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Abstract: The surface properties of pure RuBisCo transit peptide (RTP) and its interaction with zwitterionic, anionic phospholipids
and chloroplast lipids were studied by using the Langmuir monolayer technique. Pure RTP is able to form insoluble films and
the observed surface parameters are compatible with an «-helix perpendicular to the interface. The «-helix structure tendency
was also observed by using transmission FT-IR spectroscopy in bulk system of a membrane mimicking environment (SDS). On
the other hand, RTP adopts an unordered structure in either aqueous free interface or in the presence of vesicles composed of
a zwitterionic phospholipid (POPC). Monolayer studies show that in peptide/lipid mixed monolayers, RTP shows no interaction
with zwitterionic phospholipids, regardless of their physical state. Also, with the anionic POPG at high peptide ratios RTP retains
its individual surface properties and behaves as an immiscible component of the peptide/lipid mixed interface. This behaviour
was also observed when the mixed films were composed by RTP and the typical chloroplast lipids MGDG or DGDG (mono- and
di-galactosyldiacylglycerol). Conversely, RTP establishes a particular interaction with phosphatidylglycerol and cardiolipin at low
peptide to lipid area covered relation. This interaction takes place with an increase in surface stability and a reduction in peptide
molecular area (intermolecular interaction). Data suggest a dynamic membrane modulation by which the peptide fine-tunes its
membrane orientation and its lateral stability, depending on the quality (lipid composition) of the interface. Copyright © 2007

European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Many chloroplast proteins are known to be synthe-
sized on cytosolic ribosomes and imported into the
chloroplast after translation, where they end up in spe-
cific locations, either in the envelope membranes, the
stroma or the thylakoid membranes of the lumen [1-4].
Precursors of the small subunit of the stromal protein
ribulose 1,5-bisphosphate carboxylase (RuBisCo) con-
tain transit peptides of between 44 and 57 residues in
length, depending on the species of origin, and these
have been shown by genetic manipulation experiments
to contain sufficient information to achieve transport
into the chloroplast [5]. A number of these proteins are
synthesized as precursors, with amino-terminal exten-
sions, which are cleaved in two stages after transport,

Abbreviations: DPPC, 2 dipalmitoyl-sn-glycero-3-phosphocholine; FT-
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and the two sections may be functionally responsi-
ble for transport to or into different locations within
the chloroplast [3,5,6]. They contain limited regions of
hydrophobic residues, many hydroxyl residues (thre-
onine and serine), fewer basic residues and no acidic
residues [7]. Although stromal-targeting peptides do not
have a conserved primary structure, they contain three
distinct regions: an uncharged N-terminal domain of
~10 residues beginning with Met-Ala and terminating
with Gly-Pro, a central domain lacking acidic residues
but enriched in Ser-Thr and, finally, a C-terminal
domain enriched in Arg [8]. The secondary structure
of these peptides in aqueous solution is unstructured
as proposed by von Heijne [9], but in membranous envi-
ronments they adopt mainly «-helix structure [10,11].
Several works have shown that transit peptides have
differential ability to insert into lipid monolayers, with
a preference for anionic and/or typical organelle lipids
from mitochondria and chloroplast [11-15].

To date the stability of these peptides at the interface
is unknown, and whether this stability depends
on the structure that peptides may adopt at the
amphipathic interface. Nothing is known about the
lateral interaction of these peptides with lipids and
whether the peptide-lipid interaction depends on the
physical state of lipid phase. In order to correlate
protein transport across membranes with the peptide
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secondary structure, the peptide surface activity and
peptide-lipid lateral interaction, we have studied the
biophysical properties of the first 24 residues from
wheat RTP [16]. Briefly, in this study we analyse
the surface behaviour of pure peptide and mixed
peptide-lipid films by using the air-water monolayers
approach as a membrane model system. Also, we
include structural analysis of RTP provided by FT-IR in
different biomembrane-like environments. Altogether,
we conclude that RTP adopts «-helical conformation at
the air—-water interface and in bulk when the peptide
interacts with SDS. Also, differential lateral interactions
of the peptide with lipids were observed for peptide/lipid
mixed films at the air—water interface, depending on the
interfacial components in the mixture.

MATERIALS AND METHODS

Materials

Lipids (POPC, DPPC, POPG and Cardiolipin) were purchased
from Avanti Polar Lipids Co. (Alabaster, AL, USA). Cardiolipin
is an extracted lipid from beef heart tissue and the main fatty
acid composition is 18:3 (86.6%). MGDG and DGDG were
obtained from Larodan fine chemicals (Malmo, Sweden). All
lipids were used without further purification. 2HaO and SDS
were provided Sigma-Aldrich Chem. Co. (St. Louis. MO, USA).
The 24 residue RTP peptide: Met-Ala-Pro-Ala-Val-Met-Ala-
Ser-Ser-Ala-Thr-Thr-Val-Ala-Pro-Phe-GIn-Gly-Leu-Lys-Ser-
Thr-Ala-Gly was synthesized on p-alkoxybenzylpolystyrene
with flourenylmethoxycarbonyl-protected amino acids on a
Milligen 9050 Peptide Synthesiser using the protocol described
by the manufacturers, cleaved and deprotected by incuba-
tion in 50%TFA, 5% anisole, 2.5% ethyl methyl sulphide and
42.5% dichloromethane for 2 h, triturated in diethyl ether,
then purified by reverse-phase HPLC on a C8 Rainin column.

Transmission infrared studies

FT-IR spectra of RTP (6.7 mg/ml) in 2H,0 and in presence
of 15% SDS, POPC and POPG dispersions in 2H,O were
recorded 12 h after sample preparation (to ensure a complete
H/D exchange) on a Nicolet Nexus spectrometer, at room
temperature in a CaFy cell with a 0.1 um Teflon spacer,
continuously purged with dry air to eliminate water vapour
interference. One hundred scans were signal-averaged at a
resolution of 2 cm™~!. Before FT-IR measurements, RTP peptide
was lyophilized several times from 10 mM HCI in order to
eliminate traces of TFA. Spectra of peptide-free samples were
subtracted from the spectra of the RTP-containing samples,
using OMNIC E.S.P. 5.1 software. Fourier self-deconvolution
was performed and the values for the bandwidth and the
enhancement for the deconvoluted spectra were 18 and
2 cm™!, respectively [17].

Monolayer studies

The Monolayer technique is a useful technique in order to
study amphipathic molecules at the air-liquid interface. It is
based on the direct measurement of changes in the surface
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tension of the liquid (subphase), when a surfactant film is
compressed by a barrier. This change in surface tension is
translated to IT where IT = y, — y, ¥, being the surface tension
of the pure liquid and y, the tension of the film-covered surface
compressed by the barrier [18]. Monolayer experiments were
performed at room temperature, (25 + 2)°C. The subphase was
145 mMm NaCl. Lipids were dissolved in chloroform : methanol
(67:33, v/v) solution. Pure peptide monolayers were formed
by direct spreading from DMSO: chloroform : methanol (1:6: 2,
v/v) solution (1 mm) by using a microsyringe. For compression
experiments, the total surface area of the Teflon trough was
80 cm? and the volume of the subphase was 75 ml at the
specified pH. The spreading solvent was allowed to evapo-
rate for at least 5 min before compression was started, at a
rate of 43 cm?/min. Lower compression rates gave the same
results. For lipid-peptide mixed monolayers, peptide and lipid
were premixed at the desired proportion from their respec-
tive pure solutions, and then directly spread on the surface.
The IT (Wilhelmy method via platinized-Pt plate), the area
enclosing the monolayer, and the AV (via milliVoltmeter with
air-ionizing 24! Am plate and calomel electrode pair) were auto-
matically measured (with the control unit Monofilmmeter with
Film Lift, Mayer Feintechnique, Gottingen, Germany). The data
were recorded continuously and simultaneously with a double
channel X-YY recorder.

RESULTS
FT-IR analysis

For peptide secondary structure, the amide I band
(placed between 1615 and 1695 cm™! at the IR spec-
trum) was analysed [19,20]. At this specific region of
the FT-IR spectrum, the absorption (vibration) of the
carbonyl group of the amide bond is analysed. This
group absorbs at typical wavenumbers of the FT-IR
spectrum, depending on the secondary structure that
is conforming [19]. The amide I band of the FT-IR
deconvolved spectra of the 24-residue synthetic transit
peptide in 2H,0, SDS micelles and POPC vesicles are
shown in Figure 1(A). For a more detailed analysis of
the amide I band, the second derivative spectrum of
the deconvolved spectrum was generated (Figure 1(B)).
The second derivative spectra of RTP in 2H,0 and in
presence of POPC vesicles show mainly absorbance
bands in the 1642-1644 cm™! frequency range, which
are indicative of a random structure. Small absorbance
bands at 1626 cm~! (associated with B-sheet struc-
ture) can be observed probably due to some peptide
aggregation [20,21].

It is possible to notice a difference between the
amide I maximum in the deconvolved spectra of RTP
in 15% SDS, centred at 1648 cm™!, with respect to
that obtained in either spectra of pure RTP in 2H,0
or in the presence of POPC vesicles, which is cen-
tred at 1643 cm™! (Figure 1(A)). The 1647-1650 cm™!
wavenumber range is associated to an «a-helical struc-
ture, when 2H,O is used as solvent [19,20]. These
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Figure 1 Transmission FT-IR spectra of RTP in different
conditions. FT-IR absorbance spectra (A) and second derivative
spectra (B) of RTP in 15% of SDS (1), POPC vesicles (2) and
2H,0 solution (3). The peptide concentration is 6.7 mg/ml.

results indicate that the peptide in aqueous solu-
tion, or in presence of POPC (zwitterionic) vesicles, is
mainly in an unordered conformation but in presence
of negatively charged SDS micelles there is a significant
increase on its a-helical content. FT-IR data from RTP
interacting with anionic or chloroplast lipids was not
possible to achieve because of peptide/lipid aggrega-
tion and because chloroplast lipids were problematic to
resuspend in aqueous environment.

Pure peptide monolayer

Pure RTP peptide forms insoluble monolayers giving
a limiting molecular area (maximal packing in the

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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two-dimensional array of the interface, refer [18,22])
of 2.16 nm? per molecule, with a collapse pressure of
17 mN m™! (Figure 2). The AV of the peptide monolayer
at maximal packing (collapse pressure) was 365 mV.

These three surface parameters are closely similar to
those found for the amphiphilic melittin or antibiotics
a-helical peptides [23,24], in agreement with an «-helix
structure perpendicular to the interface [23-25]. The
values of collapse pressure and limiting molecular area
of RTP are independent of the pH of the subphase.
However, under alkaline or acidic subphase the AV
changes owing to the titration of lateral amino groups,
which, in turn, modifies the net dipolar moment across
the interface (Figure 2, refer [18,22] for further details
on AV). This analysis is relevant in order to note
whether changes in the pH of the interface (quality)
induce changes in peptide conformation altering its
surface behaviour.

Lipid-peptide mixed monolayers

The monolayer technique is a powerful approach to
study the surface properties of amphipathic molecules
either when constituting a one-component film or when
interacting with other amphiphilic molecules at the
interface. This technique allows: to know the precise
interfacial composition; to control the lateral packing
of the film; and to adjust external variables like pH,
temperature, etc. From mixed lipid-peptide monolayers
it is possible to obtain the experimental mean molecular
area (A;_») of the mixture and, therefore, it is possible
to compare them with the ideal area (Ajgea), Which is the
expected area from a non-interacting mixture. This data
allows us to know the lateral interaction (attractive or
repulsive) of the components in the mixture. The ideal
area is calculated from the additive values obtained
for pure components weighted by their respective
mole fraction at the desired lateral pressure (Eqn 1,
[18,22-25]). Deviations from the additive rule indicate
peptide-lipid lateral interactions [18,22,24,25]. It is
also possible to estimate the equivalent area (Acquivalent)
of the peptide in the mixed interface according to Eqn 2
by assuming that the molecular lipid area remains
unchanged at the evaluated lateral pressure [18,22].

[Aidealln = [Alipid]l—[ X }<lipid + [Apeptide]n X Xpeptide @Y

[Acquvatents |y = (-2l = [Arln x X) /X &)

Mixed films of RTP with zwitterionic lipids (DPPC
and POPC) show an immiscible behaviour at all
peptide-lipid proportions. This can be deduced from
[1-A isotherms in which two collapse pressures are
clearly distinguishable (Figure 3) (according to the
surface phase rule, refer [18,22]).

The lower collapse pressure corresponds to a peptide-
enriched phase, whereas the higher collapse pressure
corresponds to a more lipid-enriched phase [23,24].

J. Pept. Sci. 2007; 13: 245-252
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Figure 2 Surface behaviour of pure RTP peptide monolayers at different pH subphase. IT-Area (solid line) and AV-Area (dashed
line) isotherms of RTP monolayers on a subphase of 145 mm NaCl at pH 6 (1) or 11 (2). Arrows indicate the collapse pressure (I1)
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Figure 3 [I-Area compression isotherms of RTP-zwiterionic lipid mixed monolayers at similar area covered peptide. [T-Area (solid
line) and AV-Area (dashed line) of RTP/DPPC at 0.06:0.94 mole ratio (or 25:75% area ratio) (a) and RTP/POPC at 0.24:0.74
mole ratio (or 75:25% area ratio) (b). The subphase was NaCl 145 mm at pH 6. Arrows 1: Liquid expanded to liquid condensed
phase transition of DPPC distorted by the presence of the peptide; 2: Collapse pressure of the peptide-enriched phase; 3: Collapse

pressure of the lipid-enriched phase.

No considerable deviations were observed in the mean
molecular area compared with the expected ideal
behaviour (Eqn 1, data not shown). Thus, no substan-
tial lateral peptide-lipid interactions are observed with
zwitterionic phospholipids. The mean AV and the mean
molecular area values found for RTP mixed with neutral
phospholipids are indicative that the peptide retains its
a-helical conformation perpendicular to the interface.
Compression isotherms of monolayers composed by
RTP mixed with the typical chloroplast lipids MGDG
and DGDG where analysed. As seen in Figure 4(A)

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

and (B), RTP is not miscible with these lipids at all
peptide proportions studied (two collapse pressures are
observed at the isotherm).

Conversely, RTP shows a miscible behaviour in mixed
films with anionic lipids like POPG or cardiolipin up
to a 1:3 peptide-lipid area relation (Figure 5). A fur-
ther increase in peptide area proportion produces an
immiscible behaviour (Figure 5). Interestingly, in the
range of miscibility of negative peptide-lipid interfaces
the equivalent peptide area is substantially reduced
(Table 1).

J. Pept. Sci. 2007; 13: 245-252
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Figure 5 Surface behaviour of RTP mixed with POPG and cardiolipin at similar area covered peptide. I1-Area (solid line)
and AV-Area (dashed line) of: (A) RTP/POPG at 0.05:0.95 peptide:lipid mole ratio (corresponding to 25:75 peptide:lipid
covered area; curve 1) and at 0.21:0.79 peptide:lipid mole ratio (corresponding to 75:25 peptide:lipid covered area; curve
2); (B) RTP-Cardiolipin at 0.1:0.9 peptide : lipid mole ratio (corresponding to 20:80 peptide : lipid covered area; curve (1) and at
0.22:0.78 peptide : lipid mole ratio (corresponding to 35 : 65 peptide : lipid covered area; curve (2). The subphase was NaCl 145 mm
at pH 6. Arrow: collapse pressure corresponding to the peptide-enriched phase (immiscibility condition).

In order to see if the presence of a negatively charged
lipid at the interface changes the behaviour of RTP
when was mixed with the typical chloroplast lipids,
MGDG and DGDG, POPG was added in the mixture
at proportions near the biological composition reported
for chloroplast membranes [26]. At any lipid to peptide
proportions analysed, an immiscible behaviour was
always observed (Figure 6(A) and (B)).

DISCUSSION

Cells have mechanisms that differentiate the signal
sequences in the newly synthesized proteins that tar-
get and translocate secretory and membrane proteins
to the endoplasmic reticulum membrane from those
that are imported into chloroplasts. Also, the appro-
priate sequence distinguishes proteins imported into
mitochondria from those that direct proteins to other
subcellular organelles such as the nucleus or the

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

peroxisome [2,27,28]. In chloroplast, the import of
nuclear-encoded proteins is mediated by the interac-
tion between the intrinsic N-terminal transit sequence
of the preprotein and a common import machinery
at the chloroplast envelope [1,15]. One of the general
characteristic of signalling peptides that is emerging is
the general amphiphilic pattern with similar properties
rather than an exact sequence matching [6,7]. Thus, in
the insertion or translocation into biomembranes the
peptide-lipid interaction acquires relevance since it is
taking part of the process. We have previously reported
that secretory signal sequence peptides adopt S-sheet
structure both in aqueous solutions and in presence
of phospholipids and detergents and, in turn, this
conformation is responsible for the high surface sta-
bility acquired for these peptides at air-water interface
[19,29,30]. In contrast, the FT-IR spectra of the 24-
residue chloroplast RTP either in aqueous solution or
in presence of zwitterionic interface adopts essentially a

J. Pept. Sci. 2007; 13: 245-252
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Table 1 Equivalent molecular area of RTP peptide in different
condition

Monolayer Equivalent Mixing
composition molecular area?® behaviour
(lipid/RTP mole ratio) (nm?2 molecule™!) observed
Pure RTP Peptide 2.16 —
RTP/DPPC 2.38 Immiscible
(0.17/0.83)
RTP/POPC 2.46 Immiscible
(0.24/0.76)
RTP/POPG 1.07 Miscible
(0.05/0.95)
RTP/POPG 2.00 Immiscible
(0.24/0.86)
RTP/cardiolipin 1.05 Miscible
(0.10/0.90)
RTP/cardiolipin 3.18 Immiscible
(0.22/0.78)
RTP/MGDG — —
(0.77/0.23) 1.7 —
(0.91/0.09) 2.65 Immiscible
(0.97/0.03) 2.83 —
RTP/DGDG — —
(0.77/0.23) 1.84 —
(0.91/0.09) 2.37 Immiscible
(0.97/0.03) 1.5 —
RTP/(MGDG- — —
POPG 8:2)
(0.77/0.23) 2.3 —
(0.91/0.09) 2.21 Immiscible
(0.97/0.03) 2.73 —
RTP/(DGDG- — —
POPG 8:2)
(0.77/0.23) 2.48 —
(0.91/0.09) 3.15 Immiscible
(0.97/0.03) 3.99

2The equivalent molecular area was calculated according to
Eqn 2.

random structure. However, RTP when interacting with
SDS micelles adopts mainly an «-helical conformation
(Figure 1). This finding is in keeping with the hypothesis
presented by von Heijne et al., [9] in which they pos-
tulate that the chloroplast transit peptide sequences
are compatible with a more flexible conformation. Fur-
thermore, it was reported that both the rat malate
dehydrogenase mitochondrial transit peptide or the pre-
ferredoxin chloroplast transit peptide have random coil
conformation in water solution [11,31]. However, for all
the peptides indicated above they increase the amount
of secondary «-helix structure in presence of particu-
lar amphiphilic membrane mimic systems. Empirical
calculations have suggested that the common struc-
tural feature of mitochondrial transit sequences is the
amphiphilic helix [32,33].

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

The present paper is the first in describing the
surface stability and peptide-lipid lateral miscibility
of mixed films at air-water interface corresponding to
a well-defined ‘transit peptide’. RTP forms insoluble
monolayers with a molecular area of about 2.16 nm?
at a collapse pressure of 17 mN m! (Figure 2). This
data is similar to that obtained for the lytic 26-residue
melittin or antibiotic peptides, which is compatible
with a a-helix structure perpendicular to the interface
[23,24]. The unmaximal stability of RTP of about
17 mNm™! is relatively low and scores below what
is expected for a phospholipid in a bilayer (around
30-35 mN m™!, [34,35]) or for signal sequence peptides
(higher than 25 mN m™!, [29,30]). Pure RTP monolayer
has a low collapse pressure compared to other
peptides that adopt g-sheet structure at the interface
[28,29,36-38]. The lower stability of «-helix peptides at
the interface may be because this structure has a low
degree of lateral interaction, in contrast with peptides
that adopt B-sheet structure in which they have the
possibility of lateral inter peptide-peptide interaction,
the typical of the 8-sheet conformation [36]. In addition,
we have measured the surface properties at two pH of
the subphase. At the alkaline pH, the basic amino
groups of the peptide sequence may be deprotonated.
This change is noticed by lateral AV measurements.
Here, we report that no noticeable changes in the
surface behaviour (collapse pressure and molecular
area of the peptide film) are observed, whereas a marked
change in the AV was noticed. This data indicate that
there is a change in the net dipole of the molecule but
this change is not caused by a change in the protein
structure [24].

The difference in peptide conformation and sur-
face stability may, in turn, be influencing the lateral
peptide-lipid miscibility [23,25,29]. The RTP-lipid mis-
cibility depends on lipid polar head group of the
phospholipid. RTP peptide,which does not discrimi-
nate the physical state of phospholipids, since with
the zwitterionic DPPC or POPC we found an immis-
cible behaviour in all peptide-lipid mixed interface
composition (Figure 3); these lipids behave as lig-
uid condensed and liquid-expanded monolayer phase,
respectively, at room temperature [22,23]. Also, an
immiscible behaviour was observed for the chloroplast
component lipids, MGDG and DGDG. On the other
hand, RTP is miscible either with the anionic POPG or
cardiolipin up to 25% of peptide relative area propor-
tion (it corresponds to a peptide mole fraction of about
0.05; Table 1). In the mixed surface behaviour, the rel-
ative area of the components acquires more importance
than the mole fraction if the difference on the surface
molecular area is high [39]. A further increase in pep-
tide content at the mixed interface shows immiscibility
with two well-defined collapse pressures (Figure 4). It
is interesting to emphasize that in the range of pep-
tide—anionic lipid composition in which a miscible

J. Pept. Sci. 2007; 13: 245-252
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behaviour is obtained the equivalent peptide molecu-
lar area changes substantially. This finding indicates
that the peptide conformation or its interfacial location
depends on both the type of lipid and its relative propor-
tion at the mixed interface. The lower equivalent peptide
area in the miscible region is compatible with either an
a-helix parallel to the polar head groups of the lipids
with some hydrophobic lateral residues protruding into
hydrocarbon tails, or changes in the secondary struc-
ture with more beta-sheet content perpendicular to the
interface, or a combination of both possibilities. Neither
this behaviour obeys a particular physical state of the
lipid, as it occurs with melittin peptide in which it differ-
entiate between condensed and more liquid-expanded
phospholipids [22], nor has RTP a general affinity for
anionic interfaces. Also, in Figure 5 it can be observed
that the mean molecular area of RTP/POPG monolay-
ers at collapse pressure is lower when the peptide is
immiscible than when it is miscible. On the other hand,
this behaviour is not observed for cardiolipin. This fact
can be interpreted as a loss of peptide/POPG from the
monolayer when the peptide is at high proportions.
This indicates how the lateral behaviour of mixed pep-
tide/lipid monolayers depends on the proportion and
quality of the components.

As a summary, here we report new data describing
the behaviour of a chloroplast transit peptide when
interacting with different interfaces (air-water, lipids,
detergent interfaces). Here, we show that the surface
properties and structure of the peptide depend on their
quality. The biological relevance of monolayer studies
is related to how RTP can be inserted inside the lipid
bilayer and how it interacts laterally with the lipids
at this stage when the protein is traslocated. As was
described, RTP not only remains at the monolayer at
high lateral pressures when anionic lipids are present
at the peptide/lipid monolayer (miscible behaviour) but
also interacts with anionic micelles adopting a more
helical structure, presumably the one that is taken by

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

RTP when it is incorporated into monolayers. Regarding
the fact that RTP is not miscible with zwiterionic lipids
at the air/water interface, this can be an explanation of
why it cannot interact with POPC liposomes in bulk (the
mean lateral pressure assumed for liposomes is in the
range of 20—-35 mN m~!; [34,35]). With all these data, it
is noticeable that a fine-tune regulation for the protein
transport at the peptide/lipid interaction level can be
involved for this process.
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