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ABSTRACT: 2,3′-Cyclic nucleotide-3′-phosphodiesterase (CNP) is a myelin-associated protein, an enzyme
abundantly present in the central nervous system of mammals and some vertebrates.In Vitro, CNP
specifically catalyzes the hydrolysis of 2′,3′-cyclic nucleotides to produce 2′-nucleotides, but the
physiologically relevantin ViVo substrate is still unknown. Recently, it was found that CNP is a possible
linker protein between microtubules and the plasma membranes. Since CNP is modified post-translationally
by an isoprenylation process at its C terminus, the prenylation is hypothesized to be a requisite process,
which permanently anchors CNP to the plasma membrane. This study investigates the molecular mechanism
of the interaction between CNP and the plasma membrane, proposing a general model to interpret the
structural bases of prenylated proteins binding to the membrane. A 13 residue, C-terminal CNP fragment,
C13, was demonstrated to be directly responsible for CNP membrane anchoring. C13 and its lipidated
derivative (LIPO-C13) were subjected to conformational analysis in membrane mimetic environments,
by means of CD and NMR spectroscopies. The orientation of C13 in relation to the membrane was
investigated by NMR and EPR spin labeling studies. Our structural investigation shows that the presence
of the lipidic tail is essential for the peptide to be folded and correctly positioned on the membrane surface.
A general model is proposed in which the post-translational lipidation is an important biomolecular trick
to enlarge the hydrophobic surface and to enable the contact of the protein with membrane.

2,3′-Cyclic nucleotide 3′-phosphodiesterase (CNP)1 is a
myelin-associated enzyme abundantly present in the central

nervous system of mammals and some vertebrates. It is one
of the earliest myelin-related proteins to be expressed in
differentiating oligodendrocytes and Schwann cells (1).
Although its biological function is still unknown, numerous
independent studies suggest a role for this protein in the
migration and/or expansion of membranes during myelination
(2). CNP is expressed as two isoforms with a molecular mass
of around 46 kDa (CNP1) and 48 kDa (CNP2), differing
only by a 20-amino acid extension at the N-terminus (2, 3).
Both isoforms are modified by isoprenylation at their C
terminus (4) and the protein is found attached to the plasma
membrane of various cells, provided both prenylation and
palmitoylation modifications have occurred. The association
of CNP with the cytoskeleton was also suggested by Braun
at al (5) and we previously demonstrated that CNP is firmly
associated with tubulin from brain tissue and thyroid cells
acting as a membrane microtubule-associated protein (MAP)
in promoting microtubule assembly (5-7).

The CNP region responsible for the interaction with the
plasma membrane is a segment consisting of 13 amino acids
located in the C-terminus of the protein (6, 7). CNP lacking
this sequence loses both the membrane and tubulin binding
properties. Thus C13 can be considered a bridge sequence
which includes both membrane and tubulin anchoring sites.
C13 includes a CAAX (“C” refers to the cysteine, “A” to
any aliphatic amino acid, and “X” to any amino acid)
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consensus motif whichin ViVo is an isoprenylation site (8-
10) and is essential to membrane anchoring. Hence,in ViVo
CNP in correspondence with the C13 sequence is both
prenylated and palmitoylated (11), providing hydrophobic
sites for membrane binding (4, 11-12). CNP shares this
property with ras oncoproteins and their relatives, some
G-proteins, and nuclear lamins (11-15). On the other hand,
in correspondence with the C13 sequence, it exhibits a
significant homology with the tubulin-binding domain of
MAP2 (view Figure 1). Accordingly, C13 was proven to be
endowed with microtubule-associated protein (MAP)-like
properties exerting a pivotal role for microtubule assembly
(7, 16, 17).

CNP was involved in aberrant myelination (19, 20), in
Down syndrome, in Alzheimer’s disease, and multiple
sclerosis (21-26); the disruption of the CNP gene was
proven to cause hydrocephalus and premature death. These
CNP bioactivities bring to mind a similarity of CNP to other
proteins implicated in neurodegenerative diseases. In par-
ticular a malfunction of CNP as a membrane-interacting
peptide can be determinant to producing the reduction in the
membrane plasticity which is a feature of many neurode-
generative diseases.

Therefore, the role of CNP as a molecular linker between
membrane and intracellular effectors and additionally its
implication as a protein involved in neuronal diseases suggest
that CNP plays a vital role for cell life and in this regard
can be considered an emerging target for potential therapeutic
use in cancer as well as in neurodegenerative diseases.

Here we report the synthesis and the conformational
analysis of the membrane-tubulin bridge peptide C13. The
study was performed in parallel, also on C13- lipidated
derivative LIPO-C13, in which 2-aminooctadecanoic acid
replaces the Cys10 residue. To analyze the structural features
of C13 as a membrane bound peptide, C13 and LIPO-C13
were extensively investigated by means of NMR, EPR, and
CD spectroscopies in different membrane-mimicking envi-
ronments. For technical reasons, high-resolution NMR studies

were performed in SDS and DPC micelle solutions. Never-
theless, to validate the data in a more significant biomimetic
system, CD data were recorded in DOPC and DOPG
multilamellar vesicles. The comparison of C13 and LIPO-
C13 structural features allowed evaluation of the potential
of the lipidic tail, and more specifically, of CNP prenylation,
to affect the conformational propensity of CNP and its
membrane binding properties (5, 6, 18).

MATERIALS AND METHODS

Peptide Synthesis.C13 (SRKGGAMQICTII) and LIPO-
C13, containing 2-aminooctadecanoic acid (AOD) in the
C-terminus (SRKGGAMQI(AOD)TII), were manually syn-
thesized on solid phase, using standard Fmoc/tBu chemistry.
The TentaGel S RAM (capacity of 0.20 mmol/g) resin was
purchased from Fluka (Sigma Aldrich, Italy). After depro-
tection of the Fmoc group with 30% of piperidine in DMF,
the amino acids in 4 fold excess were coupled to the growing
peptide chain, using DMF solution with an equimolar amount
of HOBt and HBTU. For the synthesis of LIPO-C13, the
Fmoc-L-2-aminoctadecanoic acid (Fmoc-AOD-OH), from
EspiKem (Italy), was introduced by double coupling as a
standard amino acid. All the reagents were from Novabio-
chem (France) or Sigma Aldrich (Italy). Other solvents and
reagents used in peptide synthesis were obtained from Sigma
(Italy) or Carlo Erba (Italy) and used without further
purification. Peptide-resin cleavage and side-chain depro-
tection reactions were carried out in 95% TFA, 2.5% water,
and 2.5% of TIS. After filtration to remove the resin followed
by cold ether precipitation, the crude peptides were recov-
ered.

HPLC Purification.Analytical HPLC was carried out on
a System Gold 125s model (Beckmann Coulter) equipped
with a UV166 detector. Preparative HPLC was carried out
on a Waters 600E system controller equipped with a 486
UV detector. A Jupiter (Phenomenex) C18 column (25×
4.6 cm, 5µm, 300 Å pore size) was used for analytical runs

FIGURE 1: Sequence alignment of CNP C13-segment and tubulin-binding domain of MAP2. Amino acid sequence of C13, Cys(R), Cys-
(R1) represents post-translational palmitoylation or prenylation.
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and a Vydac C18 column (25× 10 cm, 5µm, 300 Å pore
size) for peptide purification. Analytical separations were
performed with eluant A: 0.1% TFA/water, eluant B: 0.1%
TFA/acetonitrile, using a linear gradient from 5% to 65% B
over 20 min, flow rate: 1 mL/min, detection: UV, 210 nm,
tR: 12.2 min, HPLC purity: 64% (expressed as peak height
%). The main peak was isolated by preparative HPLC, using
a Vydac C18 column (2.2× 25 cm): eluants A and B as
indicated above, gradient from 15% to 44% B over 120 min,
flow 4 mL/min, UV detection at 210 nm.

Mass Spectral Analysis.The two peptides were character-
ized on a Finningan LCQ-Deca ion trap instrument equipped
with an electrospray source (LCQ Deca Finnigan, San Jose´.
CA). Samples were directly infused into the ESI source by
using a syringe pump at the flow rate of 5µL/min. Data
were analyzed with Xcalibur software.

Circular Dichroism.Samples for CD spectroscopy were
prepared by dissolving C13- and LIPO-C13 peptides in water
to a concentration of 0.1 mM. The pH was adjusted to 5.6
using phosphate buffer. Samples for CD in micelle solutions
were prepared using SDS and DPC surfactants in 10 fold
excess concentration as compared to their cmc (27, 28).

Liposomes for CD spectroscopy were prepared by dis-
solving DOPC and DOPG phospholipids in chloroform/
methanol (50/50). The solvent was then removed with
nitrogen evaporation and under high vacuum at room
temperature for at least 1 h. The dry lipid films were
resuspended in deionized water containing 0.01 mM peptides.
The vesicles were prepared at a temperature higher than the
gel-liquid crystal transition temperature. The suspension was
then vortexed to produce the desired liposomes. The liposome
samples were prepared to have a peptide/phospholipid molar
ratio of 1/4.

All CD spectra were recorded using a JASCO J810
spectropolarimeter at room temperature, with a cell of 1 mm
path length. The CD spectra were recorded using a measure-
ment range from 260 to 190 nm, 1 nm bandwidth, four
accumulations, and 10 nm/min scanning speed. All the
spectra were analyzed, subtracted by blanks, and finally
corrected by smoothing. The estimation of the secondary
structure composition was carried out using the algorithm
K2D by Dicroweb (29).

NMR Spectroscopy.NMR samples were prepared by
dissolving the appropriate amount of C13 and LIPO-C13 in
0.5 mL of an aqueous mixture H2O/D2O (90/10) solution to
obtain a 1.5 mM peptide concentration, in the absence or in
the presence of SDS-d25 and DPC-d38. Deuterated surfactants
were added at a 10-fold concentration compared to the cmc.
The NMR samples were prepared to have a peptide/surfactant
molar ratio of 1/100 (30, 31).

NMR spectra were collected on a Bruker DRX-600
spectrometer, at 300 K. One-dimensional (1D) NMR spectra
were recorded in the Fourier mode with quadrature detection,
and the water signal was suppressed by low-power selective
irradiation in the homogated mode. DQF-COSY, TOCSY,
and NOESY experiments were run in the phase-sensitive
mode using quadrature detection inω1 via time-proportional
phase increases of initial pulse (32-35). Data block sizes
were 2048 addresses in t2 and 512 equidistant t1 values.
Before Fourier transformation, the time domain data matrices
were multiplied by shifted sin2 functions in both dimensions.
A mixing time of 70 ms was used for the TOCSY

experiments. NOESY experiments were run with mixing
times in the range of 100-250 ms. The qualitative and
quantitative analysis of DQF-COSY, TOCSY, and NOESY
spectra was achieved using SPARKY software (36).

NMR and EPR Experiments in the Presence of Spin-
Probes.For NMR experiments, two different solutions of
5-DSA and 16-DSA spin-probes were prepared using
methanol-d4 as solvent. Spin-probes were added to deuterated
DPC-d38 micellar solutions of C13 and LIPO-C13 peptides
in a concentration ratio corresponding to spin probe/micelle
1:1.

In the case of EPR experiments, the samples were prepared
by weight at a surfactant concentration 10 times higher than
cmc and a spin-probe concentration equal to 0.5 mM. The
concentration of the peptide, if present, was 1 mM. The
samples were deoxygenated and successively sealed in 1.00
mm i.d. quartz capillaries in a nitrogen atmosphere. EPR
spectra were obtained using a Bruker ELEXYS e500 X-band
spectrometer. The instrument parameters were as follows:
modulation amplitude 0.16 G to avoid signal over modula-
tion, time constant 1.28 ms, receiver gain 60 dB, microwave
power 2 mW (20 dB) to prevent saturation effects. All
measurements were performed at room temperature. The
isotropic nitrogen hyperfine coupling constant and the
correlation time of the spin probes were obtained from the
experimental spectra as described in a previous work (37).

Refinement of the Structure by Molecular Dynamics
Calculations.Peak volumes of NOESY spectra at 150 ms
were translated into upper distance bounds with the routine
CALIBA of the DYANA software (38). The requisite
pseudoatom corrections were applied for nonstereospecifi-
cally assigned protons at prochiral centers and for the methyl
group. After redundant and duplicated constraints were
discarded, an ensemble of 100 structures was generated by
the standard protocol of simulated annealing in torsion angle
space implemented in DYANA (using 6000 steps). The
number of NOE-based distance restraints used with DYANA
calculation for C13 and LIPO-C13 in SDS was 130 and 164,
respectively; NOE-based restraints for the calculation of C13
and LIPO-C13 in DPC micelles were 190 and 212. respec-
tively. No dihedral angle restraints and no hydrogen bond
restraints were applied. The best 20 structures, which had
low target function values (0.83-1.19) and small residual
violations (maximum violation) 0.38 Å), were refined by
in vacuo minimization in the AMBER 1991 force field, using
the SANDER program of the AMBER 5.0 suite (39). To
mimic the effect of solvent screening, all net charges were
reduced to 20% of their real value, and moreover a distance-
dependent dielectric constant (ε ) r) was used. The cutoff
for nonbonded interactions was 12 Å. The NMR-derived
upper bounds were imposed as semiparabolic penalty func-
tions, with force constants of 16 kcal/mol Å2, and the function
was shifted to linear when the violation exceeded 0.5 Å. The
best 10 structures after minimization had AMBER energies
ranging from-441.4 to-391.1 kcal/mol. The final struc-
tures were analyzed using the Insight 98.0 program (Mo-
lecular Simulations, San Diego, CA) (40).

RESULTS

Choice of the SolVent. CD and NMR experiments were
performed in zwitterionic DPC and negatively charged SDS
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micelles. Additional CD spectra were recorded in negatively
charged DOPG and zwitterionic DOPC multilamellar vesicles.

Solutions containing micellar aggregates, are frequently
used as membrane mimicking systems, for the high-resolu-
tion NMR analysis of short peptides acting at the cell
membrane interface. Micelle solutions are composed of
surfactants, such as DPC or SDS, at a concentration higher
than their cmc. These surfactants form spherical aggregates
where the polar head-groups are located on the surface and
the hydrophobic tail in the core. Micelle solutions are suitable
systems for NMR analysis, since, thanks to their short
rotational correlation time, they produce good quality proton
spectra (30). However micelles are very simple models, very
different from plasma membranes in complexity and vari-
ability. In order to validate, in a more reliable biomimetic
medium, the results derived from SDS and DPC experiments,
we recorded CD spectra of C13 and LIPO-C13 in DOPG
and DOPC vesicles. DOPG and DOPC are anionic and
zwitterionic phospholipids, able to aggregate, forming mul-
tilamellar vesicles characterized by negatively charged and
zwitterionic surfaces, respectively (27, 28).

CD Spectroscopy.Figure 2 shows CD spectra of C13
(Figure 2A) and LIPO-C13 (Figure 2C), in SDS (continuous
line) and in DPC (dotted line) micellar solutions. The
comparison of CD curves for C13 in SDS and DPC micelles
indicates a different conformational behavior of the peptide
in the two micellar systems. The quantitative interpretation
of C13 and LIPO-C13 CD spectra (Table 1A), using K2D
algorithm from DichroWeb (29), indicates that C13 in SDS
micelles assumes a prevalence of extended (45%) and

random coil (30%) conformations, whereas in DPC a
significant percentage of turn-helical structures is observable.

CD spectra of LIPO-C13 show that the lipopeptide is less
perceptive to the nature of the micelle as compared to C13.
Indeed the CD spectra of LIPO-C13 in SDS and DPC
micelles are comparable. Accordingly, the quantitative
estimation of LIPO-C13 CD spectra in SDS and DPC
micelles (Table 1A) indicates similar values of about 50%
of turn-helical structures.

Figure 2B and 2D show CD spectra of C13 and LIPO-
C13 in DOPG (continuous line) and in DOPC (dotted line)
vesicles. A general increasing of helical content is observable
for both C13 and LIPO-C13 in the vesicle systems as
compared to the micellar solutions. The comparison of C13
CD spectra in DOPG and DOPC vesicles demonstrates a
clear difference in the shape of the curves, confirming the

FIGURE 2: (A, B) CD spectra of C13 (A) and LIPO-C13 (B) in the presence of SDS (continuous line) and DPC micelles (dotted line). (C,
D) CD spectra of C13 (C) and LIPO-C13 (D) in the presence of DOPG (continuous line) and of DOPC (dotted line) multilamellar vesicles.

Table 1: Quantitative Estimation (%) of CD Spectra Relative to
C13 and LIPO-C13 in (A) SDS and DPC Micelles and (B) DOPG
and DOPC Vesicles Using K2D Algorithm from DichroWeb (29)
Website

helix strand turns unordered

A. In SDS and DPC Micelles
C13 in DPC 40 10 20 30
LIPO-C13 in DPC 60 5 10 25
C13 in SDS 10 45 15 30
LIPO-C13 in SDS 30 5 20 45

B. In DOPG and DOPC Vesicles
C13 in DOPC 70 0 10 20
LIPO-C13 in DOPC 76 3 0 21
C13 in DOPG 15 30 15 40
LIPO-C13 in DOPG 16 0 36 49

Binding Properties of a CNP peptide Biochemistry, Vol. 47, No. 1, 2008311



high sensitivity of C13 to the membrane composition. The
same comparison made for LIPO-C13 shows significant
similarity between the spectra, suggesting that the lipo
derivative is less responsive to the electrostatic nature of the
vesicle surface. A quantitative interpretation of CD spectra
confirms these results as reported in Table 1B.

NMR Analysis.A whole set of 1D and 2D proton spectra
were recorded in SDS and in DPC micellar solutions. To
check the absence of self-aggregation, spectra were acquired
in the peptide concentration range of 0.5-15 mM. No
significant changes were observed in the distribution and in
the shape of the1H resonances, indicating that no aggregation
phenomena occurred in this concentration range. Complete
assignments of the proton spectra of C13 and LIPO-C13 in
micellar environments (see Supporting Information) were
achieved by the standard Wu¨thrich procedure (41). Analysis
of 2D spectra was performed using the SPARKY software
package (36).

The one-dimensional NMR spectra of C13 and LIPO-C13
in micelles show a significant spreading (from 7.2 to 9.0) of
the amide signals for both the peptides as compared to the
NH dispersion typical of random coil conformations. This
suggests that the interaction of the peptides with the micellar
surface is important to stabilize ordered conformation over
flexible disordered ones.

The amide plot (data not shown) summarizing the second-
ary shifts of amide protons for C13 and LIPO-C13 in SDS

and DPC micelles shows that although the NH chemical
shifts are significantly different than NH values of random
coil peptides, no periodicity is observable, according with
the absence of amphipathic structure (42).

The analysis CHR chemical shifts for C13 and LIPO-C13
in SDS and DPC micelles shows a remarkable upfield shift
compared to the standard values reported for random coil
conformations. According to the Chemical Shift Index (CSI)
grouping of four (not necessarily consecutive) “-1s” is
needed to define turn-helix conformations. Regions charac-
terized by nonconsecutive “0s” or “1s” are designated as coils
(43). C13 and LIPO-C13 in micelles show “-1s” values of
chemical shift (see Supporting Information); this is suggestive
of the presence of turn-helix conformation.

Figure 3 shows the low field region and the NOE
connectivities of NOESY spectra of C13 (Figure 3A) and
LIPO-C13 (Figure 3B) in SDS micelles. The NOE patterns
for the two peptides in SDS micelles are substantially
different. In particular, in accordance with the nonappearance
of medium range (i, i + 2) and (i, i + 3) connectivities, C13
shows a conformational preference for extended unfolded
conformations. On the contrary, criticalRΝ(i, i + 3) and
Râ(i, i + 3) medium range connectivities suggest a detectable
conformational preference of LIPO-C13 to assume ordered
conformations involving in particular the residues Gly5-Glu8.
A model of the conformational preferences of LIPOC13 in
SDS micelles was calculated using DYANA software, on

FIGURE 3: NH-CHR NOESY spectra of C13 (A) and LIPO-C13 (B) in SDS micelles. The spectra were recorded at 600 MHz, 300 K, 150
ms mixing time. At bottom of each NOESY spectra, the relative bar diagrams are reported, summarizing the sequential and medium range
NOE connectivities.

312 Biochemistry, Vol. 47, No. 1, 2008 Esposito et al.



the basis of NOE data. 3D structure calculation of C13 in
SDS micelles was not achievable due to the low number
and the low intensity of NOEs.

NH-CHR NOESY spectra and NOE correlations relative
to the C13 and LIPO-C13 in DPC micelles are summarized
in Figure 4.

Several medium range connectivities are observable for
C13 in DPC micelles: in particular the contacts relative to
CHRNH(i, i + 2) NOE cross-peak between residues Lys3-
Gly5, Gly5-Met7, Ala8-Cys10, and Cys10-Ile12; furthermore,
intense CHRCΗ2b (i, i + 3) NOE cross-peaks involving
residues Lys3-Ala6 and Gly4-Met7 are detectable (Figure 4A).
The calculation of 3D structure (Figure 5A) using DYANA
software on the basis of these NOE data demonstrated the
presence of a type Iâ-turn conformation centered on the
residues Ala6-Met7, whereas a typeΙΙ â-turn conformation
is centered on the residues Thr11-Ile12 (Figure 5A). On the
other hand, the N-terminal region of C13 in DPC micelles
does not exhibit any regular NOE pattern, suggesting the

prevalence, in this region, of flexible, extended structures.
NOE data relative to LIPO-C13 in DPC micelles indicated

a regular pattern of sequential and medium range NOEs along
the whole sequence (Figure 4B). The structure calculation
using DYANA software was consistent with the presence
of a regularR-helix encompassing the residues from Ala2 to
Ile12 (Figure 5B). Differently from C13, no violation higher
than 0.1 Å was observed in the helical region for LIPO-
C13, thus indicating the absence of any conformational
averaging in the micelle-bound structure of the lipidated
peptide. The best NMR structures were subjected to molec-
ular dynamic calculation to assess the stability of the
backbone and to explore the mobility of the side chains. The
computation of the Van der Waals surfaces (Figure 6) relative
to C13 and LIPO-C13 DPC-bound conformations were
carried out using the MOLMOL program (44). The surfaces
show narrow, polar, charged regions in the N-terminal
portion of the molecules, whereas large hydrophobic shells
are evident at C terminus of the peptides. The comparison

FIGURE 4: NH-CHR NOESY spectra of C13 (A) and LIPO-C13 (B) in DPC micelles. The spectra were recorded at 600 MHz, 300 K, 150
ms mixing time. At bottom of each NOESY spectra, the relative bar diagrams are reported, summarizing the sequential and medium range
NOE connectivities.
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of C13 and LIPO-C13 demonstrates a consistent amplifica-
tion of the hydrophobic area in LIPO-C13 due to the presence
of the lipidated chain.

Complementary NMR and EPR Methods by Spin-Label
Studies. To investigate the positioning of C13 and LIPO-
C13 relative to the surface and interior of the micelles, we
subsequently introduced 5-DSA and 16-DSA as molecular
spin-probes in the micellar systems.

Unpaired electrons lead to dramatically accelerated lon-
gitudinal and transverse relaxation rates of protons in spatial
proximity Via highly efficient spin-electron relaxation.
Generally, if the peptide penetrates the membrane in the
neighborhood of the site where the NO moiety is solubilized,
the presence of the unpaired electron induces an increase in
peptide nuclear relaxation rates. It has been shown that these
paramagnetic probes are able to induce a broadening of the
NMR signals and a decrease in resonance intensities for
residues close to the surface (5-DSA) or deeply buried inside
the micelle (16-DSA), respectively (45, 46).

1D and 2D TOCSY spectra of C13 and LIPO-C13 were
recorded in DPC micellar solution in the presence and
absence of 5-DSA and 16-DSA, respectively, keeping all
other conditions constant. The comparison of the data
acquired in the presence and absence of spin probes shows
that the peptides are affected by the presence of the spin
probes.

Figure 7 shows the overlapping of the NH/CHR TOCSY
spectra of LIPO-C13 in DPC micelles in the presence and

in the absence of 5-DSA (Figure 7A) and 16 DSA (Figure
7B), respectively. LIPO-C13 in DPC micelles was perturbed
by 5-DSA with a general decrease of cross-peak intensities.
In particular the NH/CHR relative to the residues from Ala6

to AOD10 almost annulled their intensities; on the other side
the NH/CHR relative to Lys3, Thr11, Ile12, Ile13 were less
dramatically affected by the presence of the spin probe. The
effect of 16-DSA was generally less evident as compared to
that of 5-DSA; in particular the signals relative to the
C-terminal residues showed a general decrease of intensity.
Figure 7C shows the overlapping of the NH/CHR TOCSY
spectra of C13 in DPC micelles recorded in the absence and
in the presence of 5-DSA. Under these conditions NH/CHR
TOCSY signals of C13 are sensibly decreased in intensity,
in particular in the region spanning from Ala6 to Ile13.
Conversely, as evident from the Figure 7D, NH/CHR
TOCSY cross-peaks of C13 in the presence 16-DSA remain
almost unmodified in their intensity, suggesting that C13 has
no contact with the interior of the micelle structure. It is
interesting to note that 5-DSA yields an evident decrease of
signals relative to the last C13 C-terminal residues; on the
contrary this effect is not observable in the case of LIPO-
C13, revealing that in the absence of the hydrophobic tail
the hydrophobic C-terminal residues, rather than the lipidic
tail, have direct contact with the micelle.

To further investigate peptide positioning in micellar
systems, we performed EPR measurements on DPC and SDS
solutions, using 5-DSA and 16-DSA as spin-probes (47, 48).
For all the investigated signals, a triplet of narrow lines was
obtained, indicating that the micellar environment in which
the spin-probes are inserted present a quite dynamical
structure, in which molecules’ free tumbling is allowed. Table
2 contains the nitrogen coupling constant, indicative of
microenvironment polarity, and the spin probe correlation
time, indicative of microenvironment viscosity, for all the
samples under consideration. The data show that in the
presence of both peptides the mobility of the molecular
probes decreases, thus increasing the correlation time.
Meanwhile, the polarity experienced by the spin-probe
remains unchanged, as highlighted by the constant values
assumed by the nitrogen coupling constants. This evidence
indicates a significant perturbation of the micelles’ structure
due to their interaction with the peptides. In the case of C13,
this effect is found only with DPC and involves only the
external layer of the micelle, since only the correlation time
of 5-DSA increases, while that of 16-DSA seems unper-
turbed. In the case of LIPO-C13, the correlation time of both
5-DSA and 16-DSA changes, indicating that the perturbation
extends to the micelles’ interior.

DISCUSSION

CNP is a myelin-associated enzyme whichin Vitro
specifically catalyzes the hydrolysis of 2′,3′-cyclic nucle-
otides to produce 2′-nucleotides. Although its main biological
function is still unknown, numerous studies suggest a role
for this protein in the migration and/or expansion of
membranes during myelination (2). In particular CNP has
recently proven to be necessary to anchor tubulin to the
plasma membrane, thus assuming a possible role in all
functions which require the association of tubulin to the
membrane (5-7). The fragment responsible for CNP’s
binding to tubulin and, at same time, for CNP insertion into

FIGURE 5: NMR structure bundles of C13 (A) and LIPO-C13 (B)
in DPC micelles. The structures are overlapped on the backbone
heavy atoms of the residues Ala6-Ile12 for C13 and Gly4-Ile12 for
LIPO-C13.
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the membrane consists of 13 amino acids. It is located in
the C-terminal region of the protein and includes a consensus
site CAAX for post-translational prenylation (6).

Post-translational modification and membrane targeting of
CNP and other prenylated proteins have been studied in great
detail (2, 11). Palmitoylation, in combination with the
CAAX-dependent modifications, targets proteins to the

plasma membrane. The CAAX motif alone targets proteins
to the endomembrane system, where they are proteolytically
processed and methylated. Further trafficking of prenylated
proteins to the plasma membrane is dependent on palmitoy-
lation (49).

To date, the structural bases of the molecular interaction
between prenylated proteins and plasma membrane, inde-

FIGURE 6: Van der Waals surface representation of C-13 (left) and LIPO-C13 (right) structures, obtained in DPC micelles. The surfaces
are colored accordingly with a hydrophobic scale where polar charged, medium polar, or hydrophobic regions of the surface are colored
blue, white, and red, respectively.

FIGURE 7: (A, B) Overlapping of the NH-CHR regions of TOCSY spectra relative to LIPO-C13 in DPC micelles recorded in the presence
of 5-DSA (A) and 16-DSA (B) spin labels. (C, D) Overlapping of the NH-CHR regions of TOCSY spectra relative to C13 in DPC
micelles, recorded in the presence of 5-DSA (C) and 16-DSA (D) spin labels.
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pendently of the post-prenylation process, is an unknown
and uninvestigated topic. This study approaches this issue
and suggests a model for the interaction of the C-terminal
region of CNP, including the CAAX box, with the mem-
brane; this model can also be of relevance for other
prenylated proteins.

The peptide responsible for CNP insertion into the
membrane, C13, and its lipidated derivative, LIPO-C13, were
synthesized in our lab and structurally investigated by means
of CD and high-resolution1H NMR spectroscopy, in
membrane mimetic environments. As membrane mimetics,
we chose micellar solutions of negatively charged SDS and
zwitterionic DPC surfactants (50). To validate CD and NMR
data using a more significant biomimetic system, CD data
were recorded in DOPG and DOPC multilamellar vesicles.

The interaction of peptides with biological membranes
depends on a fine equilibrium between electrostatic and
hydrophobic forces. Charged or polar residues are generally
involved in electrostatic interactions with the charged polar
heads of membrane surfactants; on the other hand, the apolar
amino acids and the lipophilic tails of surfactant molecules
are in contact via hydrophobic interactions. Peptide insertion
into the membrane, peptide membrane crossing, or poration,
typical of cell penetrating peptides (CPPs) and of antimi-
crobic peptides (AMPs), are not fully understood processes
driven, in a complex way, by hydrophobic and/or electrostatic
interactions. Recently the concept of membrane potential
perturbation (MPP) has been considering as a property that
describes the membrane-peptide interaction from a structural
viewpoint. It measures the potential of a peptide in attracting
anionic lipids from the membrane, irrespective of the simple
hydrophobic/electrostatic balance and of the specific struc-
tural scaffold underneath (51-53).

The lipidated peptide, LIPO-C13, in DPC zwitterionic
micelle solution assumes a regularR-helical structure, with
amino acid side chains occupying well defined conforma-
tional spaces (Figure 5B). In agreement with the secondary
shifts of amide protons, the helix does not present an
amphipathic character. On the contrary the observation of
Van der Waals surfaces (Figure 6) indicate a large hydro-
phobic shell corresponding to the C-terminal portion of the
molecule and a narrow, polar-charged region localized in
the C-terminus of the peptide chain. EPR data show that a
perturbation of the micelle system extending from the surface
to the interior is recordable in DPC systems in the presence
of LIPO-C13. Additionally the LIPO-C13 NMR spectrum
is perturbed by the presence of both 5-DSA- and 16-DSA-
labeled phospholipids. Accordingly, the large, hydrophobic
C-terminal region of LIPO-C13 in DPC micelles is in close
contact with the lipidic chains of the membrane phospho-

lipids, confirming the possibility that this portion lies on the
membrane surface, correctly positioned to direct the prenyl
tail of Cys10 into the interior of the membrane structure
(Figure 8A).

LIPO-C13 in negatively charged SDS micelles exhibits
only partially ordered structures as compared to LIPO-C13
in DPC. In this case a non-negligible electrostatic interaction
should be considered because of the presence of the nega-
tive sulfate heads of SDS, which attract N-terminal Arg
and Lys residues. The hydrophobic binding forces are

Table 2: Nitrogen Coupling Constant,〈AN〉, and Spin Probe
Correlation Time,τC, Measured by EPR Experiments on C13 and
LIPO-C13 in SDS and DPC Micelle Systems

5-DSA 16-DSA

〈AN〉/G τC× 1011/s 〈AN〉/G τC× 1011/s

H2O-DPC 14.8 2.8 15.0 1.1
H2O-C13-DPC 14.7 3.9 15.0 1.2
H2O-LIPO-C13 -DPC 14.6 4.2 14.8 2.0
H2O-SDS 15.7 8.2 15.4 4.7
H2O-SDS 15.6 8.6 15.2 5.0
H2O-LIPO-C13-SDS 15.4 10.1 15.1 5.8

FIGURE 8: (A, B) NMR models of LIPO-C13 positioned on
zwitterionic (A) and negative charged (B) membrane surfaces. (C)
NMR model of C13 positioned on zwitterionic membrane surface.
The lipidic tail colored in pink is inserted in the hydrophobic
membrane. Apolar residues of the C terminus are colored in red-
orange. Lys and Arg residues at the N-terminus are colored in blue.
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counterbalanced by the electrostatic forces which lead the
peptide to assume less regular secondary structures. C13,
although less regularly folded, presents its C-terminal portion
in close contact with the membrane compartment (Figure
8B).

On the basis of the hydrophobic/electrostatic balance, we
can explain the structural behavior of nonlipidated C13 in
SDS and in DPC micelles. In the case of the nonlipidated
C13 in zwitterionic DPC micelles, the hydrophobic contribu-
tion is reduced due to the absence of the lipidic tail;
nevertheless the electrostatic contribution is also limited by
the presence of the zwitterionic surface. Thus the hydro-
phobic interactions seem to have a slight prevalence, so that
partial regular secondary structures of C13 at the C-terminus
(Figure 8C) are promoted. CD and NMR data agree on the
C13 assuming unfolded, extended conformations in a nega-
tively charged SDS environment. Under these conditions both
the hydrophobic and electrostatic binding forces enable C13
to interact with the micelle surface; consequently, the
biomolecule assumes extended conformations out of the
micellar compartment.

The CD data recorded for C13 and LIPO-C13 in SDS and
DPC micelles are in agreement with the high-resolution
NMR data. The CD spectra recorded in the presence of
vesicles show a general preference of C13 and LIPO-C13
to assume turn-helical rather than random coil conformations.
Thus, the structural stabilizing effect of the hydrophobic
surface is confirmed even in more complex membrane-
mimicking systems. Under these conditions the low intensity
of C13 CD spectra in negatively charged DOPG vesicles
confirms the NMR results on the weak tendency of the
nonlipidated peptide to interact with the negatively charged
membrane surface.

Our structural investigation performed on C13 and LIPO-
C13 in the aforementioned micellar and vesicle systems
defines structural pictures of different conditions of peptide/
membrane interaction. These conditions are generated by
modulating charge and hydrophobicity of the membrane
mimetic system, on one side, and the properties of the peptide
surfaces, on the other side. The amplification of the
hydrophobic surface on LIPO-C13, due to the presence of
the lipidic tail, along with the presence of a zwitterionic
membrane surface defines optimal situations enabling the
peptide to be regularly folded and correctly positioned on
the membrane surface. Interestingly, in an opposite way, the
importance of the hydrophobicity is emphasized by the
conformational behavior of nonlipidated C13 in SDS nega-
tively charged micelles. It is well known that the cell
membrane has a very complex biological structure composed
of many different biomolecules but carrying a final net
negative charge (54). From a biological viewpoint, the poor
tendency of C13, lacking a lipidic chain, to interact with
negatively charged micelles and its preference for extended
conformations emphasizes the role of the post-translational
prenylation as indispensable to increasing, on a negative
charged membrane, the hydrophobic molecular surface which
favors the correct anchoring of the polypeptide to the
membrane surface. This model can be generalized to many
other amphitropic proteins such as Src kinase, Ras-guanine
nucleotide exchange factor, protein kinase C, and cytidyl
transferase, sharing with CNP the ability to migrate between
the cytoplasm and the membrane for different functions (55-

57). Our data provide a structural interpretation of the post-
translational lipidation as a biomolecular trick to enlarge the
hydrophobic surface and to enable the contact of the protein
with the membrane. Interestingly, biological data on the role
of post-prenylation processing of Rho proteins show that the
presence of geranylgeranylation rather than farnesylation is
crucial for the correct localization of the protein in the cell.
Indeed, whereas the 20-carbon geranylgeranyl modification
confers sufficient hydrophobicity to Rho proteins to allow
them to associate with membranes and regulate effectors,
the 15-carbon farnesyl modification is below the threshold
for promoting membrane association (58).

Finally, it is interesting to analyze the binding of CAAX-
prenylated proteins in comparison with the binding mode of
other nonprenylated amphiprotic proteins which also have
vital biological functions in association with the plasma
membrane. In these cases the protein/membrane interaction
is mediated by an amphipathic helix that include basic
residues, which bind the protein to the membrane via
electrostatic interactions; nevertheless, under these conditions,
a consistent and essential contribution to the hydrophobic
interaction is dependent on the presence of Phe, Trp, Tyr
aromatic residues, which are well known to give a high
interfacial hydrophobicity contribution to protein-membrane
interaction (59, 60).

SUPPORTING INFORMATION AVAILABLE

Chemical shift assignments and chemical shift indexes of
C13 and LIPO-C13 in SDS and DPC micelles are available
free of charge via the Internet at http://pubs.acs.org.
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41. Wüthrich, K. (1986)NMR of Proteins and Nucleic Acids, John

Wiley & Sons, New York.
42. Bruix, M., Parello, M., Herranz, J., Rico, M., and Nieto, J. L.

(1990) Correlation of three-dimensional Structures with the
antibacterial activity of a group of peptides designed ased on a
nontoxic bacterial membrane anchor,Biochem. Biophys. Res.
Commun. 167, 1009-1014

43. Wishart, S, D., Sykes, D, B., and Richards, F. M. (1992) The
chemical shift index: a fast and simple method for the assignment
of protein secondary structure trough NMR spectroscopy,Bio-
chemistry 31, 1647-1651.

44. Koradi, R., Billeter, M., and Wuthrich, K. (1996) MOLMOL: a
program for display and analysis of macromolecular structures,
J. Mol. Graphics 14, 51-55.

45. Jarvet, J., Zdunek, J., Damberg, P., and Graslund, A. (1997) Three-
dimensional structure and position of porcine motilin in sodium
dodecyl sulfate micelles determined by1H NMR, Biochemistry
36, 8153-8163.

46. Lindberg, M., Jarvet, J., Langel, U., and Graslund, A. (2001)
Secondary structure and position of the cell-penetrating peptide
transportan in SDS micelles as determined by NMR,Biochemistry
40, 3141-3149.

47. Mendz, G. L., Moore, W. J., Kaplin, I. J., Cornell, B. A., Separovic,
F., Miller, D. J., and Brown, L. R. (1988) Characterization of
dodecylphosphocholine/myelin basic protein complexes,Biochem-
istry 27, 379-386.

48. Kang, Y. S., and Kevan, L. (1994) Interaction of Poly(ethylene
oxide) with the Sodium Dodecyl Sulfate Micelle Interface Studied
with Nitroxide Spin Probes,J. Phys. Chem. 98, 7624-7627.

49. Braun, P. E., De Angelis, D., Shtybel, W. W., and Bernier, L.
(1991) Isoprenoid modification permits 2′,3′-cyclic nucleotide 3′-
phosphodiesterase to bind to membranes,J. Neurosci. Res. 30,
540-544.

50. Esposito, C., D’Errico, G., Armenante, M. R., Giannecchini, S.,
Bendinelli, M., Rovero, P., and D’Ursi, A. M. (2006) Physico-
chemical characterization of a peptide deriving from the glyco-
protein gp36 of the feline immunodeficiency virus and its

318 Biochemistry, Vol. 47, No. 1, 2008 Esposito et al.



lipoylated analogue in micellar systems,Biochim. Biophys. Acta
1758, 1653-1661.

51. Zorko, M, Langel, U (2005) Cell-penetrating peptides: mechanism
and kinetics of cargo delivery,AdV. Drug Del. ReV. 57, 529-
545.

52. Wang, G., Li, Y., and Li, X. (2005) Correlation of three-
dimensional structures with the antibacterial activity of a group
of peptides designed based on a nontoxic bacterial membrane
anchor,J. Biol. Chem. 280, 5803-5811.

53. Li, X., Li, Y., Peterkofsky, A., and Wang, G. (2006) NMR studies
of aurein 1.2 analogs,Biochim. Biophys. Acta 1758, 1203-1214.

54. Yoon, Y, T., Jeong, C., Lee, S. W., Kim, J. H., Choi, M. C., Kim,
S. J., Kim, M. W., and Lee, S. D. (2006) Topographic control of
lipid-raft reconstitution in model membranes,Nat. Mater. 5, 281-
285.

55. Burn, P. (1988) Amphitropic proteins: A new class of membrane
proteins,Trends Biochem. Sci. 13, 79-83.

56. Johnson, J. E., and Cornell, R. B. (1999) Amphiprotic proteins
Regulation by reversible membrane interactions, Mol. Membr.
Biol. 16, 217-235.

57. Wang, G., Keifer, P. A., and Peterkofsky, A. (2003) Solution
structure of the N-terminal amphitropic domain of Escherichia
coli glucose-specific enzyme IIA in membrane-mimetic micelles,
Protein Sci. 12, 1087-1096.

58. Wright, L. P., and Philips, M. R. (2006) Thematic review series:
Lipid Posttranslational Modifications CAAX modification and
membrane targeting of Ras,J. Lipid Res. 47, 883-891.

59. Wimley, W. C., and White, S. H. (1996) Experimentally deter-
mined hydrophobicity scale for proteins at membrane interfaces.
Nat. Struct. Biol. 10, 842-848.

60. Karplus, P. A. (1997) Hydrophobicity regained,Protein Sci. 6,
1302-1307.

BI701474T

Binding Properties of a CNP peptide Biochemistry, Vol. 47, No. 1, 2008319


