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ABSTRACT. Antennapedia and other homeoproteins have the unique ability to efficiently translocate across
biological membranes, a property that is mediated by the third helix of the homeodomain. To analyze the
effects of sequence divergence in the homeodomain, we have compared the cellular uptake efficiencies
and interaction properties in a membrane-mimicking environment of four peptides corresponding to the
third helix sequence of Antennapedia, Engrailed-2, HoxA-13, and Knotted-1. NMR studies revealed that
these peptides adopt helical conformations in SDS micelles. Their localization with respect to the micelle
was investigated using Mh as a paramagnetic probe. Peptides are positioned parallel to the micelle
surface, but subtle differences in the depth of immersion were observed. Using a recently developed
method for quantification of CPP cellular uptake based on MAEDOF mass spectrometry, all of these
peptides were found to translocate into cells but with large differences in their uptake efficiencies. The
peptide with the highest uptake efficiency was found to be the least deeply inserted within the micelle,
indicating that electrostatic surface interactions may be a major determinant for membrane translocation.
A new cell-penetrating peptide derived from Knotted-1 homeodomain with improved uptake properties
compared to penetratin is introduced here.

Homeoproteins form a large family of transcription factors responsible for cellular internalization. The peptide corre-
characterized by a conserved DNA-binding motif called sponding to the third helix oDrosophila Antennapedia
homeodomain k). They are involved in the development homeodomain (residues 438), also known as penetratin,
program of organisms by modulating expression patterns of was the first cell-penetrating peptide (CP#)be discovered
target genes in a tissue-specific, spatio-temporal manner. Thg7) and has been extensively used to deliver biologically
conserved homeodomain adopts a three-helical fold, with aactive cargoes into cell8). The use of penetratin variants
characteristic helixturn—helix topology. The third helix  has shown that the translocation process does not imply chiral
constitutes the main DNA recognition site and binds to the recognition by a receptor and that the helical secondary
major groove of DNA. Despite a strong genetic conservation structure induced in membrane-mimicking environments is
of the homeodomain, homeoproteins have diverged to acquirenot required either §, 10). Thus, these low structural
different DNA-binding specificities and different regulation requirements together with the high sequence conservation
properties mediated by specific proteiprotein interactions.  of the homeodomain suggest that internalization properties

Another striking property of several homeodomains is the should be shared among the whole homeoprotein family. The
ability to translocate efficiently through biological mem- positive charge of the third helix plays an important role
branes with a low lytic activity, by a yet nonfully elucidated because the removal of a single positive charge by Ala
mechanism. Thérosophila Antennapedia homeodomain scanning in penetratin sequence decreases the membrane-
was the first translocating homeodomain to be discovered binding affinity and the cellular uptake of penetratin variants
(2), and the same property was also reported for Engrailed (11, 12). The C-terminal segment of the peptide which is
(3), HoxA-5 (4), HoxB-4 and HoxC-8%), and PDX-1 6). rich in basic residues is crucial for internalization. The
The third helix of the homeodomain has been shown to be truncation of the four C-terminal residues inhibits uptake,
whereas the peptide corresponding to residuesb8etains
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Table 1: Peptide Sequences Corresponding to the Third Helix of ~ '€Cently developed in our grou) that enables an accurate
Selected Homeodomais measurement of the internalized amounts, we found that all

Peptide Sequence’ Origin® of these pgptide§ translocat.el intc_) cells but with large
Ap RQIKIWFONRRUMKWK K, Drosophila differences in their uptake efficiencies.

Antennapedia

EXPERIMENTAL PROCEDURES

Eng SQIKIWFOQNEKRAIKTIK K-Ng; Human

Engrailed 2 Peptide Synthesi&tandardertiobutyloxycarbonyl (Boc)
Hox RQVTIWFQNRRYKE KK-N, Human amino acidsp-methylbenzhydrylamine-polystyrene resin (0.9

HoxAl3 mmol NH,/g), andO-(benzotriazol-1-yl)-1,1,3,3-tetramethy-
Koo KQINNWEFINOQRKREW KN, Mall?;ortedl luronium hexafluorophophate (HBTU) were purchased from

= Penti , , — .. Senn Chemicals (Dielsdorf, Switzerland). [2,2;P8%]N-
eptides used in the cell internalization assays possess a blotln-BOC Glycine was obtained from Euriso-top (Saint-Aubin
(Gly)s N-terminal extension. Hox and Kno peptides used in NMR - : - - 3 '
studies were acetylated at their N terminti€onserved residues in ~ France). Solvents (peptide synthesis grade) and other reagents
the four sequences are shown in boléntp, Eng, and Hox peptides  were obtained from Applied Biosystems. Peptides were
correspond to residues 438 of the homeodomain (residue numbering  gssembled by stepwise solid-phase synthesis on a ABl Model

in Swissprot entries: ANTP_DROME, 333854; HME2_HUMAN, . . . . .
286-301; HXA13_HUMAN, 364-379). Kno corresponds to residues 405~ Peptide synthesizer (Applied Biosystems) using a

46-61 of the homeodomain (KN1_MAIZE, 36824) because of a  Standard Boc strategy (amino acid activation with dicyclo-
three amino acid insertion; for the sake of clarity, the same 58 hexylcarbodiimide/1-hydroxybenzotriazole or HBTU), on a

numbering was used. 0.1 mmol scale. After synthesis of the CPP domain, the
peptidyl resin was separated into three batches; two batches
60% of the full-length penetratin uptake efficiencs; (1). were further elongated by either four nondeuterated or four

Hydrophobic residues are also critical because deletion of deuterated glycine residues followed by a biotin to give the
Trp48 and Phe49 in Antennapedia homeodomain abolishesH-CPPs and D-CPPs, respectively. Peptides were cleaved
its internalization 13). Moreover, the substitution of Trp48  from the resin by treatment with anhydrous HF (1 £Q)
by Phe in penetratin strongly impairs its cellular uptake. The in the presence of anisole (1.5 mL/g peptidyl resin) and
role of Trp56 is more controversial,(11, 12). All of these dimethyl sulfide (0.25 mL/g peptidyl resin). They were
data suggest that a subtle balance between hydrophobic angurified by preparative reverse-phase HPLC on a C8 column,
positively charged residues may affect the interaction with using a linear acetonitrile gradient in an aqueous solution of
membranes and the translocation process. 0.1% (v/v) trifluoroacetic acid. Peptides were obtained with
The aim of this study was to analyze to what extent a purity>95%, as assessed by analytical HPLC. The peptide
sequence divergence of the third helix might modulate the identity was checked by MALD+TOF mass spectrometry
properties of these CPPs. Beside Antennapedia, the third(Voyager Elite, PerSeptive Biosystems) usimgyano-4-
helices of Islet-114) and PDX-1 {5) have also been found  hydroxycinnamic acid matrix.
to translocate efficiently across the cell membrane. The NMR SpectroscopyNMR samples were prepared by
alignment of the third helix sequences of several home- dissolving lyophilized peptide®ta 2 mMconcentration in
odomains led us to select four peptides, on the basis of550uL of 90:10 HO/D,0 in the presence of 120 mM SDS-
charged and hydrophobic residue distributions (Table 1). We d,s (purchased from Euriso-top). The pH was adjusted to
chose the third helix of Engrailed-2 (Eng), which is very 4.6 using microliter amounts of HCI (0.25 or 0.5 M). Sodium
close to penetratin, regarding the distribution of hydrophilic 3-(trimethylsilyl)-propionate-2,2,3,d; was used as an in-
and hydrophobic residues, but contains one basic residue lessernal reference fofH chemical-shift calibration. NMR
at the N terminus and has an lle residue instead of a Trp inexperiments were recorded at 48 on Bruker Avance
position 56. The third helix of HoxA-13 (Hox) was selected spectrometers operating attd frequency of 500 MHz and
to study the impact of a negative charge in the C-terminal were processed with Bruker XWIN-NMR software running
segment of the third helix. No data on the internalization of on a SGI O2 workstation. Spectra were analyzed with the
this homeoprotein have been reported thus far. Finally, we aid of XEASY (18). Proton assignments were obtained from
also examined the third helix of Knotted-1 (Kno), a maize the analysis of 2D total correlation spectroscopy (TOCSY)
homeoprotein, which possesses the most divergent sequencélean MLEV-17 isotropic mixing scheme of 80 ms
compared to the other third helices. The Knotted-1 home- duration) (L9, 20) and 2D waterflipback NOE spectroscopy
odomain was found to efficiently transfer between animal (NOESY) (200-250 ms mixing time) experiment7, 22).
cells (16). Solvent suppression was achieved with a WATERGATE
We have compared the cellular uptake efficiencies and sequence?3). The assignment of side-chain protons was
interaction properties in a membrane-mimicking environment also based on the analysis of either 2D double-quantum-
of these four homeodomain-derived peptides to identify the filtered correlation spectroscopy (DQF-COSY4) or 2D
critical molecular features for membrane translocation. The TOCSY recorded with short mixing times-20 ms). Two-
conformation of the four peptides was first analyzed by dimensional experiments were typically collected as 312 (
nuclear magnetic resonance (NMR) spectroscopy using x 2048 () time-domain matrices over a spectral width of
sodium dodecyl sulfate (SDS) micelles as a model of the 12 ppm, with 64 scans pef increment. The time-domain
water/membrane interface. Their localization with respect to data were multiplied by 68shifted square sinebell window
the micelle was investigated using a hydrosoluble paramag-functions and zero-filled prior to Fourier transformation.
netic probe and revealed subtle differences in positioning. Baseline distortions were corrected with a fifth-order poly-
Using a matrix-assisted laser desorption ionizatitme- nomial function.3Jyv_e coupling constants were extracted
of-flight mass spectrometry (MALDITOF MS) assay  using INFIT 25) from 2D NOESY spectra recorded with a
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long acquisition time in the, dimension (340 ms). The mixture was heated for 15 min at 10€. The cell lysate
kinetics of amide proton exchange was followed by recording was then centrifuged for 5 min at 10 000 rpm atG The
1D spectra at 30C over the time course of a few hours supernatant was mixed with 8aQ of buffer A. The mixture
after solubilization of lyophilized peptide/SDS samples in was incubated fo2 h at 4°C with 100ug of streptavidin-
D,0. The chemical-shift deviation (CSD) of*Hbrotons was coated magnetic beads (Dynabeads M-280, Dynal, France)
calculated using the set of random-coil values reported in to capture the biotinylated peptides. After bead immobiliza-
water £6). tion with the Dynal magnetic particule concentrator, the
Titration Experiments with MnGl Titration experiments ~ supernatant was removed. Beads were washed twice with
were carried out by stepwise additions of Mp@om 1, buffer A (200 uL), twice with buffer A containing 0.1%
10, and 100 mM stock solutions in water. The relaxation sodium dodecyl sulfate (20@L), twice with buffer A
enhancements were monitored by recording 1D spectra aftercontainirg 1 M NaCl (200«L) and finally with water (2x
each addition of the paramagnetic cation @¥aoncentra- 200, 2x 100, 3x 50, and 3x 10 uL). Beads were mixed
tions of 0.2, 0.5, 1, 1.5, 2, and 4 mM). Two-dimensional with 3 4L of a saturated solution af-cyano-4-hydroxycin-
TOCSY experiments were also collected as 3§0X 2048 namic acid (HCCA) in acetonitrile/wate0.1% trifluoro-
(t2) time-domain matrices over a spectral width of 6000 Hz, acetic acid (4:1), and AL of the mixture was deposited on
with 64 scans pet; increment and an isotropic mixing time  the MALDI—TOF sample holder. The samples were ana-
of 62 ms. lyzed by MALDI-TOF MS (ion positive reflector mode)
Structure Calculationslnterproton distance upper limits  on a Voyager Elite PerSeptive Biosystems mass spectrometer
were constrained to 2.8, 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 A, or a 4700 Applied Biosystems MALDATOF—TOF mass
depending upon NOESY cross-peak intensities. The lower spectrometer. The laser fluence used was near the threshold
bounds were set to the sum of the van der Waals radii of of peptide ion production for the considered deposits (bead-
two protons (1.8 A). Pseudoatoms were introduced for associated peptide covered with HCCA matrix). Spectra were
distances involving equivalent protons, and upper limits were averaged from several hundred laser shots recorded on
corrected appropriately2f). The ¢ torsion angle was different spots of the deposit to get reliable statistics on the
restrained to $80°, —30°] for 3J4n_pe < 5.5 Hz and to peak areal7). The area of the [Mt+ H] " signals including
[—180°, —30°] for 5.5 < 3Jyv_pe < 6.5 Hz [positivep values all of the isotopes of the H-CPP and D-CPP species were
were discarded in the absence of very strong intraresidualmeasured. In the first experiment, the amount of internalized
dun Nuclear Overhauser effect (NOB)g)]. Structures were  peptide was evaluated for each CPP by adding various and
calculated using DYANA 2Z9) and XPLOR-NIH (30) known amounts of the adequate D-CPP to samples containing
programs running on SGI O2 R10000 workstations. A set the internalized peptide. The amount of D-CPP added in the
of 100 structures was generated by torsion-angle dynamicssubsequent experiments was chosen to get a peptide ratio
in DYANA using a standard simulated annealing protocol close to 1:1 to allow a precise quantification. The internaliza-
(29). The best 20 structures were then subjected to conjugatetion experiments were performed in duplicates and repeated
gradient minimization within XPLOR-NIH using CHARM-  at least 4 times independently.
M22 force field. The nonbonded interactions were calculated
with a 12 A cutoff, using a LennareJones potential for the RESULTS
van der Waals term and a distance-dependent dielectric NMR Spectroscopy of Homeodomain-Red Peptides in
function € = o With a relative permittivity ok, = 4r) for Micellar SDS.The NMR spectra of the four homeodomain-
the electrostatic energy. Structures were visualized usingderived peptides Antp, Eng, Hox, and Kno were recorded
Insightll version 98 program (Accelrys, Inc., San Diego, CA). in the presence of SDS micelles using the same concentra-
The structure quality was assessed with PROCHECK-NMR tions of peptide (2 mM) and SDS (120 mM). Assuming that
(3D). the SDS micelles comprise about 60 molecul&®,(these
Measurement of the Amount of Internalized CPP by experimental conditions correspond to a peptide/SDS micelle
MALDI-TOF MS. The internalization experiments were ratio of 1:1. A high temperature of 45C was chosen in
performed using 12-well plates. In each well® Hilherent  these studies to limit the broadening of proton line widths
CHO K1 cells were incubated for 75 min at 3C with a 1 caused by SDS and record good-quality 2D NMR spectra.
mL culture medium (Dulbecco’s modified eagle medium) The proton chemical shifts of the four homeodomain-derived
containing the biotinylated nondeuterated CPP (H-CPP) (7.5 peptides were assigned using a conventional strategy based
uM). The cells were then washed 3 timestwét 2 mLculture on homonuclear 2D experimen®&3j and are listed in Tables
medium, treated for 3 min at 3T with 500uL of a solution S1-S4 as Supporting Information. Antp peptide has been
containing 0.05% trypsin and 0.02% EDTA, and transferred the subject of several NMR studies in different solvents
at 4 °C. Soybean trypsin inhibitor (106L, 5 mg/mL) and [water/alcohol mixturesl1(, 34), SDS micelles10, 35, 36),
bovine serumalbumin (BSA) (1Qd., 1 mg/mL) were added.  small nonaligned isotropically tumbling phospholipid bicelles
The cell suspension was transferred in a 1.5 mL conic tube, (36—38)]. The H chemical shifts of Antp are very close to
and the well was washed with 50Q of 50 mM Tris-HCI those previously reported in SDS micelles using slightly
buffer (pH 7.4). Both suspensions were pooled and centri- different pH values and concentrations, with most of them
fuged for 2 min at 3000 rpm. The pellet containing the intact falling within 0.04 ppm of the reported value35.
cells was washed with 1 mL of 50 mM Tris-HCI buffer (pH Information on the secondary structure of the peptides can
7.4) and 0.1% BSA (buffer A) and centrifuged again. The be inferred from the CSDs of Hprotons, calculated as the
pellet was mixed with a known amount of the adequate differences between experimentally observed chemical shifts
biotinylated deuterated CPP (D-CPP) and 140 of a and corresponding random-coil values determined in water
solution containing 0.3% Triton X100 dnl M NaCl. The (Figure 1). Negative values of'HCSDs, corresponding to
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Ficure 1: H* CSDs for Antp (A), Eng (B), Hox (C), and Kno (D) peptides in the presence of SDS micelles. The CSDs were calculated
as the differences between observed chemical shifts and corresponding random-coil values ig6yvater (
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Ficure 2. Summary of sequentiai, (i + 1) and medium-range (frofipi + 2 toi, i + 4) NOEs ancd?Jyv_y« coupling constants observed
for Antp (A), Eng (B), Hox (C), and Kno (D) peptides in the presence of SDS micéllgs.« coupling constants are represented by
squares: open square, X5J < 5.5 Hz; gray square, 5.5 J < 6.5 Hz; filled square, 6.5 J < 7.5 Hz. The relative intensity of NOE
connectivities is indicated by horizontal bars of varying thickness.

upfield shifts of H protons, are observed throughout the are observed toward the C terminus of each peptide,
sequences of the four peptides. This indicates that thesendicating a lower helical propensity.
homeodomain-derived peptides tend to adopt helical con- The magnitude and pattern of sequential and medium-
formations in this micellar environment. On the basis of the range NOEs together withlyn_y« coupling constants also
average M CSD calculated for residues 458, the helical yield information on the secondary structure of the peptides.
propensity decreases in the order Eng\ntp > Hox > Kno NOE correlations characteristic of thehelical conformation
(CSDs 0of—0.32,—0.29,—0.26, and—0.21, respectively).  are observed, including strong dNIN( + 1) and medium
The positive CSD value observed in position 44 for Antp, doN(, i + 1) sequential NOEs, together with numeroad\d
Eng, and Kno enables us to delineate the beginning of the(i, i + 3), dos(i, i + 3), and &N(i, i + 4) medium-range
helical segment at position 45 in the N terminus. For each connectivities (Figure 2). Furthermore, many residues exhibit
peptide, the most negative CSD values are observed aroundJqv_e coupling constants lower than 6 Hz (Figure 2),
positions 48-50, encompassing the two conserved Trp and consistent with a preferential localization in the region
Phe residues (Table 1). Gradually weaker negative valuesof the Ramachandran diagram.
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Ficure 3: Three-dimensional solution structures of Antp (A), Eng (B), Hox (C), and Kno (D) peptides. Structures were superimposed by
fitting the backbone atoms N,°Cand C from residues 45 to 55.

Three-Dimensional Structurehe structures of the four <5 x 1072 min~! at 30°C). Therefore, these two protons
homeodomain-derived peptides were calculated by simulatedare likely to be involved in stable hydrogen bonds. After
annealing using distance amddihedral angle constraints this core helical structure, segment-3&R in Antp and Hox
inferred from NOEs andJyv_xe coupling constants, respec- peptides seems to exhibit more flexibility and/or conforma-
tively. Structural statistics are provided in Table S5, available tional heterogeneity, as inferred from the increase ©€iSD
in the Supporting Information, and the structures representedand the’J4n_p« coupling constant in position 51 and the lack
by an ensemble of 20 models for each peptide are shown inof doaN(i, i + 3) and a5(i, i + 3) NOEs. The C-terminal
Figure 3. The NMR structure families exhibit low energies portion of the four peptides is characterized by a greater
and few residual violations, indicating a good agreement with conformational flexibility, as indicated by HCSDs closer
experimental data. The quality and the definition of the NMR to 0, 3J4v_pe coupling constants around 6.5 Hz, and fewer
structures are correlated to the number of constraints usedmedium-range NOEs. A few residual NOE violations are
in the calculation. In particular, the Eng peptide, which observed in the C-terminal segment of some structures
exhibits the highest number of NOEs, adopts a well-defined (involving positions 56-57 in Eng and positions 5253 in
helical structure around residues4&b (Figure 3), as shown  Hox), indicating that these NOEs cannot be simultaneously
by the low backbone root-mean-square deviation (rmsd) (0.36satisfied in a single conformer and that the C-terminal region
A). The conformations of N- and C-terminal residues are displays conformational averaging. However, for Eng and
more disordered. Similarly, the Antp peptide forms a regular Antp peptides, the C-terminal half remains largely helical.
helix from residue 45 to 54, with residues 44 and-58 Side-Chain InteractionsThe conformation of the Trp48
being more disordered. In the Hox peptide, the helical region side chain is well-defined, as evidenced by humerous NOEs
spans residues 4463, with the C-terminal segment being involving aromatic side-chain protons. Residues Trp48 and
ill-defined. The helical domain is the shortest in the Kno Arg52 in Antp form sz-stacking interactions, as shown by
peptide and encompasses residues3Bonly. upfield shifts of Arg52 M protons and NOEs with Trp48

Conformational Flexibility Because the structure calcula- aromatic protons. No NOEs were observed between Arg52
tions are mainly based on the semiquantitative analysis of and Trp56, indicating that Arg52 preferentially interacts with
NOEs, the selected structures that represent the NMRTrp48. Ax-stacking interaction was also observed between
ensemble may tend to give an overestimated view of the Phe49 and Arg53. In the other three peptides, siniliat-
actual proportion of folded conformers. On the other hand, 4 NOEs were observed, demonstrating side-chain interactions
the H* CSDs and®Jyv_we coupling constants are valuable between Trp48, Phe49, and residues in position 52 and 53.
parameters to detect conformational averaging. The definition Location of Peptides in SDS Micell€Bhe position of the
of the secondary-structure elements observed in the calculatedour homeodomain-derived peptides in the SDS micelles was
NMR structures is generally in good agreement with tlte H examined using Mt as a paramagnetic probe. The Mn
CSDs andJyN_« coupling constants. Residues449 form ion is located in the aqueous phase in the vicinity of anionic
the core of the helical structure, as confirmed by the large headgroups of SDS. The addition of this paramagnetic ion
upfield shifts of H protons and numerous medium-range is known to cause selective broadening of resonances for
NOEs. Furthermore, the amide protons of residues Trp48residues exposed to the solvent or close to the watscelle
and Phe49 exhibit the slowest exchange kineticsJiO ex interface 82). The paramagnetic enhancements induced by
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FiGURE 4: HN—H®* region of 2D TOCSY spectra recorded in the presence of increasing concentrations offtym@itp (A), Eng (B),

Hox (C), and Kno (D) peptides. The Mnhconcentrations are from left to right: 0, 0.5, 1.5, and 4 mM. Correlations that are not annotated
correspond to exchange peaks with the water resonance (4.60 ppm in the F1 dimensior}—Hsecbkrelation for the N-terminal residue

in Antp and Eng peptides is not observed, owing to fast exchange of the amine group with the solvent.

stepwise additions of Mn@lup to 4 mM were monitored > Hox > Kno. A comparison of the decay of HNH® cross-

by measuring the residual amplitude of HN* cross-peaks  peaks of individual residues also yields information on the
in 2D TOCSY spectra (Figure 4). The four homeodomain- peptide orientation with respect to the SDS micelle. For each
derived peptides are differently affected by the paramagnetic peptide, the HN-H* correlations for the N- and C-terminal
Mn?* probe. Indeed, many HNH® cross-peaks are still  residues are not observed at ai¥oncentration of 4 mM,
observed in the TOCSY spectrum of the Eng peptide upon indicating that the peptide extremities are not deeply buried
the addition of 4 mM MA", whereas all HN-H® correlations within the SDS micelle. Therefore, perpendicular orientations
have disappeared for Hox and Kno peptides (Figure 4). Theseof the peptides with respect to the surface of SDS micelles
different sensitivities to the paramagnetic probe reflect can be dismissed. Antp and Hox peptides exhibit comparable
variations in accessibility and consequently different burials behaviors regarding segment-4%9, which contains two
within the SDS micelle. From the relaxation effects of the aliphatic and two aromatic residues, with position 46 being
Mn?* probe, it can be inferred that the depth of immersion occupied by a polar residue. Indeed, these residues show the
within the SDS micelle increases in the order EncAntp weakest decays of HNH* cross-peaks compared to other
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residues. The Eng peptide slightly differs from the former Internalized Standard
two peptides because, in addition to this segment, residues ) II-Kno D-Kno
51-55 also exhibit HN-H® correlations at the largest Mh
concentration tested. The Kno peptide differs from the other
three peptides because the less severely affected residues are
basic residues localized in positions 54 and 55.

To get more quantitative information on the localization
within the micelle, the enhancements of proton relaxation
induced by the same range of frconcentrations were also
analyzed on SDS and small organic molecules solubilized
in SDS micelles. The transverse relaxation rate enhancements J
were measured by analyzing the line width at half-height | \/\)r\’ [\
Avyp, of the proton resonances that are well-resolved in 1D S TAVEN
spectra. The addition of Mn causes a linear increase of 2645 2650 2655 2660 2665
the line width of SDS resonances, with protons closer to the m/z
sulfate headgroup being more broadened. The different
sensitivities to the paramagnetic probe were evaluated by
calculating the molar relaxivitieSs, defined as the slopes
of plots of Avy;; versus the MA" concentration 39). The
measureds parameters are 26.3, 13.1, and 3.7 Hz MM
for H1, H2, and H12 protons of SDS, respectively. The
paramagnetic enhancements were also analyzed on sodium
cinnamate (gHs—CH=CH—-COO~ Na") in a SDS micelle,
which was selected for its amphipathic nature and its
conformational rigidity. Thes factors are 41 and 26 for the
ethylenic protons i and positions, respectively, and 3.4,
1.2, and 1.3 for the aromatic protons in ortho, meta, and 10
para positions, respectively. The relaxivities observed for _- - —
cinnamate show that this molecule is embedded within SDS
micelles, with the carboxylate group occupying a position H-Antp H-Eng HHox H-Kno
close to the sulfate group of SDS in micelles. From the g re 5. (A) MALDI —TOF mass spectrum obtained for H-Kno
weaker paramagnetic enhancements observed for the arointernalization. The spectrum shows the fMH]* peaks of intact
matic protons of cinnamate, it can be deduced that the phenylH-Kno and D-Kno. The total areas of the [MH]* peaks including
moiety is more deeply buried. Taking a SDS micelle radius all isotopes were used for quantification. (B) Comparison of the

. : amount of intact internalized CPP. Results correspond to the total
of ~22 A and a long axis for cinnamate o8 A, the meta/ amount of CPP internalized in 4@HO cells. Each data is the

para protons would be localized around-16 A from the average result of at least four independent experiments performed
micelle mass center, corresponding approximately to the C3in duplicates+ SEM.

and C4 methylene positions in the SDS molecule (assuming

an all trans conformation). The paramagnetic enhancementsN terminus by a biotin and an isotope tag composed of four
were also analyzed on 2D TOCSY spectra. The SDS cross-nondeuterated glycine residues for the internalized species
peaks corresponding to H1/H2 and H2/H3 correlations (H-CPP) and four deuterated glycine residues for the standard
disappear for MA" concentrations of-0.5 and~1 mM, (D-CPP) (Table 1). A known amount of standard is added
respectively. The correlations between H11 and H12 protonsat the end of the cell incubation with the H-CPP just prior
of SDS and between aromatic protons of cinnamate are stillto lysis. The biotinylated peptides are then easily recovered,
observed at 4 mM M. These results indicate that the concentrated, and desalted using streptavidin-coated magnetic
paramagnetic enhancements induced by'Mas monitored beads to allow the analysis by MALBITOF MS. Because

by TOCSY experiments, concern mainly protons exposed both H-CPP and D-CPP have the same sequence, they exhibit
on the micelle surface or located inside but close to the the same efficiency of desorption/ionization by MALDI
surface, in a region occupied by C1 and C2 methylene groupsTOF MS and the relative intensity of their signals on the
of SDS. The measured relaxivities show that protons lying mass spectra corresponds to their relative proportion in the
deeper in the micelle should be much less affected by thesample. The amount of intact internalized peptide is thus

(41 pmol) (40 pmol)

Relative intensity é

Lad

40 1

Peptide (pmol)

Mn?* probe, in the concentration range used {45mM). calculated from the area ratio of the H-CPP and D-CPP
Measurement of the Cellular Uptake of the Cell-Penetrat- signals ((M+ H]* ions).
ing Peptides by MALBTOF MS.The amount of internal- Using this method, we measured the amount of internalized

ized cell-penetrating peptide can be measured by MALDI  peptide for the four different CPPs incubated witt§ OHO
TOF MS with a method recently developed in our group. cells for 1.25 h at 37C at a concentration of 7V (Figure
The method gives directly the total amount of intact 5). H-Kno gave the highest intracellular peptide amount with
intracellular peptide and allows characterization of eventual 37.8+ 2.3 pmol [mean value- standard error of the mean
CPP digestsl(7). The quantification of the internalized CPP (SEM),n = 8] in 1(° cells. This corresponds to an estimated
by MALDI—-TOF MS is achieved by using an internal intracellular concentration of 25.2 1.5 uM based on a
standard with the same sequence and labeled with a stablesolume per cell of 1.5 pL. H-Eng and H-Antp gave results
isotope (deuterium). The CPPs are functionalized on their close to each other, leading to intracellular concentrations
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A) accumulate near the anionic surface of the SDS micelle and
to be uniformly distributed around the peptide/micelle
complex. The increase of the Minconcentration leads to
the progressive broadening of resonances and disappearance

[M+H] of cross-peaks in 2D TOCSY spectra for protons located

deeper in the micelle. The maximum Kkinconcentration

used corresponds to a ratio of 2 krions per SDS micelle.

Under these conditions, paramagnetic enhancements mea-

sured on small organic molecules are weak for protons

located abou8 A from the surface. Interestingly, the molar

[M+2H]* relaxivity of the end-chain H12 proton of SDS is slightly

higher than that observed for cinnamate aromatic protons.

Although a much deeper position would be expected for an

all trans alkyl chain, this result enlightens the dynamics of

571 1T e N e e 1 e e SDS chains within the micelle and shows that the distance
miz of the closest approach to the paramagnetic cation can be

much smaller. Indeed, the probability distribution of the

terminal methyl group, calculated from a molecular dynamics

0 simulation of the SDS micelled(), is significant up to 5 A

from the micelle surface.

IMAH] The paramagnetic effects induced by Mron peptide

resonances were mainly analyzed on backbone-HN
cross-peaks in 2D TOCSY spectra because the side-chain
dynamics will complicate the analysis of correlations involv-
ing side-chain protons. Furthermore, in the case of Lys and

Arg side chains bearing a positive charge, putative electro-

[M+2H] static repulsion with MA™ might lead to a nonuniform

i distribution of Mr¥* around the peptide/SDS micelle complex

| Y _ and to weaker relaxation enhancements for protons in the

M vicinity of the cationic group. The observation of cross-peaks
involving the H protons of Lys residues at high Nih

1000 1500 2000 250 3000 350 4900 concentrations (4 mM) suggests that this might be indeed

miz the case. However, the increased distance between the

FIGURE6: (A) MALDI —TOF mass spectrum of H-Antp incubated  phackhone atoms and the side-chain charged group should
with CHO cells for 5 h. (B) MALDF-TOF mass spectrum of H-Kno it the impact of M+ electrostatic repulsion when
incubated with CHO cells for 1.25 h. The [M H]™ and [M +

2H]?+ peaks of intact H-CPP and D-CPP are observed. The peaks@nalyzing backbone proton correlations. Indeed, the C-
in thenvz range below 1000 correspond to the matrix and polymer terminal regions of Antp and Hox peptides that are rich in

covering the streptavidin-coated magnetic beads. cationic residues do not exhibit weak sensitivities for their
backbone protons, indicating that putative repulsive effects
of 42+ 0.7uM (n = 8) and 3.4+ 0.2 uM (n = 12), should be negligible at the backbone level. Furthermore, the
respgctively. The lowest intragellular concentration was analysis of the paramagnetic relaxation enhancements for
obtained for H-Hox corresponding to 17 0.3 uM (n = backbone protons of individual Arg and Lys residues in the
8). In all cases, the results were very reproducible. No peaksfoyr peptides shows large variations in sensitivities to the

corresponding to an intracellular degradation were detectedyn2+ prope that are likely to reflect differences in acces-
for H-Antp on the mass spectra. When the peptide was gjpjjty.

incubated with CHO cells fo5 h instead of 75 min, no The titration with M@+ showed that the four home-

degradation was observed either (Figure 6A) and the intra- oqomain-derived peptides exhibit different sensitivities to the
cellular peptide concentration was not significantly changed. paramagnetic probe, as evidenced by the decrease of 2D
Similarly, H-Kno was not degraded after 75 min (Figure 6B). Tocsy cross-peak intensities. The N- and C-terminal
Two digests were observed in the mass spectra obtained fohasiques of the four homeodomain-derived peptides are
the cellular uptakg of H-Hox and occasionally H-Eng. In gffected by the M# probe, indicating that the peptide
both cases, the digests corresponded to the loss of the lastyiremities are located close to the surface. Therefore, the
or last three residues (on the peptide C terminus) and 9avenentides do not adopt orientations perpendicular to the
less intense signals than the intact peptide (see Figure S1 inyjce|le surface. The different behaviors of the four peptides
the Supporting Information). suggest variations in the depth of insertion in the micelle.
DISCUSSION The Mr¢t titrations carried on small molecules in the SDS
micelle show that a region corresponding to the sulfate
Positioning Models as Inferred by the Titration with the headgroup and the GiC4 methylene groups of SDS is
Mn?* Probe. The localization of the four homeodomain- affected by the MA" probe. The aromatic protons of
derived peptides in SDS micelles was investigated by using cinnamate, whose position should be close to that of C3 and
Mn?* as a paramagnetic probe. Although this water-soluble C4 methylene groups of SDS, are weakly affected byMn
probe is located outside the micelle, it is expected to and show low relaxivities% = 1—-2 Hz mM™1). Peptide

100

Relative intemty

. ™
[ —

Relative intemty
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found to interact mainly with the headgroup region of
membrane bilayers in neutron reflectivity3), plasmon-
waveguide resonancé4) and polarized-light spectroscopy
(45). However, at high peptide/lipid ratios and a high charge

/ \ / density, Antp was found to adopt mainfystructures 46,
FIGURE 7: Schematic model of the position of Kno (left) and Eng 47) and causes membrane perturbatids, @9). A recent
(right) peptides with respect to SDS micelle. The inner and outer NMR study of Antp in membrane bicelles also revealed that
circles Correspond to a radius of 16 and 22 A, respectively. the depth of pep“de insertion and Changes in anionic ||p|d

o ] ) orientation were concentration-dependesg)(

backbone protons that give rise to correlations in the TOCSY  |nteractions of the Four Homeodomain-Deed Peptides
spectra at 4 mM M# also show relaxivities of the same i, the SDS Micellar Enironment. NMR spectroscopy
order. Nevertheless, a direct comparison of the relaxationjngicates that helical conformations of the peptides are
enhancements cannot be drawn because of the differencefquced in the presence of SDS micelles. The helical
of correlation times between small organic molecules and propensity of each peptide is correlated to the depth of
peptides. Larger relaxation enhancements will be expectedinsertion within the micelle. Indeed, Eng is the most buried
for the peptide compared to the small molecule occupying @ peptide in the SDS micelle and also adopts the most stable
similar position in the micelle because of the differences in pg|ix as indicated by NMR parameters and structure calcula-
dynamics 41). Therefore, distances to the surface may be tions. Within each peptide, the central hydrophobic segment
underestimated. A tentative model of the position of the most ¢ontaining the two conserved Trp and Phe residues exhibits
diverging Eng and Kno peptides is shown schematically in the highest helical propensity. The weaker helical propensity
Figure 7 to illustrate the differences of accessibility to the opserved in the positively charged C-terminal part suggests
probe. Although the immersion depth in the micelle may be that electrostatic interactions with the anionic headgroups
underestimated, a deeper insertion in the hydrophobic interior of SpS are not sufficient to induce a stable helical secondary
of the micelle should be energetically unfavorable because gtrycture.
the positively charged end groups of Arg and Lys side chains  1he analysis of Antp, Eng, and Hox positioning in SDS
W!” tend to.be. solvated by the aqueous phase and interactpicelles indicates that the 439 segment is embedded in
with the anionic sulfate group of SDS. the micelle. This position is probably driven by interactions

Comparison of Positioning Models of Anfur position-  of hydrophobic lle, Phe, and Trp side chains with lipid
ing model of the Antp peptide in the SDS micelle, as inferred chains. The positively charged C-terminal residues are also
by Mn?* titration data, differs markedly from the previously inserted within the micelle but to a lesser extent. The
published model, in which Antp adopts a perpendicular comparison of relaxation effects induced by 4 mM¥on
orientation relative to the SDS micelle surface, with the C Trp side-chain protons of Antp shows that Trp56 is slightly
terminus located close to the center of the mice3&8).(This more sensitive to the paramagnetic probe than Trp48 (data
previous model was based on the relaxation effects inducednot shown). The increased exposure of Trp56 is in agreement
by the water-soluble Mt ion as well as lipid-soluble doxyl-  with the differences in sensitivity observed at the backbone
labeled stearic acids. The lower concentrations ofMrsed level between segment 489 and the C-terminal segment.
(0.3 equiv of Mr¥* ion per SDS micelle compared to 2 equiv A deeper insertion of Trp48 compared to Trp56 was also
in our study) did not allow the authors to detect the sensitivity observed in negatively charged phospholipid vesicles, on the
of the C-terminal residues to the Knprobe. It should be  basis of intrinsic Trp fluorescence measurements on Antp
noted that the dynamics of lipid-soluble 5- and 12-doxyl- and Antp analoguessQ, 51). In contrast to Antp, Eng, and
stearic acids makes the analysis of relaxation data gatheredHox, the position of the Kno peptide is much closer to the
with these probes difficult. Indeed, it has been shown that surface, with the hydrophobic 4%0 segment not deeply
5- and 12-doxylstearic acids broaden all proton signals of inserted in the micelle. This result was unexpected, given
SDS to some extent and can affect similar sets of resonanceshe overall positive charge and the conservation of Trp48
of peptides associated to a SDS micel)( This poor and Phe49 residues.
specificity can be ascribed to the high flexibility of these  Quantification of the CPP Internalization Efficiencies by
alkyl chains in the micelle interior. Furthermore, the pos- MALDI-TOF MS.The CPP internalization efficiencies have
sibility of specific interactions between the peptide and the peen measured by MALBITOF MS employing a method
doxyl group may also limit their applications for localizing  that we have recently described. The method is based on
peptides in micelles. the use of a standard with the same sequence as the CPP

In contrast, our positioning model appears to be quite and labeled with a stable isotope (deuterium) to allow peptide
similar to the model of Antp in negatively charged bicelles quantification by MALD-TOF MS. There are several
obtained by Gislund and co-workers3(), in which Antp problems associated with the measure of CPP cellular uptake
is located parallel to the bicelle surface within the headgroup that our experimental method has been designed to overcome
region. The helical secondary structure is also very similar to give reliable quantificationl(?). First, CPPs bind strongly
in both environments. Therefore, although the SDS micelle to the cell surface and are not completely removed even by
is a very simplistic membrane-mimetic system, the micellar repeated washings. The methods to measure CPP internaliza-
and bicellar environments yield similar results regarding the tion must distinguish between the external membrane-bound
conformation and the position of the Antp peptide. A number and the truly internalized peptide to avoid overestimation.
of spectroscopic studies of Antp in various membrane Inthe methods presented in the literature, the external peptide
environments have been reported and yield different resultsis often submitted to enzymatic digestids?(53). Alterna-
regarding Antp conformation and localization. Antp was tively, intracellular and membrane-associated CPP are dis-
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tinguished by chemical modification of the external peptide = Comparison of Internalization Efficiencies and Interactions
(54) or by fluorescence quenchindl, 55). Our protocol in Membrane Mimetic SystemEhe four CPPs studied here
includes a step of trypsin digestion of the extracellular gave significantly different results concerning the cellular
peptide. Digests are expected to have a reduced affinity foruptake efficiency. The best result was obtained for Kno. Its
the cell membrane and to be removed by washing. However,intracellular concentration was 15 times higher than the
if some of the peptide fragments retain affinity for the concentration obtained for Hox. Moreover, Kno was the only
membrane and are not eliminated, they can be distinguishedpeptide for which the concentration of intact peptide inside
with this method from intracellular intact peptide and cells was greater than in the extracellular mediun8.6
therefore do not interfere with quantification. This is an times). Hox gave the lowest intracellular concentration, while
advantage over the CPP quantification methods based on théeng and Antp showed similar internalization efficiencies.
detection of a reporter group (fluorophore) and not on the Previous studies showed that the positive charges in the
direct detection of the peptide. C-terminal domain of Antennapedia third helix are critical
There are two other problems that have been addressedbr internalization {, 11). In addition, th_e key role of Trp48
for the accuracy of the quantification. Because it is the in the upta}ke of Antp has bee’.‘ established, whereas the role
amount of intact internalized peptide that is measured here®f TTP56 is more controversial7( 11-13). Noteworthy,

using a standard, peptide degradation must be prevented]_-rrpgé3 iIS conserved a;n?:gtallEof tf|1e Eortr;]eoNdcimai_ns Ibtl;lt not
during sample preparation. The heating step introduced in | 'P2P- ' COMPAnNson to Anip, g 1acks the fv-terminal basic

the protocol denatures proteases released during cell Iysis.reSIdue and Trp56 Is substituted by an lle residue, but both

The standard, which is subjected to the entire process of cellﬁegt'deﬁ tr:_ave a dsmﬂa;f}arraggemept of fhy(_jrc_)lphlllc taid
lysis and peptide recovery, serves as a control of degradation. ¥f ropho '(} rezl tues. d Ee observa tlortlhot _? |m5|é31 rd upta et
Results are only valid if no deuterated digests are detected®| "c'eNcles Tor AP and =ng suggests that Trp 0€s no

on the mass spectra. In addition, discrimination between theplay acritical rol_e in in_ternalization as long as itis replaced
internalized peptide and the standard must be preventedby.a. hydr_ophc_)b|c re5|due..ln contrast, the presence of an
during peptide recovery by the streptavidin-coated beads acidic residue in the C—term|.nal segment may be detrlme_ntal
X ‘for cellular uptake, as evidenced by Hox translocation
CPPs may bind to some of the components of the cell lysate, .. . ; :

. - - efficiency. Kno has the most divergent sequence. It contains
which may hamper their capture by the streptavidin-coated : :
beads. The heating step allows both H-CPP and D-CPP,tWO. Trp re§|due_s such as Antp but a smaller nl_meer of_ba3|c
which have the same sequence, to be exposed to the Samre3|dues ((;.e., f|veé°\rg or Lys plus a His t?]at 'S potéantlally
. . . ' . rotonated in acidic compartments such as endosomes,
interacting species among lysate gomponents. Bqth peptide compared to seven Arg or Lys for Antp). However, in the
are thus subsequently captured with the same efficiency and

: . case of Kno, the basic residues of the C-terminal segment
are found on the (_jeposn gnalyzed by MALBTOF MS in are more clustered and are adjacent to a long N-terminal
the same proportions as in the lysate.

segment devoid of charged residues, compared to Antp and
In addition to providing reliable uptake quantification, this  Eng. When these results are taken together, they suggest that
method yields information about CPP degradation. In this it is the clustering of the basic residues in the C-terminal
study, fragments were only observed for Hox and occasion- part that is more important for the uptake efficiency than
ally for Eng but, in both cases, with a lower abundance the total number of positive charges.
compared to the intact peptide (Figure S1 in the Supporting |t has been established that Arg residues play an important
Information). These fragments may have been producedrole in cellular uptake because Antp analogues in which all
inside cells. However, because only two digests are observedpasic residues are either Arg or Lys residues have markedly
resulting from the cleavage of the CPPs at the C terminus different cell-binding and uptake properties8). The ex-
of basic residues, they more likely correspond to a membrane-amination of the four CPP sequences suggests that the
bound peptide that has been degraded by trypsin but notdifferences in uptake efficiencies cannot be accounted for
completely eliminated by washing. For these CPPs, a smallby variation in the number or the distribution of Arg residues.
fraction of the peptide adsorbed on the cell surface may notOn the basis of molecular dynamics simulations of Antp in
be totally accessible to trypsin. We did not observe any lipid bilayers 69), cation—s interactions between Arg and
intracellular degradation for Kno. Antp was not degraded aromatic residues have been proposed to contribute to the
either, even afte5 h of incubation with cells, and the insertion of the peptide into the lipid bilayer. Such interac-
intracellular concentration did not change significantly tions were indeed observed in our study between Trp48 and
between 75 min ah5 h of incubation. The four peptides  Arg52 and between Phe49 and Arg53 for the Antp peptide
are not quickly degraded after internalization, showing that in SDS micelles. Similarly, the Phe4®rg53 interaction is
they are not directed to lysosomes within the incubation conserved in Eng, Hox, and Kno peptides. The side-chain
period. Several studies of the degradation inside cells of interaction between Trp48 and the residue in position 52 also
fluorophore-labeled penetratin by MALBITOF MS have exists, but the Arg residue is replaced by Lys or GIn in the
been reported. Fischer et al. observed both intact and digested¢ase of Eng and Kno peptides. Therefore, a cation

forms afte 2 h ofincubation with MC57 cells§6). Lindgren interaction between residues 48 and 52 does not seem to be
et al. also reported the rapid peptide degradation in Caco-2critical for homeodomain-derived peptide translocation be-
cells, with some intact peptide still detectable a#tén (57). cause it is absent in Kno.

The difference with our results may be explained by the use  Surface Interaction®Our NMR results show that the four
of different cell types or reporter groups (fluorophore versus homeodomain-derived peptides adopt roughly parallel ori-
biotin), which may lead to different degradation rates in the entations relative to the SDS micelle surface. In particular,
cells. the orientation of Antp in the SDS micelle is quite similar
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to that observed in negatively charged bicelles by NMR ACKNOWLEDGMENT

spectroscopyd7). Parallel orientations of Antp to the bilayer
surface were also established by oriented circular dichroism
(49) and linear dichroismdb). A large number of biophysical
techniques indicated that Antp remains close to the water
lipid interface, including neutron reflectivity4@), Trp
fluorescence 49, 51), plasmon-waveguide resonance, and
impedance spectroscop¥4).

We thank Alain Joliot and Alain Prochiantz for fruitful
discussions.

SUPPORTING INFORMATION AVAILABLE

Table S1, proton assignment of Antp peptide; Table S2,
proton assignment of Eng peptide; Table S3, proton assign-

Interestingly, the Kno peptide, which has the highest Ment of Hox peptide; Table S4, proton assignment of Kno

uptake efficiency, was found to be the closest to the surfacePeptide; Table S5, statistics of NMR structure families;
in the micellar membrane-mimicking system. It also exhibits Figure S1, digests observed in the cellular uptake experiments

a weaker helical propensity, which is probably related to the Of H-Hox and H-Eng. This material is available free of

more superficial insertion within the micelle. Noteworthy,
the helical secondary structure is a consequence of the
interaction with the membrane environment and does not

seem to be required for membrane translocation, as shown 1.

by the use of nonhelical penetratin analogu®s (

The results obtained with this series of homeodomain-
derived peptides converge with a previous NMR study of

Antp and the nontranslocating [W48F, W56F]Antp analogue 3.

in a bicellar system37). Indeed, the two peptides were found

to adopt slightly different positions in the bilayer, with the
translocating peptide lying closer to the surface. Therefore,
a strong interaction with a membrane system does not seem
to be required and might even be detrimental for efficient
translocation. Electrostatic interactions near the membrane

surface may be the major determinant in the binding and 6.

translocation processeS9, 60).
The internalization mechanism of Antp is still controversial

and may not even be unique. Because all of the peptides 7.

studied herein are derived from homeodomains, they are
likely to share the same mechanism of cellular uptake. The g
different models proposed for Antp and other cationic CPPs

fall into two categories: (i) direct cell-membrane translo-

cation through transient formation of inverted micell8s ( 9.

10), a mechanism involving ion-pair complexes partitioning

in the case of guanidinium-rich peptidésl) or an “electro-
poration-like mechanism”6Q), and (ii) vesicle formation
either by endocytosi$Hg, 62, 63) or macropinocytosissd).
Numerous studies have shown that cargoes delivered by
cationic CPPs can reach their nuclear or cytosolic tar@ts (
Therefore, even in the case of vesicular uptake, a biological
membrane has to be crossed. Whatever the mechanism of

uptake, a peripheral surface positioning of cationic CPPs, 12

as observed for Knotted, may trigger a transient destabiliza-
tion of the bilayer to allow peptide translocation.

13.

CONCLUDING REMARKS

Despite strong sequence conservation of homeodomains,

the four selected homeodomain-derived peptides show subtle 14.

differences in the interaction with membrane mimetic
systems and surprisingly strong variations in translocating
efficiencies. This study yielded to the discovery of a new

CPP, corresponding to the third helix of Knotted-1. This CPP  15.

has an improved efficiency in cellular uptake compared to
penetratin and two homeodomain-derived peptides, as well ;4
as other cationic peptides including (Asgand Tais-sg
previously examined with the same mass spectrometry-based
method (7). Work is in progress to study the efficiency of
Knotted-1 third helix to deliver specific cargoes to relevant
biological targets.

4.

10.

11.

charge via the Internet at http://pubs.acs.org.
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