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ABSTRACT: Affinity photocrosslinking coupled to mass spectrometry, using benzophenone (Bzp)-functionalized peptides, was used
to study the non-covalent interactions of cell-penetrating peptides and lipid membranes. Using biomimetic lipid vesicles composed of
saturated and unsaturated negatively charged lipids: DMPG (14:0), DPPG (16:0), DOPG (18:1 cis A%), 18:1 (trans A°%) PG and DLoPG
(18:2 cis A®12), allowed to observe all the classical and less common reactivities of Bzp described in the literature by direct MS analysis:
C=C double bond formation on saturated fatty acids, covalent adducts formation via classical C-C bond and Paterno-Biichi oxetane
formation followed or not by fragmentation (retro-Paterno-Blichi) as well as photosensitisation of unsaturated lipids leading to lipid
dimers. All these reactions can occur concomitantly in a single complex biological system: a membrane-active peptide inserted within
a phospholipid bilayer. We also detect oxidation species due to the presence of radical oxygen species. This work represents a
noteworthy improvement for the characterisation of interacting partners using Bzp photocrosslinking, and shows how to exploit in an
original way the different reactivities of Bzp in the context of a lipid membrane. We propose an analytical workflow for the
interpretation of MS spectra, giving access to information on the CPP/lipid interaction at a molecular level such as depth of insertion
or membrane fluidity in the CPP vicinity. An application of this workflow illustrates the role of cholesterol in the CPP/lipids interaction.

INTRODUCTION

Benzophenone (Bzp) is a photoprobe with exceptionally diverse
photoreactivity and fields of use.! In particular, it is a
photocrosslinking reagent of choice for the study of biomolecular
non-covalent interactions. It can be easily coupled to
biomolecules, it is biocompatible and its triplet biradical excited
state is in equilibrium with the ground state, which provides a
certain photostability of labelled molecules,* allowing their use
over the long incubation times often needed when studying
biological systems. The reactivity of the n-n* triplet state (Figure
1, molecule 1*) is extremely well characterised. When used as a
photocrosslinking reagent, H® abstraction type reactivity is
exploited to create a covalent C-C bond between two non-covalent
interaction partners. This reaction is shown on Figure 1 in the
specific context of a photoreactive Bzp-modified peptide and a
lipid interaction partner (C-C bond, molecules 2 and 3). Covalent
bond formation can also occur through a [2+2] cycloaddition on a
C=C double bond leading to an oxetane ring (Paterno-Biichi
reaction, P-B). This reaction is shown on Figure 1 (Oxetane,
molecule 5). Other secondary reactions have also been described,
such as dimerisation of molecules containing C=C double bonds
(Figure 1, lipid dimer, molecule 7) after sensitisation of the
corresponding molecule by triplet excited Bzp (Figure 1, molecule
6*), or Bzp-assisted photooxidation through H- abstraction leading
to the formation of a new C=C double bond (Figure 1, double
bond, molecule 4).23 Most of these reactions are reported in the
literature and were identified independently using small molecules
in solution.* In the present study, we used Bzp photocrosslinking
coupled to mass spectrometry (MS) to study the non-covalent
interactions between cell penetrating peptides (CPP) and lipid
bilayers (Figure 2).
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Figure 1. Observed Photochemical reactions of the Bzp triplet
biradical (1*) in model membranes composed of saturated or
unsaturated lipids (See text).
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Figure 2. MALDI-TOF spectra (positive ions, reflector mode) of the
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Bzp-induced photocrosslinking between Pen and negatively charged

Multilamellar Vesicles (MLVs) of various fatty acid chains. Top to bottom: Control Pen without irradiation (-hv), Pen+DMPG+hv,

Pen+DOPG+hv, PentDLoPG+hv. Similar conditions of analysis were
Me: methylation, Na: sodium adduct, [ox.]: oxidation. The panel on the

CPPs are a class of membrane-active peptides that can cross cell
membranes and deliver biologically active molecules into cells.
Understanding direct translocation of CPPs through lipid
membranes is of prime interest for cytosol-targeted delivery.
Direct translocation is a purely physico-chemical process
involving membrane destabilisation by the CPP through
interaction with the lipids of the bilayer. Getting a precise
molecular knowledge of CPP/lipids interactions is crucial for a
better understanding of those internalisation pathways.®

Photocrosslinking-based interactomics is a developing field, in
particular for the study of protein or peptide-membrane
interactions, using either photoreactive lipids,®° or
photoreactive peptides or proteins.!! There are very few studies
focusing on identification of CPPs membrane interaction
partners. In 2016, the proteoglycan syndecan-4 was identified as
a primary cell-surface target for octaarginine, using a diazirine-
modified peptide.? Work from our group focused on Bzp-
functionalised CPPs to identify lipid-type partners.'3%4 Herein,
we give a thorough mapping of the photoreactivity of Bzp coupled
to two different CPPs (Penetratin and (R/W)e'®) to characterise
their interaction with biomimetic lipid membranes. This model
allowed to observe all the classical and less common reactivities
of Bzp described on Figure 1 by direct MS analysis. We show that
all these reactions can occur concomitantly in a single complex
biological system: a membrane-active peptide inserted within a
phospholipid bilayer. In particular, we show how they compete
depending on the nature of the phospholipids we used and thus of
the physico-chemical state of the membrane surrounding Bzp.
Analysis of all the described reaction products can significantly
improve characterisation of CPP-membrane interactions using
Bzp photocrosslinking coupled to MS, by providing at least three
types of information. Identification of the classical C-C bond
adduct(s) will give information on the nature of the lipids in the
immediate peptide environment. Unusual isotopic distribution for
the adduct peak can be used as a marker of membrane fluidity
around the peptide. Detection and identification of intermediate
ions will provide information on the depth of insertion of the
peptide in the membrane. All this information is obtained at the

used in all spectra of the manuscript, 2,5-DHB is used as the matrix.
right is a zoom on the intermediate ions in the region 3250<m/z<3350.

MS level directly, thus limiting the amounts of material needed.
After a comprehensive description and characterisation of all the
side reaction products we observed, we will illustrate how to
exploit them via a simple analytical workflow allowing direct MS
spectra interpretation leading to information about interaction and
insertion of this membrane-active peptide in lipid bilayer with
binary mixtures. The final goal of this study is to understand how
membrane permeability is influenced by a CPP sequence, how the
lipids structure influences entry of CPP into cells and to locate
preferred interaction sites between CPP and lipids.

EXPERIMENTAL SECTION

Peptide synthesis.

Biot(O,)-Gs-K(eBzp)-RQIKIWFQNRRM(O,) KWKK-NH_,
[M+H]*, m/z 3156.62 (Pen), Biot(O,)-Apa-Gs-K(eBzp)-
RQIKIWFQNRRM(O2)KWKK-NH;, [M+H]*, m/z 3255.69 with
Apa: aminopentanoic acid (ApaPen) and Biot(O,)-Gs-K(eBzp)-
RRWWRRWRR-NH;, [M+H]", m/z 2392.20 ((R/W),), were
synthesised by standard Boc solid-phase peptide synthesis.

Liposomes preparation.

Multilamellar vesicles (MLVs) at 2 mM lipid were prepared
according to the standard hydrated film method in PBS pH 7.4
using Dimyristoyl phosphatidylglycerol (DMPG), Dipalmitoyl
phosphatidylglycerol (DPPG) (Genzyme, Switzerland), Dioleyl
phosphatidylglycerol (DOPG), Dielaidoyl phosphatidylglycerol
(18:1 (trans A® PG), Dilinoleyl phosphatidylglycerol (DLOPG),
cholesterol (Chol) (Avanti Polar Lipids, USA). Tn(DMPG)=23°C,
Tm(DPPG)=41°C, Tm(DOPG)=-18°C, Tn(18:1 trans A9
PG~12°C and Tw(DLoPG)~-57°C (Structures on Figure S1).

Bzp-induced photocrosslinking.

Photocrosslinking experiments were performed on samples
containing 10 nmol peptide and 100 nmol lipid (MLVSs) in PBS,
200 pL total volume, as previously described.** The published
protocol was significantly optimised on the following points. (1)
Fully oxidised peptides using Biot(O,) and Met(O;) were



synthesised. (2) A narrow spectrum UV-lamp (6 W, VWR) was
used. (3) Sample irradiation was performed under controlled
agitation and temperature (45°C) over 1h. (4) Saponification was
performed over a short time (10 min) in 2 M NaOH. Photoadducts
were captured on streptavidin-coated magnetic beads. For
MALDI-TOF analysis, samples were eluted with 2,5-DHB matrix
(1% HsPO4, pH 1). For ESI analysis, samples were eluted with 20
% HCO.H, the recovery was less efficient than with 2,5-DHB.

Mass spectrometry analysis.

MALDI-TOF MS spectra were acquired on a 4700 Proteomics
Analyzer (Applied Biosystems) or an Autoflex 111 (Bruker
Daltonics), in positive ions reflector mode. MALDI-TOF
acquisition parameters were optimised on Insulin chain B (m/z
3494) for the detection of peptides around 3100-3500 u. For high
energy CID (N, gas, 1keV) MS/MS experiments (MALDI-
TOF/TOF), the precursor ion selection window was adjusted +/-
7u. For MALDI PSD experiments (Laser induced dissociation,
post-source decay fragmentation), the analyser was operated in
LIFT mode, the selection window was automatically chosen at +/-
10 % of the m/z of the precursor ion.

For ESI flow-injection analysis (FIA), the solvent used was
acetonitrile/H,O (20/80) containing 0.1% formic acid, flow rate 30
pL/min. Spectra were acquired with a high resolution (R=100000)
using the Orbitrap mass analyser (Thermo Scientifics).

Studies and simulations of isotopic distributions.

Theoretical isotopic distributions were calculated with the
Isopro 3.0 software for the pure molecules. Theoretical
distributions were shifted to the desired m/z (-2u). Simulations
were obtained by combining this new distribution to the
theoretical one, with the percentage of contribution of the two
species. Contribution percentages were adjusted by comparing
visually the simulations to the experimental isotopic distributions.
Data treatment was performed with Excel.

RESULTS AND DISCUSSION

General methodology and side reaction description

Our previous study®® showed that Pen interacts preferably with
negatively charged lipids so we chose to focus first on MLVs
composed of PG phospholipids only for the full description of side
reactions. In a second step we used binary mixtures of lipids: PG
and Chol, to unveil Pen preferences according to bilayer fluidity
properties. Photocrosslinking using the photoreactive and
biotinylated Pen and the rationally designed CPP (R/W)y was
applied to MLVs composed of a single PG phospholipid and we
varied the nature of the fatty acid chains. We used saturated
DMPG (14:0) and DPPG (16:0), mono-unsaturated DOPG (18:1
cis A% and 18:1 (trans A®) PG, and poly-unsaturated DLoPG (18:2
cis A% *?) (structures on Figure S1). The resulting photocrosslinked
species with intact phospholipids are heteroadducts known to be
challenging to observe in MS. To allow a better MS
ionisation/detection yield, phospholipids saponification was
performed on the photoadducts before affinity purification of the
biotinylated species on streptavidin-coated magnetic beads and
MALDI-TOF (Figure 2) or ESI-Orbitrap (Figure S4) analysis,
thus leading to photoadducts composed of the peptide covalently
linked to a simple fatty acid.® This step is crucial for the
robustness of the setup. Measuring the mass shift (Am) between
the ion signal of the non-crosslinked peptide (Pen, or (R/W),) and
the photoadducts allows identification of the fatty acid covalently

linked to the peptide. Expected adducts, corresponding to a C-C
bond formation (molecules 2 and 3) between the photoreactive
Pen and the different intact fatty acids are referred to in the
manuscript as: Pen+myristic acid (MA; 14:0), Pen+oleic acid
(OA,; 18:1 cis A®%) Pen+linoleic acid (LoA; 18:2 cis A%*!?) or in Sl
Pen+palmitic acid (PA; 16:0), Pen+elaidic acid (EA; 18:1 trans
A°) (Figure S5). All results obtained with Pen are presented in the
main text. Results with (R/W)g are all shown in Sl (Figures S6,
S7). Both peptides gave comparable results.

Optimisation of the photocrosslinking protocol (see Sl) led to
good quality ion signals corresponding to the expected
peptide/fatty acid photoadducts as shown in the MALDI-MS
spectra acquired using 2,5 Dihydroxybenzoic acid (2,5-DHB) as
the matrix (Figure 2). 2,5-DHB is used since this is the matrix of
choice to ionize lipids!®!” and peptide-lipid adducts.®®

High S/N ratio MALDI MS spectra allowed the unambiguous
detection of low intense intermediate ions in the region between
the m/z of the non-crosslinked Pen and the m/z of the intact
photoadduct. These intermediate ions (highlighted in the dashed
box and zoom in Figure 2) are only observed after photoirradiation
(+hv spectra). Using an ESI ion source, these intermediate ions are
even more intense (Figure S4). Therefore, these intermediate ions
must be treated as products of the UV-induced secondary
reactions, and not occurring during the UV MALDI irradiation.

We will first describe in details the Bzp photoreactivity in a
membrane with a focus on the isotopic distributions for the Pen +
intact fatty acid photoadducts, and the reactions leading to the
intermediate ions observed in the MS spectra.

UV-induced redox reactions involving Bzp

The isotopic distribution of the Pen-MA photoadduct obtained
with MALDI (Figure 2) and ESI (Figure S4) ion sources differs
from the one predicted by the IsoPro software for the pure
compound. The experimental isotopic distribution of Pen-MA
photoadduct (theoretical first isotope at m/z 3384) contains a
contribution at -2u (m/z 3382) as indicated in Figure 2. On Figure
3A, left panel, we superimposed the experimental isotopic
distribution of the Pen-MA ion signal (blue dots), the theoretical
distribution (black triangles) and simulation of a pattern resulting
of two species with a -2u difference (orange diamonds). Isotopic
pattern simulation showed that the species at -2u contributes for
75% to the experimental signal. This pattern is observed for Pen-
MA in MALDI and ESI MS spectra showing that this
photoreactivity of the Bzp is not due to the UV laser (A=355nm)
during the MALDI ionisation process, but occurs in solution
during the photolabelling step. This is also observed for the Pen-
PA adduct (Figure S5) but not observed with Pen-OA (Figure 3A,
middle panel), Pen-EA (Figure S5) or Pen-LoA adducts (Figure
3A, right panel).

We explain this shift towards lower m/z by specific redox
photoreactivity of the Bzp towards saturated lipids. As described
in solution by Breslow,2® Bzp can induce the formation of a
double bond on a rigid and constrained substrate. In Figure 3B, we
propose such UV-induced mechanism occurring on the fatty acid
chain of a lipid in a vesicle composed of saturated phospholipids
that provides the constrained environment. In the system described
by Breslow, rigidity is brought by the constrained molecular
scaffold whereas in our system, rigidity is imposed by the
saturated membrane. This UV-induced reaction consisting in the
abstraction of two radical hydrogens (formal loss of H,) (molecule
4, Figure 1) competes with the photocrosslinking reaction leading



to the C-C bond formation between Bzp and a fatty acid (molecule
2, Figure 1). Considering the kinetics of H" abstraction by Bzp on
secondary, allylic and doubly allylic hydrogens,*® competitive
formation of the double bond will be favoured on saturated lipids
(Figure S8). The combination of the lower rigidity of an
unsaturated vs saturated lipid membrane and the favourable
kinetics of the C-C bond formation on allylic or doubly allylic
positions explains why the -2u contribution is not observed on
photoadducts obtained with DOPG, trans-C18:1 and DLoPG.
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Figure 3. A) Isotopic ratios of the Pen-lipid photoadducts with MA
(DMPG), OA (DOPG) and LoA (DLoPG) (error bars correspond to
standard deviation). B) UV-induced photoredox activity of the Bzp
leading to double bond formation in a constrained DMPG MLV.

Once the double bond is formed on a saturated fatty acid
(molecule 4, Figure 3B), the photocrosslinking reaction is
favoured on the newly-modified fatty acid (molecule 9, Figure
3B). This consecutive reaction involves the presence of a second
Pen with activated Bzp (molecule 1*) in the close vicinity of the
new unsaturation, which is highly probable in the conditions used
for the photocrosslinking reaction (lipid:peptide ratio 10:1).
Furthermore, since the membrane possibly becomes more fluid
around the defect caused by the double bond, insertion of the Pen
and the probe will be facilitated in this area. Indeed, Pen is known
to interact more favourably with lipids in fluid phase.*

UV-induced covalent bond formation and rupture

Intact photoadducts were characterised by fragmentation using
high energy CID (MALDI-TOF/TOF) and post-source decay
(PSD) gave the same information (Figures S10, S12). A favoured
fragmentation of the covalent bond formed between Pen and the
fatty acids is obtained, as previously observed for peptide-peptide
photoadducts?®, showing that they all contain the intact Pen
sequence. Neutral loss leading to Pen fragment ion (m/z 3156)
corresponds to the loss of the lipid part covalently bound to Pen,
confirming that the proton is located on the peptide. The

fragmentation of the Pen-LoA entire photoadduct leads to a highly
intense fragment ion peak at the m/z of Pen, showing that this
newly-formed bond is unstable and can be easily broken during
CID, or even afterwards in the flight tube (after reacceleration of
the fragment ions) as shown by the broad fragmentation signal just
next to the parent ion. Its fragility is probably increased compared
to MA and OA due to the presence of multiple double bonds in the
LoA, stabilising the fragment ion resulting from the loss of the
fatty acid (tertiary radical ion). This is in agreement with the
relative intensities of the photoadducts and the Pen ion signals
(Figure 2), which are inversely proportional to the relative stability
of the radical resulting from the newly-formed C-C bond
fragmentation.

Further MS/MS data analysis revealed that photoadducts mask
two different photoinduced reactivities of the Bzp towards lipids:
C-C bond formation (molecules 2 and 3) and [2+2] cycloaddition
leading to oxetane formation (Paterno-Biichi reaction, P-B) on
unsaturated OA, LoA (molecule 5 and Figure S13) and oxidised
MA.252 These two pathways lead to products with the same
elemental composition, which makes them undistinguishable at
the MS level. MS/MS spectra of the intact photoadducts therefore
contain fragment ions originating from both species.

Bzp is a P-B reagent used for characterisation and quantification
of unsaturated lipids in solution or in the gas-phase by
MS/MS.22425 Giving energy to the system results in a retro
Paterno-Buchi (retro P-B) reaction leading to ions characteristics
of the position of the double bond.?*?¢27 The corresponding o and
[ ions observed in our study (schemed in Figure 4) are directly
observed in MALDI and ESI MS spectra. They are present in
MS/MS with very low intensity and with consecutive fragments y
and o (Figure 4) in the low m/z region (Figure 5) proving that both
C-C bond and oxetane ring formation coexist. The m/z values of
the o, B, v and & ions observed are listed in Table S1. Two
intermediate ions observed in Figure 2 with DOPG at m/z 3266.71
and 3296.71 (Figure 2) indeed match masses of the expected retro
P-B products B and a, respectively (Table S1).

Retro P-B products a and B ions observed in MS

y and & ions produced by MSMS fragmentation (CID, PSD) of a and B ions
or directly by fragmentation of peptide-fatty acids adducts

OH
®_0

X X
Oxidised myristic acid (MA) (-H,) A6 C,Hg CgH1o
Oleic acid (OA) A9 C/Hy, C/Hy
Linoleic acid (LoA) A9 C/Hy, CHp
A12 CioHig C,Hg

Figure 4. Retro P-B products a, B, y, & obtained in MS and/or MSMS
when photoreactive Pen is crosslinked to unsaturated lipids. A) a, B
ions observed in MS, B) v, & ions observed in MSMS.



Oxetane ring opening through retro P-B can be done by low
collision energy in MS/MS, by heating®*?52 or acidic treatment
since monosubstituted oxetanes are known to be unstable at pH
1.2 QOur experiment requires heating at 45°C for 1h during the
photolabelling step in solution, and acidic pH (1-2) in the 2,5-
DHB MALDI matrix or in the ESI solvent (formic acid 0.1%).
There is also steric hindrance due to the presence of Pen on the
Bzp. Therefore, both retro P-B o and f products can be observed
at the MS level which is a real asset in our analytical approach.

Further fragmentation happens when additional energy is
applied to the retro P-B intermediate o and B ions or P-B
regioisomer products leading to diagnostic y and & fragment ions
(Figure 4 and Figure 5, m/z at 319, 349 for the Pen-OA adduct,
numbered peaks 5 and 7, respectively and m/z at 277, 317, 349
for the Pen-LoA adduct, numbered peaks 2, 5 and 7, respectively).
This offers structural information about the photocrosslinked C=C
bond of the unsaturated lipids. Retro P-B fragments y and 6 at m/z
349 and 319/317 show comparable relative intensities. This is in
agreement with the P-B regioselectivity, which is mainly linked to
steric hindrance of the substituents on the olefin and is not an issue
in our case.*® Both attacks of the carbonyl of the Bzp are
equiprobable on the fatty acid double bond. Other ions are
reproducibly observed with similar relative intensities, in the low
mass range in all MS/MS spectra. They correspond to Pen b-ions
as well as ions at m/z 209, 259, 292, the structures of which are
schemed in Figure 5 (ions 1, 2, 4) according to mechanisms
published in the literature.3* A structure is proposed for the ion at
m/z 331 (ion 6) observed with DOPG.

We did not identify retro P-B products a and p for DLoOPG on
MS spectra probably due to the fragility of the oxetane ring which
leads back to the original reactants: Pen and LoA (Figure S13).

More interestingly, P-B reaction can happen as a second step
reaction on DMPG, after formation of the double bond as
described previously. In fact, both C-C bond and oxetane rings
(Figure 1) can be generated on the newly-formed unsaturated lipid
(m/z 3382, corresponding to the -2u shift of the ion at 3384, Figure
2). The intermediate ion observed at m/z 3254.74 on MS spectrum
of Pen+DMPG+hv (Figure 2) matches the mass of the

retro P-B product o (Table S1). This is particularly interesting as
the retro P-B product allows MS characterisation of the position
of the newly formed double bond on MA as being on C6-C7 (total
mass of the retro P-B product ion corresponding to the mass of
Pen + 98u), without further MS/MS fragmentation. In the case of
saturated phospholipids, all positions having an equivalent
reactivity towards H" abstraction by Bzp, the positioning of the
double bond gives a direct indication of the insertion depth of Pen
in the membrane. No P-B fragments y and & are observed in
MS/MS with DMPG, probably due to the relatively low quantity
of photoadduct at m/z 3382, which impairs acquisition of MS/MS
spectra with high S/N.

Bzp-induced photosensitisation

In our experiments with DMPG or DOPG, we could
reproducibly detect low intense covalent photoadducts
corresponding to Pen covalently linked to two fatty acids in the
higher m/z region. Corresponding MALDI-TOF spectra are
presented in Figure S14. One Bzp moiety cannot form two
covalent bonds with two distinct fatty acids, the presence of such
adducts can thus only be explained by dimerisation of fatty acids
due to Bzp-induced photosensitisation of an unsaturated fatty acid
(Figure 1, molecules 6* and 7) two distinct activated Bzp moeities
(1*) are involved: a crosslinker and a sensitiser.

Bzp-induced dimerisation through photosensitisation has been
well described for biomolecular interactions with DNA. Bzp
photoinduced reactions (photooxidation, P-B or retro P-B
reactions, C-C bond formation, dimerisation) often competes
(Figure 1).r A study by Liu et al. on Bzp and pyrimidine bases
revealed that the proportion of P-B reaction compared to
dimerisation via photosensitisation, depends on the relative triplet
energy (Er) levels of both entities.> When the Er values of the
Bzp and the pyrimidine are close, the two reactions occur
concurrently. In our case, the product of dimerisation via Bzp
photosensitisation are always detected as low intensity ions
compared to other Bzp photoinduced products, indicating that this
pathway is probably not energetically favoured, provided
protonation occurring on the Pen moiety and therefore ionisation
yields comparable for all types of photoproducts.
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Figure 5. Low mass range 200<m/z<400 MALDI-TOF/TOF spectra of the Pen+fatty acids intact photoadducts precursor ions. Control Pen
without irradiation (-hv), Pen+DMPG+hv, Pen+DOPG+hv, Pen+DLoPG+hv. Structures of ions are numbered from 1 to 7 and P-B fragments

are highlighted in the grey box.
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Very interestingly, we observe fatty acid dimerisation with
DOPG, but also DMPG which confirms the photooxidation (loss
of Hy) of MA. Without this newly-formed unsaturation,
photosensitised dimerisation of MA would not occur.

Finally, it is described in the literature that UV irradiation of
Bzp in solution in isopropanol leads to homodimerisation of ketyl
radicals to form benzopinacol, but no such dimerisation is reported
for protein-Bzp! or peptide-Bzp?. Similarly, in our experiments in
lipid membranes, we observed no homodimerisation (Figure 1,
molecule 8) of Pen or (R/W)g either in the presence of liposomes
or by irradiation of the control Pen or (R/W)s alone.

Radical oxygen species-induced oxidation reactions

Apart from P-B products o and B, the intermediate ions region
of MS spectra (Figure 2) contains species at +140.1/+138.1,
+154.1/+152.1 and +168.1/+166.1 compared to the m/z of the
non-crosslinked Pen for unsaturated DOPG and DLOPG. It is
known that double bonds of (poly)unsaturated fatty acids can be
cleaved during UV irradiation by reaction with radical oxygen
species (ROS)*® (Figure S15). Theoretically, we could observe
these ions with DMPG after double bond formation, but none are
observed, probably due to the higher acyl packing preventing
penetration of water soluble radicals and oxidation.®® These
oxidation ions thus reflect membrane fluidity around the CPP.

New insights in Pen preference for fluid-phase bilayers

After identifying all side-products and reactions, as described
above, we go further on the characterisation of CPP/lipids
interaction in a membrane bilayer. Since MALDI ionisation of the
photoadducts only relies on the peptide moiety, the intensity of the
ion species likely reflects the relative proportion between the
photoadducts and the peptide in the MLVs."® Therefore, we
assume that the relative intensities between Pen and photoadducts
are proportional to the photolabeling yields, which are very
different depending on the PG acyl chain (Figure 2 and S5). These
photolabeling yields can be ranked as follows: OA > MA~PA~EA
> LoA (or cis 18:1 > 14:0~16:0~trans 18:1 > cis 18:2). Pen-OA
photoadduct shows the highest relative intensity compared to Pen.
These results cannot be explained with the H" abstraction kinetics
that are more rapid for doubly allylic over allylic and secondary
hydrogens (kinetics given in Figure S8). The cis 18:1 unsaturation
(OA) is indeed more crosslinked than the trans 18:1 one (EA).
Trans fatty acids adopt a linear configuration similar to that of
saturated fatty acid, while cis fatty acids have a bent configuration.
Trans fatty acids are more packed than cis ones. This suggests that
Pen shows preferential interactions with OA lipid chains found in
fluid phase.® It is therefore not surprising that Pen-MA, Pen-PA
and Pen-EA photoadducts show comparable relative intensities
compared to Pen. These acyl chains being saturated or trans-
unsaturated are indeed found in more packed membrane domains
(see main transition temperatures given in the Experimental
section). In addition, although DLoPG should give the fastest
kinetics thanks to the doubly allylic H" abstraction®® (Figure S8),
the corresponding photoadduct (Pen-LoA) has the lowest intensity
signal relative to the one of Pen (Figure 2). This is likely due to
the low stability of the formed adduct compared to other acyl
chains, as supported by tandem mass spectrometry (MS/MS;
Figure S10) data that have been discussed above.

Altogether, these first results with PG acyl chains only clearly
establish that H® abstraction Kkinetics do not dominate
photocrosslink reactions of PG MLVs with Pen and that other key

parameters such as the membrane fluidity has to be taken into
account to understand Pen photoadducts.

Analytical workflow and application of the methodology

On Figure 6, we propose a simple analytical workflow for the
comprehensive interpretation of MS spectra of Bzp-based
CPP/lipid photocrosslinking experiments taking into account all
the secondary reactions we described above.
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Figure 6. Analytical workflow for the comprehensive interpretation
of the photocrosslinking MS spectra.

Information on the interaction can be obtained at three levels.
Identification of the CPP/fatty acid adduct(s) tells about lipid
recognition preference by the CPP (Figure 6, teal boxes). Analysis
of the isotope distribution of the adduct(s) peak(s) and in particular
the presence of the first isotope at m-2 compared to the expected
m/z, gives information about the fluidity of the membrane in the
vicinity of the Bzp (Figure 6, orange boxes). Finally, careful
identification of potential intermediate ions gives an indication on
the depth of insertion of the Bzp probe in the membrane, as it
allows determination of the position of the photocrosslinked C=C
bond as well as the position of any potentially newly formed C=C
bond on the crosslinked fatty acid (Figure 6, lilac boxes).

To illustrate this wokflow, we studied the interaction of ApaPen
(an analogue of Pen with an additional Apa spacer between the
Biot(O,) tag and the peptide sequence) with binary membranes
composed of DMPG/Chol or DOPG/Chol (75:25 mol/mol). It is
indeed very interesting to study the interaction of CPPs with Chol
-containing membranes as it was previously showed that Chol is
involved in the internalisation mechanisms of tryptophan-rich
CPPs such as Pen or (R/W)e.3*Chol is known to condense and
rigidify lipid bilayers containing phospholipids with unsaturated
fatty acyl chains such as DOPG. In contrast, it has been found that
Chol has preferential interactions with saturated lipids,® and that
it fluidizes bilayers of di-saturated phospholipids.® The obtained
MS spectra are presented on Figure 7 (DMPG/Chol) and Figure
S16 (DOPG/Chol). For DMPG/Chol, two adducts are observed



(m/z at 3481 and 3641), corresponding to ApaPen+MA and
ApaPen+Chol respectively. This shows that Chol molecules are
present in the close vicinity of the CPPs bound to the membrane,
likely because the peptide prefers the more fluid phase of the
DMPG/Chol mixture. On the other hand, with DOPG/Chol, no
ApaPen+Chol could be observed. This suggests that the
interaction between ApaPen and DOPG is tighter than with
DMPG or that ApaPen tends to exclude Chol from its immediate
environment in the more rigid DOPG/Chol bilayer, to stay in a
more fluid phase.
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Figure 7. MALDI-TOF spectra (positive ions, reflector mode) of the
Bzp-induced photocrosslinking between ApaPen and binary MLVs.
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When looking at isotope distribution of the adduct signals, the
Chol adduct is at the expected m/z and the MA adduct still
contains a contribution at -2u. With DOPG, the OA adduct is at
the expected m/z, showing that the presence of 25% of Chol in the
membrane does not rigidify the membrane enough to allow the
formation of an additional C=C bond on DOPG or that the peptide
recruits DOPG (and excludes Chol) to stay in a more fluid
environment. Finally, when looking at the intermediate ions, two
distinct retro P-B products are clearly identified with DMPG in the
presence of 25% Chol (m/z at 3353 and 3367) whereas only one
is detected in the absence of Chol (m/z at 3353). In the latter case,
the intermediate ion corresponds to the formation of the C=C bond
between C6 and C7 as described above. The C6-C7 position
suggests a rather shallow insertion of ApaPen in the lipid bilayer,
which is consistent with what is known about Pen interactions
with membranes. Pen carries many cationic residues and their
deep insertion in the membrane would come with a very high
energetic cost. Furthermore, Pen carries two W residues, which
are known to position themselves at water/lipid interfaces rather
than inserting deeply within membranes.®” We previously showed
that Bzp-modified Pen has little effect on the fluidity and
organisation of a DMPG bilayer as probed by DSC.* In the
presence of Chol, the additional intermediate ion corresponds to
the formation of the C=C bond between C7 and C8, showing
heterogeneous depth of insertion, with some Bzp moieties
reaching deeper in the hydrophobic core of the membrane. This
clearly shows that the presence of Chol has a disordering effect on
the DMPG membrane and allows deeper insertion of the CPP.
Because retro P-B on Chol would only lead to ring opening with
no mass modification compared to the Chol adduct, no
information on the position of the formed covalent bond can be
obtained. However, the most likely positions are the C4 and C7
allylic carbons on Chol. Labelling on C7 would be consistent with
the position of Chol in a phospholipid membrane.*

CONCLUSION

In this study, we give a full description of Bzp photoreactivity
within a lipid bilayer and illustrate how it can be exploited to study
the interactions of two CPPs, Pen and (R/W)e with lipid interaction
partners at the molecular level. The studied reactions encompass
classical C-C bond formation, oxidation of the fatty acid chains
via double bond C=C formation, Paternd-Biichi reaction as well
as Bzp-induced photosensitisation leading to unsaturated lipids
dimerisation. Additionally, oxidation reactions leading to double
bond cleavage can be observed on unsaturated lipids. The
occurrence of consecutive reactions requiring two UV-activated
Bzp suggests that CPPs accumulate in the same region and are
close to each other. Mapping of these secondary reactions is
important, for at least three reasons, which we summarised on an
analytical workflow showing how to extract the maximum
information out of a simple MS spectrum (Figure 6). First,
ignoring the photoredox reactions involving Bzp could lead to
false interpretations or photoadduct identification, especially
when working with binary mixtures containing saturated and
unsaturated lipids with the same chain length (Figure 6, teal
boxes). Second, careful analysis of isotopic distribution can give
information on membrane fluidity in the immediate environment
of the CPP (Figure 6, orange boxes). Additionally, presence of
ions resulting from ROS-induced oxidation of the CPP/lipids
photoadducts gives an indication on membrane fluidity which
influences penetration of water soluble radicals and oxidation.
Finally, analysis of the retro P-B products allows finer
characterisation of the CPP/lipid interaction at the atomic level
without using MS/MS, giving information on the depth of
insertion of the CPP in the membrane (Figure 6, lilac boxes). We
illustrate this by analysing the interaction of Penetratin with
membranes composed of a binary mixture of PG and Chol.

Knowing how to extract the information at the MS level will be an
asset for studying interaction of CPPs with complex biological
membranes composed of multiple lipids. This is a great advantage
when analysing sub-picomolar amounts of a given species
knowing that MS/MS requires more material than MS
experiments.

Finally, this is the first report of Paterno-Buchi reactivity and
Bzp-induced photosensitisation in a Bzp-based lipid
photocrosslinking setup. Such reactivity was reported to occur
with DNA,?*° suggesting the universality of this phenomenon,
which should never be overlooked when studying biomolecular
interactions with Bzp-based photocrosslinking. In addition, our
study shed new light on the insertion depth of CPPs with regard to
membrane fluidity, and brings evidence for the relevance of such
approach using liposomes as an intermediate before going to cells.
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Complete analytical characterisation at the MS level of the
intermediate ions issued from P-B or retro P-B reactions provides
new insights for the interpretation of MS spectra with regard to
information on the depth of insertion of peptides in membranes
made of saturated lipids.



