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Highlights

- Engrailed homeodomain (EnHD) unfolds upon binding to anionic lipid membranes

- Near-native helical secondary structure of EnHD is maintained in membrane environment

- Global unfolding of EnHD leads to parallel insertion of helices within the membrane

- Anionic lipids are recruited and stabilize U-shaped EnHD conformations
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Abstract

Homeoprotein transcription factors have the property of interacting with membranes
through their DNA-binding homeodomain, which is involved in unconventional
internalization and secretion. Both processes depend on membrane-translocating events but
their detailed molecular mechanisms are still poorly understood. We have previously
characterized the conformational properties of Engrailed 2 homeodomain (EnHD) in
aqueous solution and in micelles as membrane-mimetic environments. In the present study,
we used small isotropic lipid bicelles as a more relevant membrane-mimetic model to
characterize the membrane-bound state of EnHD. We show that lipid bicelles, in contrast to
micelles, adequately reproduce the requirement of anionic lipids in the membrane binding
and conformational transition of EnHD. The fold-unfold transition of EnHD induced by
anionic lipids was characterized by NMR using 'H, *C, N chemical shifts, nuclear
Overhauser effects, residual dipolar couplings, intramolecular and intermolecular
paramagnetic relaxation enhancements induced by site-directed spin-label or paramagnetic
lipid probe, respectively. A global unpacking of EnHD helices is observed leading to a loss of
the native fold. However, near-native propensities of EnHD backbone conformation are
maintained in membrane environment, including not only the three helices but also the turn
connecting helices H2 and H3. NMR and coarse-grained molecular dynamics simulations
reveal that the EnHD adopts a shallow insertion in the membrane, with the three helices
oriented parallel to the membrane. EnHD explores extended conformations and closed U-

shaped conformations, which are stabilized by anionic lipid recruitment.



Abbreviations

CD, circular dichroism; CG, coarse-grained; CSD, chemical shift deviation; DHPC, 1,2-
dihexanoyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol); 5-doxyl-PC,
1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine; DPC, dodecylphosphocholine;
DPPC, dipalmitoylphosphatidylcholine; DPPG, dipalmitoylphosphatidylglycerol; EnHD, chick
Engrailed 2 homeodomain (residues 200-259); MD, molecular dynamics; NMR, nuclear
magnetic resonance; POPG, 1-palmitoyl-2-oleolyl-sn-glycero-3-phospho-(1’-rac-glycerol);
POPS, 1-palmitoyl-2-oleolyl-sn-glycero-3-phospho-L-serine; PRE, paramagnetic relaxation

enhancement; RDC, residual dipolar coupling.
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1 Introduction

Among the numerous proteins able to interact with biological membranes, only a few are
able to directly translocate across the membrane. Protein translocation across the plasma
membrane is involved in unconventional cell internalization [1] or cell secretion pathways
[2]. This peculiar translocation property has been identified in different classes of proteins,
in particular homeoprotein transcription factors [3], viral proteins such as Tat from HIV [4],
and basic fibroblast growth factors [5]. Although structurally different, these proteins share
some common features, namely the presence of motifs enriched in basic residues
interacting with anionic ligands (nucleic acids, lipids, glycosaminoglycans).

Homeoproteins are a family of transcription factors characterized by a 60 amino acid DNA
binding homeodomain adopting a stable three-helix compact fold in solution [6] (Fig. 1A).
Their membrane translocation property has been ascribed to the evolutionarily conserved
third helix within the homeodomain and turns out to be a ubiquitous property of
homeoproteins in animals and plants [7,8]. We have chosen the homeodomain of
Engrailed 2 (EnHD) as a model to investigate the structural determinants of membrane
translocation. The structure of this protein has been studied in detail under different
environments [9-11]. Engrailed homeoprotein can act as a neuroprotective factor
preventing the apoptosis of dopaminergic neurons [12-15]. Its translocation property has
been shown to play a role in neuronal communication, and is involved in brain patterning
[16] and in axonal guidance during retinal cortex establishment [17-19].

Structure/function studies have led to the discovery of one of the first described cell-
penetrating peptides (CPPs), penetratin, derived from the drosophila Antennapedia
homeodomain third helix [20]. Biophysical and cellular studies of CPPs have aroused
considerable interest, not only for deciphering the intriguing mechanisms of membrane
translocation but also to design efficient cell-penetrating peptidic vectors able to deliver
hydrophilic cargoes within cells. However, since their discovery in the 1990s, the
mechanisms of cell internalization are still a matter of debate. Depending on the type of CPP
sequence, cell line and experimental protocol to monitor uptake, direct membrane
translocation pathways and vesicular transport routes have been identified, the two being

not mutually exclusive [21].



Contrasting with the wealth of biophysical data obtained on the isolated third helix of
homeodomain (penetratin, most often) [22], studies dedicated to the full homeodomain
remain very limited. Nevertheless, deciphering the mechanism of translocation of
homeoproteins requires the study of the native conformation of the protein, which
determines the folding and exposure of critical residues involved in translocation. In
addition, additional binding sites within the homeodomain can cooperate with the
penetratin motif to promote membrane interaction.

We have previously demonstrated by circular dichroism (CD) and Trp fluorescence that the
interaction with anionic lipids triggers conformational changes in EnHD [11]. By using
solution NMR, we reported that EnHD loses its native fold in micellar environments (DPC
micelles), but retains near-native helical secondary structures. The loss of the three-
dimensional fold enables optimal interactions of EnHD cationic residues with polar
headgroups and the burial of Trp48 and Phe49 residues in the hydrophobic interior of the
membrane mimic. The tryptophan residue, which is buried in the hydrophobic core of the
homeodomain in aqueous environment, has been previously recognized as a critical residue
in the internalization process [23]. These results led us to propose that this conformational
change acts as a molecular switch to initiate membrane binding and subsequent
translocation of homeodomains [11].

The choice of detergent micelles in our previous study was driven by the size of the
membrane mimics compatible with solution NMR studies. However, the high curvature of
micelles, their dynamics and their possible denaturing character could alter the structure
and interaction properties of protein, in comparison with natural lipid environments [24].
Another concern was that zwitterionic micelles induce large conformational changes in EnHD
while zwitterionic lipid membranes do not. This underlines that micelle systems are not
adequate to investigate the role of electrostatic interactions with anionic lipids, which is
recognized as a key element to promote EnHD conformational transitions.

For these reasons, we turn in this study to another membrane-mimetic system, bilayered
phospholipid micelles (bicelles). Bicelles are mixed micelles systems, composed of a mixture
of short-chain and long-chain phospholipids [25,26]. They can form disk-shaped assemblies
in which the long-chain phospholipid segregates in a flat bilayer region and are surrounded
by a rim of short chain phospholipid detergent. The bicelle size can be controlled by the long

chain to short chain lipid ratio (g). Values of g below 0.5 enable bicelles to tumble



isotropically in solution and to have a size compatible with solution NMR studies. We show
herein that small bicelles adequately reproduce the properties of lipids, regarding the
conformational effect induced by electrostatic interactions. This led us to carry out a high-
resolution liquid NMR investigation, in combination with coarse-grained molecular dynamics
simulations, to investigate how the water-soluble EnHD protein becomes associated with a
negatively charged membrane surface and to characterize its membrane-bound state. Our
study shows that EnHD bound to the membrane interconverts between extended
conformations and more closed conformations allowing the protein to recruit a high number

of anionic phospholipids at the membrane surface.

2 Materials and methods

2.1 Protein expression and purification

Recombinant EnHD proteins were produced in E. coli SE1 strain transformed with pSCherry
vectors. Protein constructs were expressed as Cherry-EnHD fusion proteins comprising a
(His)¢ tag at the N-terminus and a PreScission protease cleavage site upstream EnHD
sequence. Proteins were produced in LB or in M9 minimal medium for N or N, *C
isotopic labeling, as described [27]. The EnHD construct corresponds to residues 200-259 of
chicken Engrailed 2 homeoprotein (UniProt Q05917). Two Cys-containing mutants were also
produced, in position 6 (T6C substitution) or at the C-terminus (added residue C61). The
purification protocol of all EnHD protein constructs was similar to the one described for Cys
mutants in reference [11]. Briefly, bacterial pellets were resuspended in a lysis buffer
containing 50 mM sodium phosphate pH 8.0, 500 mM NacCl, 20 mM imidazole, and 1 mM
DTT. After sonication, the soluble fraction was separated from cell debris by centrifugation
and loaded on a Ni-NTA column (GE Healthcare) previously equilibrated with the lysis buffer.
The protein was purified using IMAC standard protocols with a 20-300 mM imidazole
gradient. Eluted fractions were pooled and dialyzed against PBS buffer, and PreScission
protease (GE Healthcare) was added to cleave the fusion protein. A second step of
purification was further performed using the Ni-NTA column to remove the cleaved (His)e-
Cherry fusion partner. The purity of protein fractions was controlled by SDS-PAGE and
protein concentration was determined from the UV absorbance measured at 280 nm using a

theoretical extinction coefficient of 6990 M™* cm™.



2.2 Samples preparation

DHPC, DMPC, DMPG and 5-doxyl-PC paramagnetic probe were obtained from Avanti Polar
Lipids. Lipids were lyophilized before weighing. DHPC was first dissolved in the NMR buffer
(30 mM sodium phosphate, pH 6.5, containing 10 % D,0) and the DHPC solution was then
added to DMPC and DMPG lipid powders for bicelle preparation. Bicelle homogeneity was
obtained by repeating 3 cycles consisting in freezing in liquid nitrogen, incubation at 45 °C
and centrifugation (5 min, 4000 g), with vigorous vortexing before and after centrifugation
[28]. The protein solution was added to bicelles and freezing/incubation cycles were
repeated until complete homogeneity. Bicelles incorporating 1 % 1-palmitoyl-2-stearoyl-(5-
doxyl)-sn-glycero-3-phosphocholine (5-doxyl-PC) were prepared using the same protocol.
The paramagnetic spin label MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate) was covalently attached to two EnHD mutants containing
a single cysteine residue at position 6 or 61. Removal of excess label was performed through
desalting using a PD-10 column (GE Healthcare) and through extensive buffer exchange
using centrifugal filter units with a 5-kDa membrane cutoff (Amicon). The yield of labeling
was evaluated to be >80 % from MALDI-TOF MS analysis. MTSL-labeled EnHD mutants were
concentrated at 0.2 mM in the NMR buffer containing 30 mM sodium phosphate pH 6.5 and
70 mM NaCl. 2D *H-""N HSQC experiments were recorded at 40 °C before and after 2 h
incubation with 5 mM ascorbic acid. The comparison of 2D *H=">N HSQC spectra of EnHD Cys
mutants (obtained after reduction of the spin label) with that of native EnHD shows little
chemical shift perturbation in aqueous and bicelle environments, indicating that both Cys
mutations and probe attachment do not strongly perturb EnHD conformational space (see

Fig. S1 for EnHD T6C mutant in the presence of bicelles).

2.3 Fluorescence spectroscopy

Fluorescence spectra were recorded at room temperature (25°C) on a MOS-200
spectrophotometer, with an excitation wavelength of 280 nm, a spectral width between 295
and 440 nm, and a bandwidth of 5 nm. A quartz cell (Hellma) of 0.3 x 0.3 cm path length was

used, using a protein concentration of 25 uM and a volume of 130 uL.



2.4 NMR spectroscopy

NMR experiments were acquired on a Bruker Avance Il 500 MHz spectrometer equipped
with a TCI *H/®c/"N cryoprobe. NMR data were processed with TopSpin 3.1 (Bruker) or
NMRPipe [29] programs and spectra were analyzed with NMRFAM-SPARKY [30]. 2D *H-"N
HSQC experiments were run between 30 °C and 40 °C on [*°N]-EnHD samples prepared in
5 mm Shigemi NMR tubes. The buffer used for NMR samples was 30 mM sodium phosphate,
pH 6.5, 70 mM NaCl, and containing 10 % D,0.

4, B¢, °N NMR assignments of [15N, 13C]—EnHD in bicelles made of 50 mM DHPC and 25 mM
DMPG were obtained from 3D HNCACB, CBCA(CO)HN, HBHA(CO)NH, HNCO, 3D >N TOCSY-
HSQC and 3D °N NOESY-HSQC recorded at 37 °C or 40 °C. Chemical shifts have been
deposited at BMRB under accession number 51516.

The N longitudinal R; and transversal R, relaxation rate constants were determined by
collecting a series of sensitivity enhanced °N-'H HSQC spectra with different relaxation
delays. The relaxation delays were set to 20, 50, 100, 135, 175, 200, 300, 500, 750, 1000,
2000, 5000 ms for R, measurements, and 17, 34, 51, 68, 85, 102, 136, 170, 187, 220, 237 ms
for R, measurements. Steady state N{*H} NOE values were determined as the ratio of peak
heights in ©>N-'H spectra collected with and without proton saturation during the recycle
delay. 'H saturation was achieved by applying a train of 120° pulses spaced at 5 ms interval
for a period of 4 s.

2D '"H-""N HsQC experiments of ["°N]-EnHD in the presence of 5-doxyl-PC lipid paramagnetic
probe or MTSL covalently attached to Cys7 or Cys61 of EnHD mutant were recorded at 40 °C
with a long relaxation time of 5 s. Reference diamagnetic HSQC experiments were recorded
with identical acquisition parameters, in the absence of 5-doxyl-PC or after reduction of
MTSL spin label with 5 mM ascorbic acid. Paramagnetic relaxation enhancements (PREs)
were determined as the ratio of crosspeak intensities in the paramagnetic and diamagnetic
conditions.

Residual dipolar couplings were extracted from 2D IPAP *H-""N HSQC experiments recorded
on isotropic and anisotropic samples. The alignment was induced by a radially compressed
negatively charged polyacrylamide gel. The EnHD/bicelle solution was soaked into a 6%
(w/v) polyacrylamide gel (acrylamide/bisacrylamide ratio of 39:1 w/w) doped with 5% 2-
acrylamido-2-methyl-1-propanesulfonic acid (AMPS). The gel of 6.1 mm initial diameter was

then inserted into an NMR tube of 4.2 mm internal diameter.



2.5 NMR structure calculations

NMR-based models of EnHD in bicelles were calculated with XPLOR-NIH 2.52 program.
Dihedral angle restraints were defined using TALOS-N program [31]. The ¢, ¢ angles of 46
residues were restrained to TALOS-N predicted values, the predicted range being increased
by a factor of 3, with a minimal £ 15° range. The ¢ angle of all other residues was restrained
to negative values (—180° to 0°). Distance restraints were derived from 243 NOE cross-peaks
identified on 2D, 3D 15N—edited, and 3D **C-edited NOESY experiments. Positional restraints
were applied on the Z coordinates of atoms using distance restraints to planes perpendicular
to the Z axis [32]. First, the Co. atom positions of all residues were restrained to 22 A + 7 A,
assuming that all protein atoms lie close to the water-membrane interface. From
intermolecular paramagnetic relaxation enhancements induced by 5-doxyl-PC, two sets of
restraints were applied on the Z coordinates of the N atoms belonging to surface residues
(25.5A + 3.5A) and to buried residues (18.5 A + 3.5 A). Finally, the positions of aromatic
protons involved in intermolecular NOEs with internal methylenic protons of lipid acyl chains
were restrained to 14 A + 5A. A set of 200 structures was calculated by torsion angle
dynamics at 3500 K followed by simulated annealing to 25 K and minimization, using
parallhdg5.3 forcefield [33]. The 25 lowest energy structures were then refined in a second
stage of torsion angle dynamics (dynamics at 3000 K, simulated annealing to 25K and
minimization) using an implicit membrane potential implemented in EEFx2 forcefield
[34,35]. The best 10 conformers were selected to represent the final conformational

ensemble. The coordinates of these models are available upon request to the authors.

2.6 Molecular dynamics

Coarse-grained (CG) molecular dynamics (MD) simulations of the EnHD protein in interaction
with a lipid bilayer were carried out using MARTINI force field version 2.2 [36,37] and
GROMACS 4.5.3 [38].

2.6.1 System setup. To get insights into the early steps of protein binding to the membrane,
a first system containing one protein in the aqueous phase far enough (~ 35 A) from the
bilayer was built, so that it had time to freely diffuse before encountering the membrane.
This first simulation box had a volume of 12 x 12 x 15 nm*and contained a lipid bilayer made

of 408 DPPC and 104 DPPG lipid molecules (giving a DPPC/DPPG 80:20 M ratio), 13,054

10



water particles (each water particle corresponds to 4 water molecules), one protein NMR
conformer (taken from 3ZOB structure family) [11] and 96 Na" ion particles to ensure system
neutrality. The whole system contained 19,432 particles, which translates to a water
thickness of ~10 nm. Three MD trajectories of 2 ps length were run, starting with different
initial velocities (simulations 1.1, 1.2 and 1.3). To keep the tertiary fold and the secondary
structures intact, an elastic network was used [39]. This strategy allowed us to predict the
early steps of the protein binding to the membrane, prior to the unfolding stage and full
insertion. For each trajectory, protein binding to the membrane was found to be irreversible
(no unbinding event was observed) and involved the same face of the protein.

Since the protein was irreversibly bound to the bilayer at this stage, a large water thickness
was no longer necessary. To alleviate the computational effort, a second system was built
(from the reproducible bound conformation), by reducing the size of the water layer (5717
beads, water thickness of ~4 nm), giving a total of 12,095 particles and a box volume of 12 x
12 x 9 nm”. The lipid composition and number of ions were identical to the first simulations.
Two long MD trajectories of 60 us were run, started with different initial velocities
(simulations 2.1 and 2.2). The elastic network was released in order to let the protein free to
fully insert in the bilayer. Importantly, the regular helical secondary structures were
enforced, as is standard practice for MARTINI membrane protein simulations without elastic
network [37].

2.6.2 Simulation parameters. Simulations were run at 300 K using the velocity rescaling
thermostat [40] and at 1 bar using the Parrinello-Rahman barostat [41]. A 1.2-nm cutoff was
used for non-bonded interactions. The integration time step was 20 fs. Additional details are
given in Supplementary Information.

2.6.3 Trajectory analysis. Details on the analysis of protein partitioning within the bilayer,
protein conformation clustering and neighboring lipids are given in Supplementary

Information.

3 Results

3.1 Investigation of EnHD conformational changes using small isotropic bicelles
To gain insight on the influence of membrane environments on EnHD conformational

changes, we first conducted intrinsic tryptophan fluorescence experiments (Fig. 1A). EnHD
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contains a single Trp residue (Trp48) whose burial in the hydrophobic core of the
homeodomain makes it a good reporter of EnHD conformational transitions. Furthermore,
this residue is known to be critical in lipid interactions that mediate membrane translocation
[23]. The Trp fluorescence emission spectrum of EnHD is strongly quenched in the native
state, owing to aromatic interactions within the hydrophobic core [42] or to a dipolar
interaction with an immobilized water molecule [10]. We previously reported that the
fluorescence spectra of EnHD are virtually identical in aqueous solution and in the presence
of large unilamellar vesicles (LUVs) made of zwitterionic DMPC, whereas the addition of
anionic DMPG lipids in LUVs leads to an increase in fluorescence intensity [11]. We ascribed
these spectroscopic changes to a large conformational transition affecting EnHD three-
dimensional structure concomitant with an insertion of tryptophan in the lipid bilayer [43].
We analyzed the effects on EnHD of bicelles made of short chain DHPC and long chain DMPC
or DMPG phospholipids, using a g ratio of 0.5. Interestingly, the effects observed with
bicelles match those induced by LUVs: the Trp environment is marginally affected by
zwitterionic bicelles, while bicelles containing anionic DMPG induce large environment
changes, similarly to LUVs (Fig. 1A). This indicates that the composition of long chain lipids
(DMPC/DMPG) in bicelles influences Trp environment in EnHD to a similar extent as in LUVs.
As a control, we investigated the effect of DHPC alone, at a concentration above the critical
micellar concentration (CMC). The DHPC micelle induces large environment change in EnHD,
in the absence of any anionic lipid, showing that DHPC detergent behaves differently,
depending whether it is micellar or associated within lipid bicelles. It should be noted that
the fluorescence emission of Tyr25 may partly overlap with that of Trp if the tyrosinate form
is stabilized, which is unlikely in the presence of anionic lipids [44,45].

2D 'H-""N HSQC NMR experiments were next recorded to analyze the effects of the bicelle
composition on EnHD conformation and interaction (Fig. 1B). The 'H-"N HSQC spectra of
EnHD are very similar in aqueous solution and in the presence of zwitterionic bicelles (g =
0.5), as already observed [11]. The presence of zwitterionic lipids has minor effects on y,
>N chemical shifts and peak intensities. These weak perturbations can be interpreted as
transient interactions between EnHD and lipid polar head groups, which do not affect EnHD
three-dimensional structure. The effect of DHPC alone is markedly different at a
concentration above the CMC, as it induces dramatic chemical shift perturbations and

narrower chemical shift dispersion, indicative of a loss of EnHD three-dimensional structure
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(Fig. 1B). The titration with bicelles containing increased proportions of anionic DMPG
phospholipid (Fig. 1C) leads to large environment changes in EnHD in terms of chemical shift
perturbation and peak intensities, confirming the effects observed in Trp fluorescence
experiments. At DMPG ratios around 25-50 %, a severe broadening of resonances is
observed for many residues, including Trp48 side chain HNeg1 resonance. This effect could be
due to the size of the protein/bicelle complex and/or to intermediate exchange regime
between the native form in solution and the lipid-bound state. However, the titration with
higher concentrations of DMPG (75-100 %) enables recovering spectra of better quality,
indicating that an intermediate exchange regime of interaction with DMPG is probably at
stake. We therefore chose to characterize the DMPG-bound state of EnHD using bicelles
made of 50 mM DHPC and 25 mM DMPG, a condition that yields a spectrum quality

compatible with high-resolution solution NMR studies.

3.2 NMR characterization of EnHD in complex with anionic bicelles

The 2D 'H-""N HSQC spectrum of EnHD in DHPC/DMPG bicelles strongly differs from that in
aqueous solution and exhibits reduced chemical shift dispersion. These features indicate
that bicelle-bound EnHD does not adopt the native globular fold. To further characterize the
conformation of EnHD, 'H, N, and **C resonances were assigned using double and triple
resonance experiments. The analysis of these chemical shifts provides valuable information
to characterize the conformation at the residue level. The chemical shift deviations (CSDs) of
B3Ca resonances with respect to random coil values (Fig. 2A) show that the helical secondary
structure of EnHD is largely preserved. Three stretches of residues exhibiting positive CSD
values (> 1.5 ppm) are observed, supporting the presence of three helices. The CSD profile is
close to that observed in aqueous environment (Fig. S2), but slightly differs regarding the
length of helices and in the connecting loops. A more detailed analysis of residue backbone
conformation was provided by TALOS-N program, based on LN, Bcq, 13C[S, B’ and Ho
chemical shifts [31]. Conformational predictions could be made by TALOS-N for 46 residues
ranging from T9 to K55 (with the exception of L26), other residues in the N- and C-tails being
predicted as dynamic by the program (Fig. S3). The three helical segments can be precisely
delineated: H1 extends from A10 to Y25, H2 from E28 to E37, and H3 from E42 to K55. This
definition of helices is remarkably similar to that in aqueous solution. A slight difference can

be observed for H1 helix, which is one turn shorter in its C-terminal part in water (A10 to
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E22). Interestingly, several residues in the helix connecting segments adopt backbone
conformations in the same regions of the Ramachandran diagram as in aqueous solution:
extended basin (/Py) for T9, T27, L40, N41; o region for L38 and o, for G39. Thus, the
overall secondary structure of EnHD tends to be very similar in water and in bicelle
environment. The combined analysis of 'HN, PN, “Ca, *C’ chemical shift variation [46]
induced by the bicelles shows that perturbations are observed throughout the sequence,
and are the strongest in the loops connecting a-helices (Fig. S4).

The assignment of NOE correlations in a 3D °N- and 3D “*C-edited NOESY experiment (Fig.
S5) further supports the chemical shift-based analysis. Indeed, the comparison of the
intensities of intraresidual Hoy-HN;, sequential Ho,-HN;.1, and sequential HN;-HN;.; NOEs is in
good agreement with predicted backbone propensities at the residue level. Importantly, the
observation of several medium range Hay-HNi:,, Hoy-HNiis, Hou-HPiis and Hoy-HNi.s NOEs
demonstrates the persistent formation of helices in the bicelle environment. Nevertheless,
no long-range NOEs could be detected between helices, suggesting that the helices are
probably not tightly packed in a globular structure.

To gain insight on EnHD backbone dynamics, heteronuclear {*H}*>’N NOEs were measured
(Fig. 2B), together with °N R; and R, relaxation rates (Fig. S6). Residues in the core of the
homeodomain (T9-K55) have heteronuclear {*H}**N NOE values around 0.5 at 500 MHz.
These values are lower than those previously determined in aqueous solution (around 0.8 at
500 MHz) [11], reflecting a higher mobility on the picosecond to nanosecond timescale in
comparison with the globular state in water. However, they indicate that the helices are
stable on this timescale. In contrast, residues outside the homeodomain core are highly
disordered, confirming the analysis based on chemical shifts. Residues in the segments
connecting H1-H2 and H2-H3 exhibit values that are only slightly smaller than those
observed in the central part of the helices, indicating that they also experience restricted
motions. >N R; and R, relaxation rates show quite uniform values in the homeodomain core
(Fig. S6). The N- and C-terminal tails show decreased R; values, in agreement with the higher
mobility of these segments inferred from heteronuclear NOE values. Moreover, the e\
R1/R, ratio measured in the helical segments provided an estimation of the rotational
correlation time of the protein-bicelle complex to 15 ns, almost 4 times longer than that of

EnHD in solution (~4 ns). This increase supports a tight binding with anionic bicelles.
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One-bond residual dipolar couplings (RDCs) were measured to get information on the
relative orientation of helices. In an anisotropic medium, internuclear dipolar couplings no
longer average to zero and provide information on the average angular orientation of bond
vectors relative to the magnetic field. The alignment was induced by an anisotropically
compressed polyacrylamide gel, a medium compatible with bicelle formation [47]. Only one-
bond 'H-"N dipolar couplings could be successfully measured from 2D IPAP HSQC
experiments, because 3D experiments used to measure other one-bond couplings had a low
signal to noise ratio, under our experimental conditions. ‘H-">N RDCs measured in the
different helix segments clearly show distinct ranges of values (Fig. 2C), suggesting that the
helices do not behave as independent rods with random orientations.

Since the aforementioned NMR parameters provide mainly local information, we next
measured paramagnetic relaxation enhancements (PREs) induced by intramolecular site-
directed spin labeling. The PRE analysis is a convenient method to detect transient long-
range contacts between distant regions of non-globular proteins, owing to the strong dipolar
interaction between radical electron spin and nuclear spins. A nitroxide radical was
covalently attached by Cys linkage chemistry to EnHD mutated with a cysteine at position 6
(upstream of helix H1) or 61 (C-terminal extremity). The PRE profiles measured for EnHD in
bicelle environment are markedly different from those obtained in aqueous solution (Fig. 3).
The introduction of a spin label at position 6 yields strong PREs in distant parts of EnHD in
aqueous solution (Fig. 3B), with cancellation of residue intensity in helix H3, as expected
from the globular 3D structure (Fig. 3A). These long-range effects are no longer observed in
bicellar environment and prove the loss of the native fold (Fig. 3C). A weak effect is observed
in the segment connecting H2 and H3 helices, indicating transient contacts. The PRE profiles
obtained with the spin label grafted at the C-terminus yield a similar conclusion: the close
spatial proximity between the C-terminus and the loop between H1 and H2 in the native fold
is lost in lipid environment (Fig. 3D,E). Nevertheless, PREs are observed for residues 8-9
preceding H1 helix, suggesting the presence of long-range transient contacts between the N-

and C-terminal parts of the protein in the bicelle-bound state.

3.3 Position of EnHD in anionic bicelles
The position of EnHD with respect to the bicelle surface was examined using intermolecular

PREs induced by the lipophilic paramagnetic probe 5-doxyl-PC (Fig. 2D). Most EnHD residues
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are affected by the probe, except for a few residues at the N- and C-termini. This indicates a
strong association of EnHD core with anionic bicelles, whereas the disordered tails remain
flexible in bulk solution. Periodic variation of PREs are observed along the three helices.
These paramagnetic waves are typical of parallel orientation of the helices with respect to
the bicelle surface. Within each helix, the most affected residues have a hydrophobic
character (L13, L16, F20 in helix H1, L34 in helix H2, W48, F49, A54 in helix H3),
corresponding to an orientation of the hydrophobic face of helices within the hydrocarbon
phase. The most affected residues in EnHD are A7 and F8, which lie in a flexible segment
preceding helix H1. This segment is expected to be embedded within the bicelle interior, on
the basis of side chain hydrophobicity. However, considering the strong signal attenuation of
'H-"N resonances, we cannot exclude a specific interaction of these residues with the
paramagnetic doxyl group.

The analysis of NOESY experiments also revealed the presence of intermolecular NOEs
between aromatic protons of EnHD (F8, F20, F49, W48, Y25) and lipid protons around 1.25—-
1.3 ppm that correspond to internal methylenic groups of lipid acyl chains. These
intermolecular NOEs indicate that the aromatic side-chains of EnHD are embedded in the

hydrophobic interior of bicelles.

3.4 NMR structure calculation of EnHD membrane-bound state

The structure of EnHD bound to anionic bicelles appears to be more dynamic than the native
state in aqueous solution but clearly shows important degree of order at the backbone level,
with stable helix structuring and positioning in the bicelle. To describe the conformational
space of the EnHD membrane-bound state, models were calculated by restrained molecular
dynamics using the available NMR data. Experimental NMR information includes 46 (¢, )
dihedral angle restraints obtained from TALOS-N analysis, 243 distance restraints from
assigned NOEs. To further take into account the parallel positioning of helices with respect
to the bicelle surface, we used an atom to plane distance potential available in XPLOR-NIH
structure calculation program [32]. These positional restraints were applied to N atoms and
were defined on the basis of intermolecular PREs induced by the 5-doxyl-PC probe. Finally
positional restraints were applied to the aromatic sidechains, on the basis of observed
intermolecular NOEs with lipids. No RDCs were used in the structure calculation because of

the limited experimental data set (single alignment condition).
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The structures were calculated with a high temperature simulated annealing protocol using
torsion angle dynamics in XPLOR-NIH and were refined using an implicit membrane potential
(EEFx2 forcefield) to provide a description of the anisotropic water-membrane interface. The
final NMR ensemble is shown in Fig. 4. The relative orientation between the three helices is
not well-defined, reflecting protein flexibility in the bicelle environment. However, helices
H2 and H3 adopt a privileged helix-turn-helix topology, while helix H1 has a looser
orientation. Some conformers show close proximity of the N- and C-terminal regions, in

agreement with transient contacts detected in PRE experiments.

3.5 Coarse-grained molecular dynamics simulations of EnHD with lipid membranes

To get more detailed insights on EnHD interaction with lipid membranes, we performed
coarse-grained (CG) molecular dynamics (MD) simulations of EnHD in an explicit membrane
made of 80 % DPPC and 20 % DPPG. We chose to use a binary lipid composition that differed
from the purely anionic bicelle condition used in the NMR study to get information on EnHD
- lipid interactions in a more realistic membrane environment made of both zwitterionic and
anionic lipids. In a first set of simulations, three MD trajectories of 2 pus each were run with a
hydrated phospholipid bilayer., An elastic network was applied to keep the protein fold
intact. The protein was initially positioned in the aqueous phase, far apart from the
membrane bilayer (Fig. S7). The protein starts to diffuse in water in a first phase, which is
then followed by an attraction towards the membrane. As observed previously on other
peripheral proteins such as phospholipase A2 [48] or HIV-1 Matrix Protein [49], the protein
undergoes multiple unsuccessful collision events on the membrane. The protein starts
rapidly (after a few tens of ns) to “sense” the membrane via its N-ter and C-ter basic
residues. At this stage, this is not a tight binding event, as no residue is buried within the
membrane, but rather a weak adsorption driven by electrostatic interactions. Eventually,
EnHD binds irreversibly to the membrane surface, after 0.4 to 0.7 us, with a similar scenario
in the 3 simulations (Fig. S8). This binding occurs between the basic C-terminus of helix H3
(KssIKKATgo) and the membrane, mainly via stronger electrostatic interactions with DPPG
lipids. The binding of the C-terminal part of EnHD provides a “soft” anchoring to the polar
heads, while permitting the protein to rotate and engage transiently other contact surfaces.
This C-terminal anchoring eventually leads to a more stable orientation, which is

reproducible over the 3 simulations. Multiple contact points can be observed in Fig. S9,
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involving not only the C-terminus of helix H3 (KssIKKsg), but additional residues in the
cationic N-tail of EnHD (K,RPRs) as well as at the end of helix H2 (Q21, T22). In this bound
state, helix H3 has the deepest insertion and is oriented perpendicular to the membrane
surface. The folded EnHD structure prevents an optimal binding of helices H1 and H2 with
the membrane surface. Therefore, the protein is not deeply buried inside the membrane and
only the C-terminal residues partition below the phosphate groups of lipids (Fig. S9).

In a second step consisting in two MD simulations of 60 us duration (simulations 2.1 and
2.2), the elastic network was released in order to allow the homeodomain to unfold and
insert deeper in the membrane. It is important to bear in mind that the regular helical
secondary structure of EnHD, inferred by NMR on the bicelle-bound form of EnHD, was
enforced at this stage, as is standard practice with MARTINI simulations of membrane
proteins [37]. A partial unfolding of EnHD is observed within the first few ps, concomitant to
the insertion of helices H1 and H3 in the membrane, with orientations parallel to the
membrane surface. Complete unpacking of EnHD helices occurs at 5.6 us and 13.7 us (for
simulations 2.1 and 2.2, respectively), leading to the embedding of the three helices within
the membrane. All figures and statistics described hereafter consider the range 15-60 ps
after the full unfolding/insertion have occurred for both simulations. The position of the
helices within the membrane then becomes very stable, with a parallel positioning and
comparable immersion depths over the 2 simulations (Fig. 5). The protein is much more
buried inside the membrane compared to the first phase (Fig. S9). Indeed, many
hydrophobic residues are deeply inserted below the phosphate level all along the protein
sequence. This parallel orientation and deep insertion of some residues for the 3 helices is
possible thanks to their non-negligible amphipathic character.

Once inserted, EnHD structure is highly dynamic and explores various orientations between
its helices in the membrane plane. The conformational space was analyzed by clustering
using a cutoff of 8 A (Fig. 6). The first populated cluster (~45% of all conformations)
corresponds to an extended thread-like structure in which the three helices are roughly
parallel to one another. The second cluster (21 %) displays a more compact U-shaped
structure with turn conformations on either side of helix H2. This conformation leads to
closer distances between the N- and C-termini and could account for the transient contacts
detected by PRE NMR experiments. Clusters 3 and 4 have intermediate shapes and are

probably transition conformations between clusters 1 and 2. In the remaining of the text, we
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will call the two main clusters 1 and 2 “extended cluster” and “U-shaped cluster”
respectively.

Next, we examined the dynamics between the extended and U-shaped structures. The
distance fluctuation between residues 5 and 60 is shown in Fig. 7A for simulation 2.1 (and
Fig. S10 for simulation 2.2). A low value, below 2.5 nm, is specific to the U-shaped
conformation (cluster 2), while a value higher than 2.5 nm is represented by the extended
structures (cluster 1) and the intermediate clusters 3 and 4. Extended conformations are
dominant, although several short excursions to a low distance are observed, which go back
rapidly to extended conformations. Interestingly, the U-shaped is stabilized around 40 us for
about 6-7 us. Similarly, in simulation 2.2 (Fig. S10), a long-lived state of the U-shaped
conformation is observed (around 20 us for roughly 5 ps). A life time of several us implies
that some interactions should stabilize this U-shaped conformation. The number of
neighboring lipids around EnHD protein is shown in Fig. 7B. For extended conformations,
there are around 90 DPPC lipids and 60 DPPG lipids having a contact with the protein.
Interestingly, the number of DPPC goes down to 60 lipids around 40 ps, while the number of
DPPG remains constant at 60 lipids. This reduction in the number of DPPC near the protein is
concomitant with the occurrence and stabilization of the U-shaped conformation. The
fraction of DPPG around EnHD protein is significantly enriched in comparison to the total
DPPG fraction in the whole box (Fig. 7B). This indicates that DPPG clusters around the
positively charged EnHD. The fraction of bound DPPG amounts to ~40 % for extended
conformations, in comparison to 20 % for the whole box. Interestingly, the fraction of DPPG
is higher for the U-shaped cluster, reaching > 50 %. The snapshots shown in Fig. 7D provide a
molecular basis for the stabilization of the U-shaped conformation. Indeed, this
conformation is possible thanks to the recruitment of negatively charged DPPG lipids,
allowing the positively charged N- and C-terminal parts of the protein to approach each
other. The U-shaped conformation is more compact than the extended one, thus some lipids
need to be expelled from the protein surface to interconvert from U-shaped to extended.

These expelled lipids turn out to be solely DPPC.

4 Discussion
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This combined NMR/MD study provides for the first time a detailed analysis of EnHD
conformational space in lipid environments, which is a prerequisite to decipher at the
molecular level the mechanisms of membrane translocation of native homeoproteins. We
had previously characterized by NMR the conformation of EnHD in two detergent micelles
(zwitterionic DPC and anionic SDS) [11]. However, the results gathered in detergent
environments should be interpreted with caution because the potential protein denaturing
effects of micelles may affect the stability and dynamics of helical secondary structures, as
well as alter the interactions between helices, as described for several transmembrane [24]
or surface-bound proteins [50]. In this respect, we observed that zwitterionic
phosphocholine detergent micelles (DPC [11] and DHPC in this study) cause EnHD unfolding
whereas zwitterionic lipid bilayers do not. The incorporation of anionic lipids in bilayer
membranes appears to be a critical factor to induce a major conformational transition of
homeodomain. Moreover, membrane negative charge density is a key element for in vitro
observation of direct translocation of cationic cell-penetrating peptides in liposomes [51].
Therefore, it is important that membrane mimics used for structural studies adequately
reproduce the conformational effects triggered by protein-lipid electrostatic interactions.

We found that small bicelles behave like liposomes, regarding the membrane charge effect
on EnHD conformational transition. Low g ratios had to be chosen to form fast-tumbling
bicelles compatible with solution NMR, requiring the use of high DHPC detergent
concentrations. One possible concern with such small bicelles (g < 1) is the incomplete lipid
segregation from detergent which may result in mixed micelle behavior rather than true lipid
bilayer formation [52]. However, despite the high proportion of DHPC detergent and low g
ratio, we show that zwitterionic phosphatidylcholine bicelles do not induce any EnHD
protein unfolding, in contrast with pure DHPC micelles. The incorporation of anionic DMPG
lipids in bicelles has dramatic effects on *H=">N NMR spectra of EnHD, indicative of strong
binding to anionic lipids associated with major conformational changes in EnHD. Significant
line broadening is observed at intermediate DMPG concentrations (25-50 %), presumably
arising from the exchange between the solution and lipid-bound state or between multiple
lipid-bound conformers. Importantly, little chemical shifts variation is observed for DMPG
ratios beyond 50 %, while significant line narrowing enables recovery of all 'H-"N
correlations. This can be explained by a shift of the equilibrium towards a major lipid-bound

state of EnHD, reducing exchange-broadening contributions. The weak chemical shifts
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variations between 75 % and 100 % DMPG suggest that the structure of the bicelle-bound
state does not vary much in this range of high DMPG ratio. Therefore, we chose to use the
highest DMPG ratio to characterize in detail the structure of the anionic bicelle-bound state.
The rotational correlation time determined from °N relaxation provides an estimation of
the size of EnHD/anionic bicelle complex, which is roughly twice as big as that of previously
characterized EnHD/micelles complexes [11].

To get more insight on the protein-lipid interactions, we performed molecular dynamics
simulations of EnHD in an explicit lipid membrane bilayer. Since previous experimental
kinetics experiments showed that the homeodomain folds or unfolds on a us time scale in
aqueous solution [53,54], we anticipated an even slower kinetics in a lipid environment,
precluding the use of all-atom simulations. Therefore, we used here a coarse-grained
representation with the MARTINI force field. This latter has been parameterized to
accurately reproduce the partition of molecules between polar and apolar phases but does
not handle the full backbone flexibility. In order to observe the unfolding transition after the
protein insertion, we used the trick of releasing the elastic network while maintaining helices
in place. Accordingly, we do not expect to get the exact mechanism of the coupling between
membrane binding and protein unfolding. The real kinetics between the different protein
conformational states is also overestimated in our CG simulations, because of the inherent
acceleration due to the CG representation. However, CG simulations are extremely useful to
study how some lipids are specifically enriched near the protein [55], as shown herein for
Engrailed interaction with PG. Furthermore, our strategy allowed us to sample how the 3
helices of EnHD partition into the membrane and interact with lipids at a near atomic
resolution.

NMR data show that homeodomain binding to anionic lipid membrane leads to a loss of the
globular native fold, while preserving the secondary structure. The three helical segments of
EnHD have stable conformations in the lipid environment, as evidenced by chemical shift
and NOE analysis. A similar observation had also been made in DPC and SDS micelles. Thus,
the three helical regions of the homeodomain retain their high helical propensity in a wide
variety of environments, with only minor adjustments of helices length. The main
differences concern helix H1, which tends to be one turn longer in its C-terminal part in both
micelles and lipid environments. The length of H3 helix is also variable on its C-terminal side.

The 56-60 region exhibits helical propensity and is stabilized to different extent, depending
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on the environment or upon complexation to its DNA ligand [56]. Interestingly, the NMR
chemical shift analysis also reveals that residues outside helical segments explore a
conformational space which is close to the native one, in particular in the H2-H3 turn
(residues 38-41).

The three helical segments of EnHD are inserted in the membrane with parallel orientations
to the membrane surface, as revealed by positioning experiments using a lipid paramagnetic
probe. The analysis of helix positioning in simulations is also in excellent agreement with
NMR results. MD trajectories underline that the three helices are not deeply buried in the
lipid membrane and are inserted at the level of lipid head groups. Most residues on the
immersed helix faces have aliphatic or aromatic side chains (L13, L16, F20 in helix H1, L34 in
helix H2, 145, W48, F49 in helix H3). Segments connecting helices are also anchored in the
membrane via hydrophobic contacts (P4 and F8 in the N-tail, Y25 and L26 in the H1-H2
connecting segment, L38 and L40 in the H2-H3 connecting segment, 156 in the C-tail). These
anchoring points may contribute to the restriction of the available conformational space, as
inferred from NMR chemical shift and relaxation analysis, not only in the three helices but
also in helix-connecting segments. There do not appear to be strong differences in the
positioning of the three helices. Yet, the membrane translocation property is specifically
mediated by helix H3 of homeodomains. This helix is not deeply buried in the lipid bilayer
and this observation is in agreement with data obtained on cell-penetrating peptides derived
from H3 helices of different homeodomains [22]. Helix H3 sequence departs from the other
two helices by a higher number of hydrophobic residues and, most importantly, by a high
density of cationic residues. Both types of residues have been recognized as critical for the
internalization. The helix structuring and positioning leads to the expected partitioning of
most hydrophobic and polar residues in the lipid apolar phase and in the lipid polar head
group/water interface, respectively. However, helix H3 is not perfectly amphipathic, so that
K52 side chain is oriented on the lipid-embedded face, interacting with W48/F49
hydrophobic core. Positions 48 and 49 appear to be strictly conserved in homeodomain
sequences while a cationic residue is most often found at position 52 [6]. It would be
interesting to investigate if these conserved aromatic/cationic interactions play a role in the
membrane translocation activity of homeodomains, as proposed for ion pair-pi interactions

described in Arg, Trp-rich cell-penetrating peptides [57].

22



Although EnHD loses its native globular fold upon interaction with bicelles, its
conformational space cannot be merely described by extended conformations in which the
three helices have random orientations with respect to one another. Indeed, the RDC profile
indicates that helices H2 and H3 have distinct orientations in the bicelle complex. The NMR
ensemble shows that the segment connecting H2 and H3 has significant turn propensity. In
addition, PRE data reveal the presence of transient long-range contacts in EnHD between the
N- and C-tails. Such non-extended structures might be experimentally induced by the small
size of the bicellar membrane-mimetic system. However, we found that U-shaped
conformers were also encountered in MD simulations. The lipid/water box dimensions
undoubtedly provide a much larger lipid bilayer surface to accommodate EnHD, in
comparison with experimental small bicelles. The long lifetime of such U-shaped states,
reaching several us in both simulations, also argues for the relevance of such conformations
and the presence of stabilizing interactions. Close inspection of protein/lipid interactions in
these U-shaped states provides a basis for such stabilization. Indeed, the U-shaped
conformations are characterized by the entrapment of anionic lipids between the cationic N-
and C-tails. Such conformations correspond to the second most-populated conformational
cluster in the two MD simulations. However, accurate estimation of their population would
require free energy calculations using enhanced sampling techniques. The transition
between extended and U-shaped conformations is rather slow since we observe only one
long excursion in both simulations 2.1 and 2.2. The real kinetics between both main
conformations is overestimated in our simulations, due to the CG representation, but it
probably reaches tens to hundreds of us, or possibly the ms time scale.

The calculated conformational ensemble of EnHD bound to anionic bicelles has similarities
with the structure of an Engrailed folding intermediate in aqueous solution, which was
characterized by engineering a destabilizing mutation in homeodomain hydrophobic core
(L16A) [54]. The L16A mutant of Drosophila Engrailed homeodomain has near-native
secondary structure around H1, H2 and H3 helices, with a lengthening of helix H1 and a
shortening of helix H3 in their C-terminal parts, in comparison with the wild-type protein.
The L16A mutant exhibits a U-shaped structure, in which helices H2 and H3 form a well-
defined, near-native helix-turn-helix structure while helix H1 does not interact with H2-H3
core. In comparison with this folding intermediate, bicelle-bound EnHD structure is less well-

defined in the H2-H3 turn segment and the orientation between H2 and H3 helices is altered
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to ensure more favorable parallel helix positioning to the membrane surface and anchoring
of side-chain hydrophobic residues within the membrane.

Our structural data were obtained using a high proportion of anionic DMPG, a lipid that is
not found in eukaryotic plasma membranes but is commonly used in biophysical studies of
membrane-active peptides. Importantly, the translocation of cell-penetrating peptides can
be experimentally observed in vitro, only when membrane systems incorporate a high
density of anionic lipids [51,58]. For instance, the translocation of penetratin across droplet
interface bilayers requires the presence of at least 40 % POPG and is not observed if POPG is
replaced by POPS, another anionic lipid. This indicates that the nature of the lipid greatly
influences the formation of translocation-active peptide-lipid complexes. Among the
physiologic anionic lipid species that could be recruited by homeodomain,
polyphosphoinositides appear to be good candidates. Indeed, it was recently shown that
phosphatidylinositol-4,5-bisphosphate (PIP,) is required for Engrailed 2 homeoprotein
translocation, in both secretion and internalization transfers [59].

The negatively charged lipids (phosphatidylserine, PIP;) are mostly found in the cytosolic
leaflet of plasma membrane, making them privileged binding partners involved in the
extracellular secretion of basic proteins. Accordingly, PIP, was shown to play a role in the
unconventional secretion pathways of FGF2 [5] and Engrailed 2 proteins [59]. A recent study
demonstrated that PIP, was also involved in the internalization of Penetratin peptide [60].
Interestingly, both inner leaflet and outer leaflet pools of PIP, modulate penetratin
internalization [60]. The interaction of cell-penetrating peptides with membranes may also
cause a redistribution of lipids across leaflets, as evidenced for Tat peptide and
phosphatidylserine [61].

The electrostatic interactions between EnHD protein and lipids appear to be important not
only to increase membrane binding affinity but also to induce EnHD unfolding. Our MD
simulations show a clustering of anionic lipids around the positively charged EnHD, with a ~2
fold DPPG enrichment in the lipid fraction in contact with EnHD. The anionic lipid clustering
is @ common feature of cationic membrane-active peptides [62,63]. In vivo, this property
could be all the more important as native cellular membranes intrinsically contain low

amounts of negatively charged lipids.
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5 Concluding remarks

We have shown that a global fold-unfold transition is involved in the membrane binding of
EnHD and we have characterized EnHD membrane-bound state by NMR and coarse-grained
MD simulations. The homeodomain may thus be viewed as an unfoldon, i.e. a folded
structure that undergoes functional unfolding triggered by anionic lipid binding [64].
Unfolding transitions induced by membrane binding are not uncommon and have been
characterized in a variety of proteins, including cytochrome c, translocating toxins, viral
proteins, lipid-binding proteins and apolipoproteins [65]. This fold-unfold transition endows
the homeodomain with a conformational plasticity enabling it to bind to partners as diverse

as DNA and anionic lipid membranes.
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Appendix A Supplementary data

Molecular dynamics simulations parameters and analysis

Table S1 NMR and structural statistics for the ensemble of 10 EnHD models

Fig. S1 Overlay of 2D *H-""N HSQC spectra of wild-type EnHD and T6C mutant grafted with
the probe in the diamagnetic state, in the presence of anionic bicelles

Fig. S2 Comparison of EnHD "*Co. CSD in water and in DMPG bicelles

Fig. S3 TALOS prediction of ¢, { angles of EnHD in water and in DMPG bicelles

Fig. S4 Combined 'HN, N, 2Ca, C’ chemical shift variation of EnHD residues in water and
DMPG bicelles

Fig. S5 NOE diagram of EnHD in DMPG bicelles

Fig. S6 >N R; and R, relaxation rates of EnHD in DMPG bicelles

Fig. S7 Snapshots explaining the general MD strategy used in this paper

Fig. S8 Minimum distance between the protein and the phosphate beads in simulations 1.1,
1.2and 1.3

Fig. S9 Mean partitioning of protein backbone beads in simulations 1.1, 1.2 and 1.3

Fig. S10 Evolution of EnHD structure compactness and its enrichment in lipids in simulation
2.2
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Fig. 1 Influence of membrane environments on EnHD conformation monitored by Trp
fluorescence and 2D 'H, >N NMR spectroscopy. (A) Trp fluorescence of 25 uM EnHD in
aqueous solution, in DHPC micelles, in zwitterionic and in anionic bicelles (g = 0.5). (B)
Superimposed 2D 'H-N HsQC spectra of 0.5 mM EnHD in aqueous solution, in 50 mM
DHPC micelles, and in zwitterionic bicelles made of 50 mM DHPC and 25 mM DMPC (g = 0.5).
(C) 2D *H-""N HSQC spectra of 0.5 mM EnHD in bicelles (50 mM DHPC, 25 mM DMPC/DMPG,

g = 0.5) containing increasing amounts of anionic DMPG lipids (from left to right: 25, 50, 75

and 100 %).
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(figure previous page)

Fig. 2 NMR parameters of EnHD in complex with anionic bicelles (0.5 mM EnHD, 50 mM
DHPC, 25 mM DMPG, g = 0.5). (A) Chemical shift deviation (CSD) of **Ca resonances from
random coil values. (B) Heteronuclear {*H}>’N NOEs measured at 500 MHz and 37 °C. (C)
One-bond residual dipolar couplings (RDCs) between amide "N and N, induced by a
radially compressed negatively charged polyacrylamide gel. (D) Position of EnHD with
respect to anionic bicelle surface inferred from intermolecular PREs. PREs were induced by

the addition of 5-doxyl PC paramagnetic lipid in DHPC/DMPG bicelles.
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Fig. 3 Paramagnetic relaxation enhancement (PRE) induced by intramolecular spin labels.

(A) NMR structure of EnHD in aqueous solution (PDB 3ZOB) showing the position of residues

selected for spin label covalent attachment (T6C substitution mutation or C61 insertion

mutation). 8 conformers are displayed to show the conformational space of the spin label

probe. (B, C) PREs induced by the nitroxide radical attached to C6 position in aqueous

solution (B) or in anionic bicelles (C). (D, E) PREs induced by the nitroxide radical attached to

C61 position in aqueous solution (D) or in anionic bicelles (E). PREs were measured as the

ratio of crosspeak intensities in the paramagnetic and diamagnetic conditions. A null residual

intensity corresponds therefore to a strong PRE.
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Fig. 4 Models of EnHD bound to anionic bicelles. (A) Conformational ensemble of 10 NMR
structures superimposed over residues 28-55 (H2-H3 segment). The structures are viewed
from the top of the membrane surface. (B) Perpendicular view of one selected model
showing the orientation of hydrophobic side chains. The turn segment connecting H2 and H3
helices is shown in orange. (C) Corresponding view of EnHD native state (PDB 3ZOB) with the

same orientation of H3 helix.
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Fig. 5 Mean partitioning of EnHD side chain beads in simulations 2.1 and 2.2. The vertical
axis corresponds to the partitioning in the z dimension of each bead with respect to the
center of the bilayer (which is towards the bottom at a z of 0 nm). Each box and whiskers
correspond to statistics over the 2 simulations 2.1 and 2.2, calculated over 15-60 us (after
full insertion of the protein within the bilayer). The blue horizontal line represents the mean
choline level of DPPC, the orange line the mean phosphate level (of both DPPC and DPPG),
and the gray line the mean glycerol level (GL1 bead of both DPPC and DPPG) of the lipid

leaflet to which the protein binds.
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Fig. 6 Clustering analysis of the conformational space spanned by EnHD once inserted within
the membrane. The clustering was performed with the GROMOS method [66] from the
program g_cluster of GROMACS [38]. Only the 4 most populated clusters are shown,
amounting to 89 % of all conformations. Each cluster center is represented on the side with
the 3 helices colored blue, green and yellow for H1, H2 and H3, respectively. Since the
helices are rigid bodies inserting in the plane of the membrane, the conformation of the
protein can be conveniently represented by two angular parameters, 61, and 013, which are
the angles between H1 and H2, and H2 and H3 respectively. Each conformation of the
trajectory is represented as a dot with a specific symbol and colour for each cluster. The

cluster center is indicated with an arrow and a symbol circled with black.
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Fig. 7 Evolution of EnHD structure compactness and its enrichment in lipids in simulation 2.1.
(A) Distance between the side chains of residues 5 and 60. A low value is indicative of a U-
shaped conformation (cluster2), while a high value corresponds to an extended
conformation (cluster 1). (B) Number of neighboring lipids having a contact with the protein
(black DPPC, red DPPG). Each dot represents a number of neighbors for a given
conformation, the solid lines is a smoothing of all dots. The inset in the bottom right
represents the molar ratio between DPPC and DPPG for the whole membrane, for the lipids
close to the protein in an extended (ext) or U-shaped conformation. (C, D) Snapshots (top
view) of EnHD in an extended (C) and U-shaped (D) conformation. DPPC lipids are
represented with white spheres and DPPG with pale red spheres. The protein is represented
with sticks between backbone beads. H1, H2 and H3 are represented in blue, green and

yellow respectively, loops are in gray.
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Molecular dynamics simulations parameters and analysis.

Simulation parameters. A 1.2-nm cutoff was used for non-bonded interactions with a shift on
energies and forces from 0 to 1.2 nm and from 0.9 to 1.2 nm for electrostatic and Lennard-
Jones interactions, respectively. The neighbor list was updated every 10 steps and the
relative dielectric constant for the medium was set to 15. The temperature was kept at 300 K
using the velocity rescaling thermostat [37] with a time constant of 1 ps. Pressure was kept
at 1 bar in a semi-isotropic way (i.e. independently in the plane of the membrane and
perpendicular to the membrane) using the Parrinello-Rahman barostat [38] with a time
constant of 4 ps. The integration time step was 20 fs and structures were saved every ns for
analysis. For simulations 1.1, 1.2, and 1.3, an elastic network (EN) was used to maintain the
tertiary fold of the protein [36]. A force constant of 500 kJ.mol™..nm™ was used between
residues which were less than 0.8 nm apart. For simulations 2.1 and 2.2, no elastic network
was used. The three helices of the protein were enforced using dihedral angle potentials
between consecutive backbone beads [34] since no elastic network was used for these
simulations.

Trajectory analysis. The simulations were analyzed in terms of partitioning of the protein
within the bilayer. This was done by extracting the z coordinate of each backbone bead (or
the center of mass of the side chain), and subtracting it to the center of mass of the bilayer.
This latter was determined by considering the phosphate beads of both leaflets. The results
are represented as boxplots on which the outliers were removed for a better visualization.
The number of lipids around the protein was analyzed using the mindist program from
GROMACS. A neighboring lipid (DPPC or DPPG) was considered when any of its particle was
less than 6 A apart of the protein.

In simulations 2.1 and 2.2, the protein was fully inserted after 5.6 and 13.7 us, respectively.
Both trajectories after the protein insertion (time window 15-60 us) were concatenated to
perform a clustering of the protein conformations. This was done using the program
g_cluster from GROMACS using the GROMOS algorithm [39]. Only backbone beads were
considered. The cutoff was optimized in order to get a reasonable number of clusters
(around 10) and avoid too many small clusters of one element. A cutoff value of 0.8 nm was

thus chosen.



Since the protein eventually inserted horizontally within the bilayer (each helix stayed in the
plane of the bilayer) in simulations 2.1 and 2.2, the protein conformations could be simply
described with the angles between helix H1 and helix H2, as well as between helix H2 and
helix H3, called 01, and 0,3, respectively (see figure 7 for their definition). For that, each helix
axis vector (h1, h2 and h3) was computed by considering the two extreme beads of each
helix and the angles between each pair of vectors were extracted using the scalar product.
This procedure returns an angle in the range [0, 180] degrees. Since the helices stay roughly
horizontal in the plane of the bilayer, the sign for each angle could be assigned by taking that
of the vector product of each pair of helices (for example, the sign 8;, was that of the vector

product hixh2). In the end these angles thus span a range of [-180, 180] degrees.



Table S1. NMR and structural statistics for the ensemble of 10 EnHD models

Experimental restraints

Number of NOE-derived distance restraints
Intra-residue
Sequential
Medium-range (1< |i—j| <£4)
Long-range (|i—j| > 4)

Number of plane distance restraints

Number of dihedral angle restraints

¢
P

Energies and structural statistics
EEFx2 energy (van der Waals, electrostatic, implicit solvation)

Torsion DB energy
RMS deviations from ideal geometry

Bond (A)
Angle (°)
Improper (°)

RMS deviations on restraints
NOE-derived distances (A)
Plane distances (A)
Dihedrals (°)

Structural dispersion: backbone atoms rmsd (A)
All residues (1-60), residues 8-55, residues 28-55 (H2-H3)
Helix residues 10-25 (H1), 28-37 (H2), 42-55 (H3)
Ramachandran plot (% residues per region)
Most favored
Additionally allowed
Generously allowed
Disallowed regions
MolProbity clash score (Z-score)

243
73
113
57

104
105
59
46

-1024 £ 14
1998 + 39

0.006
0.80£0.02
0.39+0.04

0.02+0.01
0.03 £0.03
0.63+£0.22

8.94,5.81, 1.26
0.14,0.20, 0.29

95.2 %
4.6 %
0%
0.2%
1.21
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Fig. S1. Overlay of 2D *H-">N HSQC spectra of wild type EnHD (blue) and T6C mutant grafted
with the probe in the diamagnetic state, in the presence of anionic bicelles. The assignments
are indicated for the wild-type protein. Chemical shift changes are observed mainly around

the site of mutation (residues 3-8) and in the C-terminal region (residues 54-58).
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Fig. S2. Comparison of EnHD 13Co CSD in water (A) and in DMPG bicelles (B)
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Fig. S3. TALOS prediction of ¢, y angles of EnHD in water (A) and in DMPG bicelles (B)
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Fig. S4. Combined 'HN, N, Bca, *C’ chemical shift variation of EnHD residues in water and

DMPG bicelles. The combined chemical shift variation Ad for each residue was calculated

using the formula: A = % ( (wun Adun) + (0N AdN)? + (g, AESCO{)2 + (oo Adc)? )1/2 where
Adun, Adn, Adc,,, Ad¢ are the chemical shift variation between water and DMPG bicelles for

'HN, N, *Ca, C nuclei, respectively, and ouy, 0y, 0y, 0c are weighted chemical factors

calculated from the spread in chemical shifts within the BMRB database [46]. The values of

WHN, WN, Wc,,, W Were 1.55, 0.236, 0.447 and 0.510, respectively [46].



Fig. S5. NOE diagram of EnHD in DMPG bicelles
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Fig. S6. >N R; and R, relaxation rates of EnHD in DMPG bicelles



Starting conformation Bound conformation

Simulations 1.1,
1.2,1.3
(with elastic
network)
Water layer 10 nm
thickness

Simulations 2.1,
2.2
(without elastic
network)
Water layer 4 nm
thickness

Fig. S7. Snapshots explaining the general MD strategy used in this paper (see text). Water
beads are represented as blue dots. Protein and lipid beads are represented as spheres
(backbone: salmon, side chain: yellow, lipids: cyan, ochre and blue).

In simulations 1.1, 1.2, and 1.3, the protein was initially positioned in the aqueous phase, far
apart (~3.5 nm) from the membrane bilayer, the layer of water being thick enough (~10 nm)
to let the protein freely diffuse before encountering the membrane. Simulations 2.1 and 2.2
were run with less water (¥4 nm thickness) since the protein was irreversibly bound to the
membrane.



Fig. S8. Minimum distance between the protein and the phosphate beads in simulations 1.1,
1.2 and 1.3. Note that these simulations were performed with the elastic network on the
protein. This figure illustrates the nearly irreversible protein binding after a few hundreds of
ns (400, 720 and 425 ns for simulations 1.1, 1.2 and 1.3, respectively).



Fig. S9. Mean partitioning of protein backbone beads in simulations 1.1, 1.2 and 1.3. The y
axis corresponds to the partitioning in the z dimension of each bead with respect to the
center of the bilayer (which would be at the bottom a z of 0 nm). Each box and whiskers
correspond to statistics over the 3 simulations, but only the part after 500 ns (once the
protein is bound) was used for each trajectory. The protein bound to the upper leaflet in
trajectory 1.1 and to the lower leaflet for trajectories 1.2 and 1.3. For simplicity we represent
here the protein as if it were bound to the upper leaflet for the 3 trajectories. The dashed
horizontal line represents the mean phosphate level of the leaflet to which the protein
bounds.
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Fig. S10. Evolution of EnHD structure compactness and its enrichment in lipids in simulation
2.2. The top panel shows the distance between the side chain of residues 5 and 60. A low

value is indicative of a U-shape conformation (cluster 2), while a high value corresponds to



an extended conformation (cluster 1). The medium panel shows the number of neighboring
lipids having a contact with the protein (black DPPC, red DPPG). Each dot represents a
number of neighbors for a given conformation, the solid lines represent a smoothing of all
dots. The bottom panel shows the molar ratio between DPPC and DPPG for the whole

membrane, for the lipids close to the protein in an extended or U-shape conformation.
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