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Abstract

The structure oN-t-butyl-N'-tetradecyl-3-tetradecylaminopropionamidine (gi@midine) cationic vesicles, used for trans-
fection, was investigated at different pH values and ionic strengths, through the analysis of the electron spin resonance (ESR)
spectra of spin labels. Phospholipid derivatives, spin labeled at the 5th and 16th C-atoms along the hydrocarbon chain, incor-
porated in diGs-amidine bilayers, show that the bilayer structure is highly sensitive to the pH value of the medium, due to the
two titratable groups present in the amphiphile. Compared with samples at higher pH values, the double chargetidiit
at pH 3 presents a rather non-organized bilayer gel phase, and a much lower gel-fluid temperature transition, in accord with a
strong headgroup electrostatic repulsion. In addition, the structure was found to be highly dependent on the ionic strength of the
medium. However, pH 3 diz-amidine bilayer, in the fluid phase, was found to be slightly more closely packed than those at pH
7.4 or 9.0, which are less charged. Parallel to that, the larger isotropic hyperfine splitting measured for nitroxides in the center
of the pH 3 diG4-amidine bilayer suggests a higher membrane polarity for the highly charged low pH sample.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction et al., 1996; Bragonzi et al., 2000; Ramesh et al.,
200)). The apparent simplicity of the interaction be-
With the advance in the knowledge of the genetic tween cationic lipids and DNA can be one of the attrac-
origins of many diseases, several research groups haveive features in the use of this system for transfection
concentrated on the study of vehicles for gene transfer (Felgner and Ringold, 1989However, the efficiency
to mammalian cellsGao and Huang, 1991; Paukku of the cationic lipid/DNA complex (lipoplexes) is de-
etal., 1997; Curiel and Douglas, 2Q0Ress immuno- pendent on many properties, such as surface charge
genic non-viral systems, cationic amphiphiles have density, particle size, lipid composition, etc. The ef-
shown great potential for gene deliverigl (Ouahabi ficiency of a good DNA carrier is related to both the
binding and the release of the genetic material.
"+ Corresponding author. Tekt55-11-3091-6829: Thg exact mechanism requnsible for DNA re]ggse
fax: +55-11-3813-4334. remains speculative, but may include a destabilizing
E-mail addressmtlamy@if.usp.br (M.T. Lamy). environment provided by low pH at regions of molecu-
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lar interactions. Several lipoplexes have been prepared2. Materials and methods

with a “helper” lipid (Noguchi et al., 1998; Smisterova
et al., 200}, so called because of their ability to im-
prove transfectivity. Considering the possible impor-

2.1. Reagents

tant role played by the endosomes in transfection, pH  DiCy4-amidine, synthesized as describ&diyssch-
sensitive liposomes have been designed to exploit theiraert et al.,, 1994 is available from Biotech Tools

acidic environment, which can reach values below 5.0
(Ohkuma and Poole, 1978; Daleke et al., 199%the
stability of lipoplexes at acidic endosomal pHs will de-
pend either upon the intrinsic acidity constants of the
cationic amphiphiles or on titratable non-cationic am-
phiphiles used for making the liposomes pH-sensitive.

The present work focuses on the cationic am-
phiphile N-t-butyl-N'-tetradecyl-3-tetradecylaminopr-
opionamidine (called digz-amidine or Vectamidine).
This lipid was found to be capable of transfecting
DNA and mRNA into mammalian cells with high ef-
ficiency (Ruysschaert et al., 1994; El Ouahabi et al.,
19969. Compared with many other cationic lipids,
diC14-amidine has the advantage that it does not
need a helper lipid, significantly simplifying lipoplex
formulation Ruysschaert et al., 1994; El Ouahabi
et al., 1997. Still different from other lipids used for
transfection, digs-amidine is a cationic amphiphile
with two titratable groups, an amine and an ami-
dine, showing two K, values Pector et al., 1998
that are significantly affected by the ionic strength of
the medium; the amine and the amidin€zpvalues
vary from 4.6 and 8.8 (30 mM NacCl) to 5.2 and 9.4
(130 mM NacCl), respectively.

In view of the possible relationship between the
structural properties of difg-amidine liposomes at
different acidic environments and its high efficiency as

a transfecting agent, the present work studies those li-

(Brussels, Belgium). 4-(2-Hydroxyethyl)-1-piperi-
zineethanesulfonic acid (Hepes) and NaCl were pur-
chased from Sigma Chemical Co. (St. Louis, MO,
USA), and were used as furnished. The spin labels
1-palmitoyl-2-fr-doxylstearoyl)snglycero-3-phosp-
hocholine (-PCSL,n =5 or 16) were purchased
from Avanti Polar Lipids (Birmingham, AL, USA).
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Molecular structure of diC 4-amidine

2.2. Lipid dispersion preparation

A film was formed from a chloroform solution of
diC14-amidine and spin label (0.2 mol%, relative to the
lipid, for 16-PCSL, and 0.6 mol% for 5-PCSL, were
found to be the maximum spin label concentrations to
display no spin—spin interaction), dried under a stream
of N2 and left under reduced pressure for a minimum
of 2h, to remove all traces of the organic solvent.
Dispersions were prepared with film hydration by the
addition of the desired buffer solution with or without
salt, heated above the phase transition atG8or

posomes at different pH values, 3.0, 7.4 and 9.0, where ~2 min and vortexed. The buffer systems used were

the amphiphile will be positively double-charged,

phosphate 20 mM (low ionic strength) and phosphate

mono-charged, and less than mono-charged, respec20 mM + NaCl 150 mM (high ionic strength), both at

tively. The structure of the difz-amidine liposomes

pH 3.0, 7.4 and 9.0. Di-amidine concentration was

are investigated through the analysis of the electron 4 mM, and 6QuL were loaded in a capillary for ESR

spin resonance (ESR) spectra of spin labels incorpo-
rated in them. This technique has been extensively

used to monitor the viscosity and polarity of the
microenvironment where the probes are localized
(see, for instanceSchreier et al., 1978; Marsh, 1981,
Benatti et al., 200,1and references therein). Phospho-
lipids, spin labeled at different acyl chain positions,
were used to monitor the dig-amidine bilayer at
different depths.

measurements.
2.3. ESR spectroscopy

ESR measurements were performed with a Bruker
EMX spectrometer. The sample temperature was con-
trolled within 0.2°C by a Bruker BVT-2000 variable
temperature device. The temperature was checked
with a Fluke 51K/J thermometer with the probe
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placed just above the cavity. The sample temperature
was varied from 50 to 5C. To ensure thermal equi-
librium, before each scan, the sample was left at the
desired temperature for at least 10 min. The ESR data
were acquired immediately after sample preparation.
Field-modulation amplitude of 1G and microwave
power of 10 mW were used. The magnetic field was
measured with a Bruker ER 035 NMR Gausmeter.
All data shown are means of the results from at least

three experiments, and the uncertainties are the stan-

dard deviations. When not shown, the uncertainties
are smaller than the size of the symbols.

The parameters of the 16-PCSL ESR spectra were
found by fitting each line to a Gaussian—Lorentzian
sum function Halpern et al., 1993 taking advan-
tage of the fact that the sum function is an accurate
representation of a Gaussian—Lorentzian convolution,
the Voigt function Bales, 198% The isotropic hyper-
fine splitting,ap, was taken to be one-half the differ-
ence in the resonance fields of the high- and low-field
lines.

For the highly anisotropic spectra of 5-PCSL, the
isotropic hyperfine splitting was calculated from the
expression Griffith and Jost, 1976; Gaffney, 19,6

ao = 3(A; +24)), @)

whereA,; (= Amay) is the maximum hyperfine split-
ting directly measured in the spectrum (d€g. 1),

and

)

A// — Amin
Azz— (1/2)(Axx + Ayy)

where ZAnin is the measured inner hyperfine splitting
(seeFig. 1) andA,,, A,y andA,; are the principal val-
ues of the hyperfine tensor for doxylpropaktibbell
and McConnell, 1971

Effective order parametersss, were calculated
from the expression

A// — AJ_ a’o
Azz— (1/2)(Axx + Ayy) ao
Whel’e ClE) = %(Axx + Ayy + Azz)

Seff =

®)
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Fig. 1. ESR spectra of 5-PCSL in digamidine liposomes at (a)
low and (b) high ionic strength, at pH 3.0 (first), 7.4 (second) and
9.0 (third row), at 10, 15 and 4@, as shown in the figure. The
hyperfine splittings Bmax and Ay, are indicated. Total spectra
width 100 G.
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3. Results and discussions

3.1. Liposome structure monitored by a spin label
close to the bilayer surface

ESR spectra of 5-PCSL incorporated in gi€
amidine liposomes are presentedrig. 1L The spec-
tra are due to dispersions prepared at three different
medium pH values, 3.0, 7.4 and 9.0, each at low and
high ionic strength (se8ection 2. The ESR spectra
shown inFig. 1 were obtained at 10, 15 and 40.
As discussed further, the 10 and 4D bilayers are in
the gel and fluid lipid phases, respectively, whereas
the lipid phase of the 18C samples is highly de-
pend on the medium pH. The ESR spectra indicate a
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34 —_— position, between 10 and 2C. It is also important to
note that the 5-PCSL spectra of the label incorporated
324 4 in fluid diCy4-amidine, at the three pH values studied,
are typical of bilayer structureSgelig, 197%h
304 4 Fig. 2aindicates that at low pH values, with the
diC14-amidine double charged, the gel phase is less
o 28- - tightly packed and less stable, leading to a much
= ] lower gel-fluid phase transition temperatufig,j. Al-
£ 26 4 most no difference among the packing of the samples
= ] can be observed at the lipid fluid phase, monitored
24 | either by theAmax value or by the effective order
] parameterSs. The latter parameter (sekection 2
29 i contains contributions from both order and rate of
. . . _ . motion, although the principal contribution & is
0 10 20 30 40 50 the amplitude of segmental motion of the acyl chains
T (°C) (Schindler and Seelig, 19Y:3
—————— T It is interesting to note that the presence of salt
0.65 © ] does not significantly alter the behavior of the low
pH diCi4-amidine samples at the 5-PCSL nitroxide
0.60 - . position. At pH 9, a considerable difference Ty,
. is observed between the samples at low and high
0.55 - - ionic strength, with the low salt sample presenting a
] higher gel-fluid lipid phase transition. That can cer-
0;5 0.50 g tainly be attributed to the expected dependence of the

diCy4-amidine apparentivalue on the medium ionic

low ionic strength

045+ —e—pH30 \i 4 strength. As mentioned before, it was observed that
| SChheo e diC14-amidine at low ionic strength (20 mM Hepes
0.40 IEn R srenat X‘ i buffer, pH 7.3, plus 30 mM NaCl) titrates aKp 8.8,
] ig:;g whereas the lipid at higher ionic strength (20 mM
0.35 —S Hepes buffer, pH 7.3, plus 130 mM NaCl) titrates at
25 30 35 40 45 50 pKa 9.4 Pector et al., 1998 Considering that, at pH
T(°C) 9, the low ionic strength diG-amidine bilayer stud-

Fig. 2. Temperature dependence of (a) the outer hyperfine splitting ied here is less Chargeq than the hlgh lonic strength
(Ama) and (b) effective order parameteff) measured on the ~ Sample, hence presenting a more stable gel phase,
ESR spectra of 5-PCSL in dig-amidine at low (solid symbols)  Wwith a higher transition temperature valdéd. 29.
and high (open symbols) ionic strength, at pH 3.0 (circle), 7.4
(triangle) and 9.0 (star). The data were acquired from 50%6.5 3.2. Liposomes structure monitored by a spin label

at the membrane core
structural difference for dig-amidine liposomes at
pH 3.0, as compared to the higher pH values, 7.4 and The diGg4-amidine liposomes were also monitored
9.0, Fig. 1). The observed spectral differences are by 16-PCSL, a phospholipid that bears a nitroxide
evident in the empirical paramet8gax (Fig. 29, the group positioned at the bilayer corEig. 3 shows
outer hyperfine splitting (shown ifrig. 13, which the ESR spectra at three temperatures of 16-PCSL
can be used as an empirical parameter that increasesncorporated in digs;-amidine bilayers at pH values
with the label microenvironment viscosity or packing 3.0, 7.4 and 9.0, at low and high ionic strength. It is
(Freed, 197h All samples studied presented clear not clear whether the ESR signal from 16-PCSL in
gel-fluid transition temperatures, well distinguished diC14-amidine liposomes at pH 3, at low temperature,
by relatively sharpAmax Vvariations at the 5-PCSL  is a one-site signal, however, it will be analyzed as such
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16-PCSL
(a) low ionic strength
10°C 15°C 40°C
) i
—J 3.0
A )
\/\,f J l[% 7.4
\/\V‘/A /k/f‘ 9.0
(b) high ionic strength
h~1 h(J
Bl
J 3.0
l[__,\ 7.4
J F- 9.0

2a, .

Fig. 3. ESR spectra of 16-PCSL in di&Zamidine liposomes at
(a) low and (b) high ionic strength, at pH 3.0 (first), 7.4 (second)
and 9.0 (third row), at 10, 15 and 4Q, as shown in the figure.
The three nitrogen hyperfine linels.(,, hp andh_;, corresponding

to m = +1, 0 and—1, respectively) and the isotropic hyperfine
splitting (ap) are indicated. Total spectra width 100 G.

(see, for instancdsreed, 1978 In contrast to 5-PCSL,
16-PCSL, which monitors the membrane at the bilayer
center, provides evidence of much greater fluidity of
the gel phase (at 1) of the highly charged pH 3
diC14-amidine bilayer at low ionic strengthrig. 3).

However, the 16-PCSL data corroborate the results ob-

tained with 5-PCSL, indicating a much lower phase
transition temperature for the low pH samples; pH 3
diC14-amidine bilayers at 15C, at both low and high
ionic strength, yield an ESR spectra typical of a fluid
lipid phase (first spectra in center columnsgHig. 3),
distinctly different from the spectra obtained for the
other samples at that temperature.

For the 16-PCSL, the best experimental parame-
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Fig. 4. (a) Temperature dependence of the ratio between the am-
plitudes of the low and the central field linels.4/hg) measured

on the ESR spectra of 16-PCSL in digcamidine at low (solid
symbols) and high (open symbols) ionic strength, at pH 3.0 (cir-
cle), 7.4 (triangle) and 9.0 (star). The data were acquired from 50
to 5°C. (b) Comparison of the diG-amidine data at pH 7.4 with
those of DMPG, at low and high ionic strength.

is the ratio between the amplitudes of the low and
central field lines if;1/hp, seeFig. 3). This parame-
ter is highly sensitive to chain order/mobility and can
be measured from 50 to°®&, therefore allowing one
to monitor the lipid fluid-gel transition. With respect
to the lipid phase transition, it is interesting to note
that, in contrast to the results obtained with 5-PCSL,
the pH 9 sample at the bilayer core is not sensitive to
salt concentration, yielding similaf, values at low
and high ionic strengthF{g. 49. The samples at pH

9 and 7 yield rather sharp gel-fluid temperature tran-
sitions, with the pH 9 samples presenting a slightly

ter to be used over the whole range of temperature higher Ty, value (~20°C) as compared to the pH 7
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samples £18°C), probably due to the lower charge
in the bilayer surface of the former.

The behavior of the highly charged pH three sam-
ples is rather peculiar in that the high ionic strength

sample displayed a sharp temperature transition, but

at a quite low temperature, around°X2 The low salt

sample presents a very loosely packed gel phase at -

the 16-PCSL-monitored microenvironment, with high
h,1/hg values, and a smooth phase transitibig(49.

It is interesting to note that the gel-phase packing of
the high salt samples, at pH values 3, 7.4 and 9, is

rather similar (see experimental data at 5 and@0
in Fig. 49, although the phase transition tempera-
tures differ considerably. Also interesting is the result
that mono-charged diG-amidine bilayers at pH 7.4
and 9, in low ionic strength, present a rather tightly
packed gel phase, indicated by the lbwi/hg values.
Fig. 4breproduces the results shown kig. 4g for

diCy4-amidine bilayers, at pH 7.4, and compares them

with the results yielded by the diganionic phospho-
lipid 1,2-dimyristoylsnglycero-3-phosphoglycerol
(DMPG), evincing that cationic diz-amidine mem-

branes are much less sensitive to the presence of salt

than those of DMPGL@amy-Freund and Riske, 2003

despite the similarity between the gel and fluid phase

packing.
Surprisingly, in the fluid phase, the highly charged
pH 3 diC4-amidine membrane seems to be more

C.R. Benatti et al./Chemistry and Physics of Lipids 131 (2004) 197-204
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Fig. 5. Temperature dependence of the rotational correlation times
(a) s and (b) ¢ calculated (see text) from the ESR spectra of
16-PCSL in diG4-amidine at low (solid symbols) and high (open
symbols) ionic strength, at pH 3.0 (circle), 7.4 (triangle) and 9.0

closely packed at the bilayer core (as monitored by (star).

16-PCSL) than the higher pH samples, displaying
lower hyi/hg values Fig. 4g9. This is clearly indi-
cated by the 16-PCSL rotational correlation times,
with the low pH samples presenting rather higher
values for bothrg and z¢ (Fig. 5a and h Due to
the difficulty in establishing a nitroxide preferential
rotational axis, theg andzc values were calculated
according toSchreier et al. (1978using the correc-
tions for non-resolved hyperfine splitting proposed by
Bales (1989) The similarity between theg and ¢
values indicates that the nitroxide of 16-PCSL that
is incorporated in the fluid phase of difzamidine
bilayers is in a quite isotropic environmer&dghreier

et al., 1978.

3.3. Membrane polarity

It has been shown that the magnitude of the nitro-
gen isotropic hyperfine splittingag, one-third of the

trace of the hyperfine tensor) depends on several fac-
tors which increase the unpaired electron spin den-
sity at the nitrogen nucleus, such as solvent polarity,
the presence of electric fields or the existence of elec-
tron transfer complexGriffith et al., 1974; Schwartz
et al., 1997. For labels inside a lipid bilayer, there are
strong indications that an increasedis mainly re-
lated to the increase in the amount of nitroxide-water
hydrogen bonding Griffith et al., 1974. Therefore,
the presence of water in the bilayer can be estimated
from the magnitude of the isotropic nitrogen hyperfine
splitting.

The nitrogen isotropic hyperfine splittingy can
be relatively well determined in ESR spectra typical
of probes displaying high order and fast movement,
where theAnax andAmin values can be precisely mea-
sured (seeSection 2 like those of 5-PCSL at high



C.R. Benatti et al./Chemistry and Physics of Lipids 131 (2004) 197-204 203
temperature Kig. 1). Otherwise, for relatively 15.8 . . ; ; ;
isotropic ESR signal, in the motional narrowing region 5-PCSL _";‘”_i:;‘g;"e"g'“ (a)
(Hudson and Luckhurst, 19%9ike that of 16-PCSL, 15.6 :g:;g .
ap can be directly measured in the ESR spectrum, as high ionic strength
indicated inFig. 3, or more accurately obtained by fit- 15.44 XE: . 1
ting the three hyperfine lines to Voigh functions (see . THTPHO0
Section 2. Properly measuredy values are expected G 1524 1
to be rather independent of temperature. The varia- o _—
tion of the isotropic hyperfine splitting of spin labels 15.04 7
in aqueous media, whem® can be very accurately 1
evaluated, is less than 0.3% between 20 andG0 1481 ! L T
(data not shown). However, inside the lipid bilayer, a
small increase ofig with temperature could possibly 146 30 a5 40 45 50
indicate an actual increase in the number of water
molecules with temperature. 15.0—— , , , ,

Fig. 6 shows the calculatedy values for 5- and 16-PCSL (b)
16-PCSL in the different samples studied. Considering 14.84 J
the strong dependence af with the microenviron-
ment polarity Griffith et al., 1974, the data presented 14.6 [ 1
here strongly suggest that the nitroxide in 5-PC&4. ( — _— I
~ 15.0 G) is, in average, positioned in a shallower S 44l ¢ L — ——0 -
position in the bilayer than that attached to 16-PCSL o’ — i _—% ®
(a0 ~ 14.3 G). Moreover, they are both inside the 1E2E I — -1 .
bilayer, as in agueous medium spin labels present a L
much higherg value, 15.78t 0.01 G fernandez and 14.04 1
e Lamy-Freund, 2000

13.84+— , . ; .

The ag values for 5-PCSL in the different samples
studied Fig. 69 indicate that the dig-amidine bi-
layer polarity close to the 5th carbon atom is indepen-

30 35 40 45
T(C)

50

dent of the medium pH value or salt concentration. Fig. 6. Temperature dependence of the isotropic hyperfine splitting
However, at the bilayer core, which is monitored by (laé))Pg"‘s'CLUi'r?tgidq fr;’r':id‘i:z a'ftslsws(gsﬁgi (r’rf]bg?i) Sa_:dckil_ha(rc])d e(nb)
16__P,CSL’ the higher values o,f the isotropic hyperfine symbols) ionic s4trength, at pH 3.0 (circl)é), 7.4 (triangleg) ang 9.0
splitting suggest that the low ionic strength sample at (sap.
low pH is significantly more hydrated. Hence, it is in-
teresting that the substantial increase in packing mea-
sured at the bilayer core for the highly charged low it bears two positive charges at low pH value, it was
pH diCyi4-amidine bilayers (higher rotational correla- Proposed that this high charge density could be re-
tion times, Fig. 5 seems to parallel the increase in sponsible for a strong destabilization of the endosomal
membrane polarity. membrane.

Comparison of several cationic lipids has suggested
that disruption of endosomes was more frequently
observed with DNA-diC14-amidines complexes than Acknowledgements
with other cationic lipidsEl Ouahabi et al., 1997and
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