
theoreticak: ratios. Hence, w/w ratios were used throughout times. Error bars show the standard deviation. Appropriate volumes

here and for the sake of consistency with our previous of 4 mM HEPES pH 7.0 were added to keep the final concentration

; i Fp— ; i-~_ Of DNA constant. (B) Total fluorescence amplitude (inset) and rate
biophysical characterizations of peptide/pDNA characteriza constants of EtBr inclusion following the dissociation of of pepV/

tions_ ®, 8, 9). Furthermore, accorqiing to our previous data, pna complexes Kis9. Values of rate 1@), rate 2 0), and rate
peptide:pDNA complex aggregation was not observed (as 3 (a) are plotted as a function of the pepVV/DNA ratio. Error bars
observed by photon correlation spectroscopy) with either show the standard deviation of 10 experiments. For details, see

w:pDNA or protamine:pDNA complexes even up to a 1.4 legend to Figure 1.
w/w ratio when the theoreticat ratio is >1 (6, 9). The were irregular at low ratios and stabilized toward higher
same appears to be true of pepV:pDNA complexes (unpub-weight ratios, thereby mirroring results from association
lished data). Hence, the concentration dependent experimenstudies (cf. Figure 2A). Furthermore, at higher weight ratios,
tal data described here should be largely free of complicationswe also found that complex dissociation was increasingly
from aggregation, at least initially. irreversible as suggested by the fall in fluorescence amplitude
Dissociation of Peptide:DNA ComplexeBissociation with increasing ratios. For example, Figure 2B (inset) shows
experiments of peptide:DNA complexes were performed to fluorescence changes on dissociation of pepV:DNA as a
obtain rate constants of EtBr inclusion following pDNA function of the pepV concentration. The apparent failure of
expansion Kis9). These were independent of the dilution recovery of EtBr fluorescence with increasing peptide:pDNA
factor so long as the ratio between the components wasratios suggests that particles dissociated less efficiently and/
greater than 0.6 w/w (data not shown). However, the rate or that pDNA expansion was less efficient as the peptide
constants were affected by the actual ratio of peptide:DNA concentration was increased. This could be due to irreversibly
at low ratios (Figure 2B). Broadlgissvalues for all peptides  bound peptide molecules that cross-link individual DNA
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particles (2, 23, 24) and/or due to the fact that collapsed representing kinetically and/or thermodynamically trapped
DNA molecules are thermodynamically more stable than the intermediates. Increasing amounts of peptide reduce the
initial supercoiled particles. number of conformations until the fully condensed, saturated,
collapsed, and therefore most stable form of the molecule is
DISCUSSION reached, the global minimum. The fact that complex dis-
Association studies of fluorescentpeptide (Dn«) and sociation was progressively more incomplete (Figure 2B)
pDNA demonstrated binding to occur within milliseconds, corroborates the proposition that condensed DNA is ther-
the dead-time of mixing of our stopped flow apparatus. This modynamically more stable and in a state of lower free
necessitated the use of EtBr as an indirect monitor of binding energy than the supercoiled form. By analogy to proteins,
but at the same time allowed us to observe the consequentiatherefore, the folding and unfolding of DNA can be simulated
event(s) of DNA collapse. The interaction between pDNA by the addition and removal of condensing peptide, respec-
and peptide involves multiple binding sites, approximately tively. Further, two-state proteins are known commonly to
1300 for u, 800 for pepV, and 400 for protamine)( fold with rates ranging from~10 to 1000 s comparable
(unpublished observation) the binding of which result in with our observed DNA condensation rates (cf. Table3D).(

exclusion of EtBr, DNA charge neutralization, hydrophobic 11 way in which complexes between DNA and cationic
collapse, and condensation. Bearing in mind the great Sizepeptides are prepared affects the nature of the resulting
difference between pDNA (7.5 kbp) and peptides, the binding particles. For instance, size measurements using photon
of a single polypeptide to a plasmid molecule is likely 0 ., relation spectroscopy revealed that rapid mixing of
affect local DNA secondary and tertiary structure, thereby jqqiiqual solutions of peptide and DNA at different ratios
causing a perturbation that extends _somewhat beyo”_d th&esults in smaller and more defined complexes than the slow
segment of PDNA molecule QCCl_Jpled by the peptide. 5,4 stepwise fitration of components into preformed com-
E’resumably, this mflugnce_s the binding of a seconq .pOIVpep'plexes (unpublished observations), highlighting differences
tide adjacent to the first (intramolecular cooperativity) and poqyeen kinetically and thermodynamically driven processes.
Iead_s_to e"e”t“‘?" plasmid condensation and collapse. COOp1ndeed, it has been known for some time that rapid mixing
erativity .Of pept|de-me_d|ate_d PDNA collapse appears to be of DNA and cationic proteins/peptides produces complexes
substantiated by the sigmoidal shape of the plot showing thethat are different from those produced by thermodynamic
amplitudes (Figure 2A). A similar mechanism has been annealing through gradient dialysi®3 24). Again, an
proposed following the interaction of other cationic peptides analogy can be made with protein hydrobhobic ,collapse

ar']t?w Bﬁf'r‘lsz 52u3cg as Gprota;r;]me, pol?/-lyflnef,tr?nd h'tStoneswhere different conformations can be obtainethtive and
Wi (12, 23, 25). Given the complexity of the system, misfolded—as a function of the environment and extrinsic

itis difficult to attribute actual events to the experimental folding/refolding conditionsZ8, 31). Reversibility of com-
rate constant values. Nevertheless, since peptide binding to

Sy ; . plex formation is an important consideration in gene therapy
PDNA and EtBr binding o PDNA (in the absence of pgptlde) with potential consequences for the transcriptional activity
were both shown to be instantaneous processes, it can be T L
of precondensed pDNA. For example, in vivo protamine:
speculated that the two observed rate constants of EtBrDNA complexes in sperm are transcriptionally inactive owin
exclusion illustrate two phases of DNA hydrophobic collapse. to the abiIFi)t of ad'a(F:)ent arginine resri)dues t)é interlock bot%
Conversely, the three rate constants of EtBr inclusion may y ) g

describe three phases of DNA expansion such as reIaxationStrandS of the helix12). Brewer et al. in their kinetic studies

plus pDNA reopening and structural readjustments. Idr}\s/(sjgléina%ic?nNQ tor:)(ifn:?nr(ran ﬁg?nn[’;lll\TAo gﬂ%ii?vlgt?gr:n t%lae;[?s
The great variation of the rate constants at suboptimal letel P tent with dat F 2B). On the basi
conditions but stabilization at ratios beyond full condensation completely consistent with our data (Figure 2B). On the basis

(Figure 2) reminds us of the funnel energy landscape theoryOf this re_sult, the guthors argued that an a(_:tlve mechanism
of protein folding @6, 27). Here, intermediate protein folding must be in .place In VIvo to remove pr.o'tam'lne from sperm
states are seen as ensembles of individual chain conformal2NA 10 activate the genome after fertilizatioh? 32).

tions of similar energy in a biased search for the minimum  In addition to providing insights into the mechanism of
on an energy surface. The funnel view postulates that theresupercoiled pDNA condensation by charge-neutralizing pep-
are many ways for an unfolded, highly disordered polypep- tides, this paper presents some important conclusions for
tide chain to reach the native and thermodynamically most nonviral gene therapy. The difficulty of controlling peptide:
stable form of the protein. This bias in folding arises as the DNA complex formation and producing homogeneous, fully
many conformations of the unfolded states adopt a progres-condensed particles may go some way toward offering an
sively smaller number of states, thereby reducing their lower explanation for the recurrent irreproducibility and disap-
free energy until the molecule reaches its most stable form, pointing efficacy of many nonviral gene transfer experiments.
the native conformation of minimal free energ®8). In On the basis of the results presented here, we come to the
analogy to this folding funnel approach for proteins, we conclusion that the heterogeneity of complexes is an intrinsic
would like to put forward the idea that the peptide-mediated feature of any such formulation systems. Perhaps, one way
condensation of pDNA occurs by a similar mechanism to forward could be to concatenate several cationic peptide
the hydrophobic collapse of protein folding intermediates. molecules £ and/or pepV), thereby creating a polymer-like
This is an expansion of the recognition that similarities exist molecule with several functions (DNA condensation and/or
between some aspects of DNA condensation and proteinNLS). Such a molecular scaffold potentially could facilitate
folding (29). We postulate that suboptimal ratios of peptide/ the condensation of pDNA in a more controlled manner than
DNA (e.g., ratios below 1.4 w/w for pepV) each represent the current method of condensation via a multitude of
different stages of hydrophobic collapse on an energy surfaceindividual and ill-defined binding events. Attempts to
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synthesize such a molecule are currently under way in our 15
laboratory.
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