Accepted Manuscript

ANALYTICA
CHIMICA ACTA

Toward a suitable structural analysis of gene delivery carrier based on polycationic
carbohydrates by electron transfer dissociation tandem mass spectrometry

Cédric Przybylski, Juan M. Benito, Véronique Bonnet, Carmen Ortiz Mellet, José M.
Garcia Fernandez

Pl S0003-2670(16)31286-7
DOI: 10.1016/j.aca.2016.11.001
Reference: ACA 234866

To appearin:  Analytica Chimica Acta

Received Date: 21 August 2016
Revised Date: 2 October 2016
Accepted Date: 4 November 2016

Please cite this article as: C. Przybylski, J.M. Benito, V. Bonnet, C.O. Mellet, J..M. Garcia Fernandez,
Toward a suitable structural analysis of gene delivery carrier based on polycationic carbohydrates by
electron transfer dissociation tandem mass spectrometry, Analytica Chimica Acta (2016), doi: 10.1016/
j-aca.2016.11.001.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.aca.2016.11.001

Graphical Abstract

Gene carrier MS/MS analysis Free DNA DNA condensation

i 5+ o 1% %3 \
| e~ I:.i‘./:’ Sa

8

Relative Abundance

Gene delivery

m/z

Structure/efficiency relationship <= Cell



Toward a suitable structural analysis of gene delivery carrier
based on polycationic carbohydrates by electron transfer

dissociation tandem mass spectrometry

Cédric Przybylski*fJ, Juan M. Benitot, Véronique Bonnet§, Carmen Qvitlet+, José M.

Garcia Fernandezt

*T Université d’Evry-Val-d’Essonne, Laboratoire Ayse et Modélisation pour la Biologie et
'Environnement, CNRS UMR 8587, Batiment Maupertid&l F. Mitterrand, F-91025 Evry,
France.

O Present address : Sorbonne Universités, UnivelPs@gge et Marie Curie, Institut Parisien de

Chimie Moléculaire, CNRS UMR 8232, 4 place Jussi&252 Paris Cedex 05,

E-mail: cedric.przybylski@upmc.fr

¥ Instituto de Investigaciones Quimicas (11Q), CSliversidad de Sevilla, Américo Vespucio
49, Isla de la Cartuja, E-41092 Sevilla, Spain

+ Departamento de Quimica Organica, Facultad de @ajrhiniversidad de Sevilla, E-41012

Sevilla, Spain

8 Université de Picardie Jules Verne, Laboratogr&tl/cochimie, des Antimicrobiens et des

Agroressources, CNRS UMR 7378, 80039 Amiens, France



ABSTRACT

Polycationic carbohydrates represent an attracti®es of biomolecules for several applications
and particularly as non viral gene delivery vectdnsthis case, the establishment of structure-
biological activity relationship requires sensiti@ed accurate characterization tools to both con-
trol and achieve fine structural deciphering. Higgpray-tandem mass spectrometry (ESI-
MS/MS) appears as a suitable approach to addrese tfuestions. In the study herein, we have
investigated the usefulness of electron transtsatiiation (ETD) to get structural data about five
polycationic carbohydrates demonstrated as promigene delivery agents. A particular atten-
tion was paid to determine the influence of chastges as well as both fluoranthene reaction
time and supplementary activation (SA) on productid charge reduced species, fragmentation
yield, varying from 2 to 62%, as well as to obtie most higher both diversity and intensity of
fragments, according to charge states and targetegbounds. ETD fragmentation appeared to
be mainly directed toward pending group rather tbarbohydrate cyclic scaffold leading to a
partial sequencing for building blocks when amimoups are close to carbohydrate core, but
allowing to complete structural deciphering of soofiehem, such as those including dithiourei-
docysteaminyl group which was not possible with @ily. Such findings clearly highlight the
potential to help the rational choice of the sugadnalytical conditions, according to the nature
of the gene delivery molecules exhibiting polycatofeatures. Moreover, our ETD-MS/MS ap-
proach open the way to a fine sequencing/identiioaof grafted groups carried on various sets
of oligo-/polysaccharides in various fields suchghgobiology or nanomaterials, even with un-

known or questionable extraction, synthesis or fication steps.

Keywords (6 max): polycationic, carbohydrates, ETixlodextrin, ESI-MS/MS, gene delivery,
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1. INTRODUCTION

Polycationic polysaccharides can be encountereteado conjugated to other biomolecules.[1-3]
They can be obtained directly after extractionfipeation steps from natural matrix as chitosan
[4, 5] or by chemical or enzymatic modificationrautral or anionic carbohydrates such as algi-
nate, dextran, pullulan, cellulose, cycloamylossboxymethylcellulose or also hyaluronic ac-
id.[6-10] Their applications are various rangingnfr agro-alimentary to medicine. A particular
attractive field which has constantly gained ins¢iie the capacity of some of them to efficiently
compact polynucleic acids such as DNA/RNA acting pm¢ential non-viral gene delivery
agents.[8, 9, 11-14] Nevertheless, synthesis di suchitectures requires several time consuming
steps and the use of often heterogeneous startieyials. One relevant solution consists to use
molecules with both well-defined structure and dizeefficiently delineate a structure/activity
relationship. In this sense, oligosaccharide basmdfolds such as cyclodextrins (CDs) after
modification to enhance their basicity properties a@tractive candidates for efficient gene deliv-
ery.[15-20] Nevertheless, even with such edifi@estraightforward structural control of the end
products in term of size and number of grafted fimns must be achieved. Nowadays, few ana-
lytical techniques are available to address thegairements.

Since two decades, mass spectrometry (MS) witlertblematic ionization mode, electrospray
(ESI) has emerged as a forefront suitable techniquefficiently portray the solution content.
Due to its gentle process and sensitivity featud;MS allows the study of a wide variety of
compounds even at trace levels and/or carryindgelaboieties. These two essential criteria allow-
ing a low sample consumption and access to a stalaecipheringia multistep fragmentation,
make to ESI-MS a major tool for oligo-/polysaccharide charactatian. Nevertheless, CDs as

other neutral oligosaccharides present an intripséderence for alkali metals than protons.[21,
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22] Consequently, the widely used collision indudeskociation (CID) fragmentation mode us-
ing multi-protonated molecules can be limited toefy characterize some moieties grafted on
such oligosaccharides.[23] More recently, an efitiMS fragmentation mode named electron
transfer dissociation (ETD), has been introducedHoymt, Coon, Syka and coworkers.[24-26]
ETD induces fragmentation of multiply charged males subsequently to electron transfer from
an anionic reagent to cations. Initially, ETD hasib developed to preserve labile post transla-
tional modifications of proteins and furthermoreitorease fragmentation efficiency of multiply
charged whole protein during ESI-M&nalysis.[25, 26] Nevertheless, ETD potential hasn
sporadically applied to other molecules such ashgfit polymers,[27] combinatorial chemistry
end products,[28] pyridinium-based amino acid agslddesmosine and isodesmosine),[29]
crosslinking elastin[29], or also glycerophosphduielipids.[30] Few studies report the use of
ETD for carbohydrate analysis and concerning exadlg neutral structures like milk oligosac-
charides,[31] maltodextrin pentamer[32] or labtdticopentaose/difucohexaose.[33] To obtain
dicharged species, their ionization was assistedooydination with ammonium or more specifi-
cally with cations of group IA (Na Li*, K" Rb", Cs), group A (C&*, Mg®*, BE*, S, B&")

and group 1IB (ZA", Hg'").[31-34] Parameters affecting ion/ion reactionadiag to optimal
fragmentation efficiency of peptide such as theniity of the charge-bearing, cation charge state,
the choice of the reagent, the reagent reactioa, tthre precursor/reagent ratio, and the Mathieu
Q parameter have been thoroughly investigated.J35A8 these studies have unambiguously
demonstrated their influence on the ETD efficienssnong them, it clearly appeared that the
reaction time is the most important factor whicredily correlates to the charge states as well as

the location of charge sites i.e. the fine struetur



In this paper, we investigated the behaviour abaty of cyclic polycationic carbohydrates upon

ETD-MS/MS. A particular attention was paid to defe the effect of reagent reaction time both
for various charge states of a given compound oritHe same charge state of different com-
pounds. Moreover, both the fragments and the chavfe¢he reduced species content resulting
from ETD, as well as the usefulness of supplemgraativation were estimated. Considering an
identical scaffold (cyclodextrins; CD), carryingri@us structural elements with protonation sites,
the study herein aimed to establish particulartreadime/charge states/side modifications rela-
tionship occurred. ETD fragmentation efficiency wasally compared with CID only for the

structural deciphering of the various molecules.

2. MATERIALS AND METHODS

2.1 Reagents.

Methanol (MeOH) used for sample preparation wa$iBtL.C grade and was purchased from
VWR (West Chester, PA, USA). Water was of ultrapguality, obtained from a MilliQ appa-

ratus (Millipore, Milford, USA).

2.2 Samples.
Synthesis of per-6-modifieg-CD (Figure 1, Compound$-5) were realized as previously de-

scribed.[38, 39] Samples were prepared at 1 mgfmiater/methanol 1/1 (v/v)
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Figure 1. Structure of the polycationic carbohydrates ligrstudied here (value in bracket indi-
cates the compound’s number). Compounds &yePér-6-amind3-CD (monoisotopic mass:
1127.4817 g/mol and average mass: 1128.0912 g/if®IRer-6-cysteaminy-CD (monoiso-
topic mass: 1547.5053 g/mol and average mass: 9%88. g/mol), 8) Per-6-
thioureidocysteaminyB-CD (monoisotopic mass: 2261.6814 g/mol and averagass:
2264.0398 g/mol), 4) Per-6-aminoethylthioureidocysteamirB4€D (monoisotopic mass:
2562.9768 g/mol and average mass: 2565.5147 gandl) §) Per-6-dithioureidocysteaminfi-

CD (monoisotopic mass: 2975.8576 g/mol and avensags: 2979.1544 g/mol).

2.3 Mass spectrometry.

ESI-MS experiments were carried out using a LTQHap XL from Thermo Scientific (San
Jose, CA, USA) and operated in positive ionizatioode, with a spray voltage at 3.7 kV. A wa-
ter/methanol 1/1 (v/v) mixture was continuouslyus#d using a 500 pL syringe at 3 pL/min
flow. Applied voltages were 31 and 115 V for the ioansfer capillary and the tube lens, respec-
tively. The ion transfer capillary was held at 2¢5Resolution was set to 60 000 (at m/z 400) for
all studies, and the m/z ranges were set to 200-g@@mal mass range) or 200-4000 (high mass

range) in profile mode during full scan experimei@pectra were analyzed using the acquisition
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software XCalibur 2.0.7 (Thermo Scientific, Sane]JaSA, USA), without smoothing and back-
ground subtracts. During MS/MS scans, collisionuicetl dissociation (CID) fragmentation oc-
curred in the linear ion trap analyzer and detectio Orbitrap with centroid mode. For CID
fragmentation, an activation Q value of 0.25 andaativation time equal to 30 ms were used.
Normalized collision energy (NCE) between 0-40% wssd. The automatic gain control (AGC)
allowed accumulation up to 12@ns for FTMS scans, 2.1Gns for FTMSn scans and 1710
ions for ITMSn scans. Maximum injection time was$ ®e500 ms for both FTMS and FTMSn
scans and 100 ms for ITMSn scans. For all scan spyddgiscan was acquired. The precursor
selection window was 2 Da. For ETD reagent (fluthane), the AGC was set to 2 x>1@nd
reaction time was varied from 0.03 to 250 ms withwdhout supplemental activation (SA) from

0 to 20% as specified in the text.

3. RESULTS AND DISCUSSION
3.1 Charge state/ETD reaction times relationship

The effect of charge state and the reagent reattioa on the dissociation rate of polycationic

carbohydrates upon electron transfer from a radin&n issued from fluoranthene was investi-
gated on a series of five molecules exhibiting anber of theoretical protonable primary and

secondary amino groups ranging from 7 to 35 ordm@kiclering that thiourea can be potentially

protonable or not (Figure 1). Nevertheless, theenkesi charge states were always lower than
these maximum possible values (Figure 2 and se8upporting Information Figure S1). Indeed,

in our experimental conditions, the mass spectvaaled charge states ranging from 1+ to 7+
according to compound features (Figure 2 and se8tipporting Information Figure S1).
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Figure 2. MS spectrum of per-6-thioureidocystenamifyGD (Compound2). Insets indicate

isotopic clusters.

As example, the MS spectrum of per-6-thioureidcayaminyl$-CD (Compound?) was domi-
nated by an ion at m/z 516.8426 (monoisotopic ttemal: 516.8429; 0.6 ppm) assigned to
[M+3H]3".Two other ions were also detected at 774.7605 @isotopic theoretical: 774.7605; 0
ppm) and 387.8835 (monoisotopic theoretical: 38%188.6 ppm) corresponding to [M+2H]

and [M+4H[", respectively (Figure 2).

Defining an optimal reagent reaction time accordmgharge states and structural features are a
major primer as evidenced elsewhere for peptide EaBmentation.[35] For this, we have plot-
ted the absolute ion intensity as function of reactime for the five studied carbohydrates and
various charge states. The total ion current camdm®upled from three of these components
namely the precursor signal, the resulting redwtedge species (CRS) and the part correspond-

ing to fragment ions. Analysing the isotopic distion of the CRS, it allows to delineate the
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contribution of two common channels: the hydrogestiaction from the proton transfer reaction
(IM+(n)H]™) and the electron transfer without dissociatiad+{n+1)H]""). Similarly, the dis-
sociation events can be observed both consecutteefyroton transfer reaction (PTR) and by
electron transfer dissociation (ETD). As exampte,the doubly protonated ion of Compou2d
the maximal ion intensity is obtained at 66 and fr@for the fragments and the reduced charge
species, respectively (Figure 3A). This slight shifggests that increasing reaction time from 66
to 100 ms leads to more conversion of precursoedoiced charge species while fragments di-
minish dramatically. The main consequence of lomgaction time is the further decrease of re-

duced charge species and fragments as well astdiean current (Figure 3A).
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Figure 3. Variation of some ion currents from ETD-MS/MS erments on per-6-
thioureidocystenaminy-CD (Compound 2) as function of reagent reactiaretfor 2+ (A), 3+

(B) and 4+ (C) charge states.

An identical behaviour was obtained for the 3+ preor, with optimal values of 50 and 66 ms,
for the fragments and the reduced charge spe@spectively (Figure 3B). Concerning the 4+
precursor, the optimal reaction time was 25 msngj\ariority to both reduced charge species and

fragment intensities (Figure 3C). This result irdes that the charge localisation is kinetically
10



favourable to a fast conversion of precursor tgrfrant as well as CRS until 25 ms (Figure 3C).
To memory, it was demonstrated that ion/ion reactates increase proportionally to the square
of the charge.[26] Moreover, this phenomenon cduddalso emphasized by intramolecular elec-
tron transfer like a close Rydberg shell promothectron attachment in peptides, as previously
described by Simons.[40, 41] According to the vasiccreened reaction time, we determined
that the charge states yielding to both the widegtrsity and the most intense fragments were
3+ and 4+ for Compounds 1/2 and 3/4/5, respectitelyan be quoted out that such attributed
charge states did not necessarily correspond totst intense ions obtained by full MS scan.

Therefore, as the privileged criteria was the fragtation yield, the optimal reaction time values
were 66 and 50 ms for the 2+ and 3+ CompoRmuiecursor (Table 1). Optimal reaction times
were between 10 to 150 ms, according to both chsii@es and compound structural features

(Table 1).

Table.l Optimal fluoranthene reaction times as function of the charge states for the five

studied compounds.

Reagent reaction time (ms) / charge states

COMPOUNG  ---- oo
2+ 3+ 4+ 5+ 6+ 7+
1 150 66 33 - - -
2 66 50 25 - - -
3 100 100 66 33 12.5 ND
4 ND 66 50 33 12.5 ND
5 - 66 33 12.5 10 ND

ND: no fragment detected.
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Further examination of results unambiguously shawsadual decrease of required reaction time
by 1.5-3 folds as charge state increases, whathgerompound. More intriguing is the no negli-
gible variation at a given charge stag 66-150, 66-100, 25-66 and 12.5-33 ms, for 2+,43+,
and 5+, respectively. However, closer values weétained for 6+ (10-12.5 ms) for Compourgis

to 5. It was also observed that ETD fragmentation ehesdow intensity ions e.g. 2+ of Com-
pound4 and 7+ of Compound3to 5, did not give fragments. Such differences for @5+ high-
lighted that optimal reaction time are not only eleging on the number of possible charges but
also on the structural features. Some variationddcoriginate from the proton affinity (PA) of
the various functions contained in CD grafted chadmong them, we delineate methylamine
(PA: 899.0 kJd/mol) for Compount] ethylamine (PA: 912.0 kJ/mol) for Compouri 5, one
dimethylamine (PA: 929.5 kJ/mol) for Compoufié@nd one or twd,N dimethylthiourea moie-

ties (PA: 926.0 kJ/mol) in Compouldand4/5, respectively.

Another factor to take into account is the gradeknsion of the grafted arm length enhancing
flexibility, although the thiourea ethers are rathgid involving a lesser flexibility on compound
5 as compared to compouddNonetheless, a wide distribution of amino grooas potentially
promote intra-chain proton transfer processes. $uftlence of the structure is quite similar to
those observed for peptides where identity andtiposof basic residues (Arg, Lys and His) with-
in backbone, play a key role in the ETD efficiei@§, 37] In addition, we noted significant dif-
ferences as compare to values observed in literdturother molecules with fluoranthene. In-
deed, the most wide reaction time used for ETD aaytrates and peptide analysis is 120-160
ms[42] and 50-150 ms, respectively,[31, 43] wherepeptides mostly selected independently of

the charge states or applying an empirical forrlikéareaction time (ms): 100 x 2/z, with z being
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the precursor charge state.[44, 45] Meanwhiletditee reported that 100 ms were required for
doubly sodiated glycerophosphocholine based |if88f, or doubly protonated

(iso)desmosine,[29] 120-160 ms for doubly catiot@daneutral oligosaccharides[31] or 100 and
150 ms for doubly and triply protonated chiral gemic amides.[28] Finally, we conclude that
reaction times were lower for 3+ to 6+ with our laygolycationic carbohydrates than those

commonly set for other described compounds.

3.2 Delineating of PTR, ETD and ETnoD contribution

It is well known that during an ETD reaction, setethannels can be obtained involving con-
comitantly or not the transfer of an electron frosagent to the precursor inducing its fragmenta-
tion (ETD) or not (ETnoD), or also the abstractairone hydrogen from precursor (PTR). Due to
numerous amino groups of our carbohydrates, a egligible part of channels other than ETD
occurs as evidenced by ETD-MS/MS spectra of 4+aBd 2+ precursors from Compoudn
Figure 4. It was previously demonstrated on peptitleat partitioning of the different channels
can be affected by identities of the reagent aeddbations of the charge carrying sites.[24, 37,
46] Each channel contribution can be estimatedentgntage after division by the total ion cur-
rent. As example, analyzing of the one fold reducie@lrge isotopic pattern resulting from disso-
ciation of 2+, 3+ and 4+ precursor of Compouh{insets Figure 4A-C), unambiguously high-
lighted the occurrence of simultaneous PTR (81a®@ 52%, respectively), while ET is divided
in ETD (5,17 and 31%, respectively) and ETnoD @4 and 17%, respectively); McLuckey and
others have clearly evidenced that proton transfe&avoured over electron transfer for a multiply
protonated molecules such as peptides, and thabetition occurred between the two channels

only when the species from which the negative gofoimed have a low electron affinity and the
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anion has favourable Frank-Condon factors assaciatgh the transition from anion to
neutral.[37, 47] Here, we observed that for a gigempound, the higher the charge state, the
higher ETD process occurred as compared to ETn@DPaR reaction. Indeed, the number of
charges strongly affects energy surfaces and caesdlyf the products partitioning during the
reaction.[36]

Similarly, for a given charge state, ETD is alspetgding on the compounds and especially, more
promoted by the increase number of amino groupisinv{see the Supporting Information, Table
S1). These results were consistent with some oasens obtained elsewhere for a large collec-
tion of peptides exhibiting charge states from @++,[36] and from a given charge state to the
next to examine the roles of the sites of prot@mafd7] Efficient fragmentation can be dimin-
ished leading to poor structural information withndnant charge reduction process as ETnoD,

which considerably reduces the ETD fragmentatidiciehcy.
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Such process, which readily occurred with peptidess also preponderantly observed with our
molecules. To overcome this shortcoming and promuiee extensive fragmentation, a particu-
lar attention must be paid to limit such side reactby subsequently activating analyte during
reactionvia SA. Several means have been employed to reagbatswith peptides or also oligo-

nucleotides.[42, 48-51] However, the most easilgilable on the marketed instrument is the
CID.[31, 42, 50] It must be kept in mind that imnt@st to CID based SA applied to peptide and
generating a mixture of fragments characteristibah modes (b and y and ¢ and z-type prod-
ucts), here fragments corresponding to CID and Bfiédpresent even without SA. Consequently,
the main goal for our polycationic carbohydratewisbtain more fragments with better intensity

and thereby increasing the performance of ETD 28442, 51]

3.3 ETD with CID based supplementary activation (SA)

As aforementioned, the important level of PTR gpelcges are an impediment for the more com-
plete structural deciphering of our compounds. ifoimish them, SA was varied from 0 to 20%
by step of 5% for each optimal reaction time preslyg defined. For example, Figure 5 repre-
sents the influence of SA values on the triply gedrions precursor, reduced charge species and
detected fragments of the five compounds studiedp#eviously observed for the variation of
ETD reaction time, increasing of SA by deposite® €hergy constantly decreases both the total
ion current (data not shown) and the precursonsitg (Figure 5A). According to structural fea-
tures, different behaviours were observed upon/8A% SA, abundance of precursor of Com-
poundl1 remains unaffected while others were slightly =l (losses of 3-10%). In the same
time, the CRS were diminished by 25, 6 and 43%Clompoundsl, 2 and3, respectively, while

those of Compound4 and5 were slightly enhanced by 4 and 1%, respectidelyeems that a
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small part of CRS (+2 to 9%) was converted to datde fragments as revealed by homogeneous
increases for all studied Compounds (Figure 5Cg dbubling of SA i.e. 10% led to precursor
decrease with a minimal loss for Compoun@5%), intermediate for Compoun@go0 5 (-11 to -
15%) and drastic for Compou2d-32%).

In parallel, CRS of all structures were diminishezhging from -8/14%, -31/40% and 73% for
Compoundsg¥/5, 1/2 and3, respectively. We noted an increase of fragmemtsa@ance equal to 9,
52, 19, 18 and 29% for Compouftdo 5, respectively. Taking into account the sum of preor

and CRS intensities in one hand and fragment iitteen the other hand, we determined that
only one quarter of the losses of precursor and @RS onverted into fragments for Compounds
1 and3. Meanwhile, almost three quarters and entiretycarererted for Compoundsand Com-

poundsA4/5, respectively. Further increase to SA 15% acceetithe decrease of both precursor
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and CRS intensities for all compounds. However, esguibtle differences occurred, since com-
pared to SA 10%, precursor of Compoun@ and4 are weakly affected with moderate decrease
of 10, 8 and 1%, respectively, while for Compouidand5, -19 and -21% were readily ob-
served. Similarly, additional reduction of CRS Ieviey 6 to 21% was also observed as compared
to SA 10%. Moreover, except for Compoudevhere only one fourth of precursor and CRS ions
are converted into fragments, the losses of sueh @orresponding to Compountls2, 4 and5
were almost all quantitatively ascribed to theelged fragments. Application of a maximal value
of 20% SA led to a minor precursor diminishmentnre3 to -14% compared to SA 15%, and
reaching 16 to 50 %, considering those obtainetlomit SA. Concerning CRS, only 2 to 5% of
additional signal reduction occurred from SA 12@%0 for Compoundg to 5 while a complete

signal extinction was obtained for Compoun(Figure 5B).

3.4 Comparison of CID versus ETD with or without SA

Upon CID fragmentation mode, triply charged preours Compound 1 mainly yields to glyco-
sidic cleavages detected only under lower chamfestike [G/Z,+2H]*" with n=6, 5, 4 and 3 at
m/z 484.2148, 403.6793, 323.1456 and 242.6111, rasphcand [G/Z,+H]" with n=4, 3, 2 and

1 atm/z 645.2829, 484.2148, 403,6793, 323,1456 and 162,0@6pectively (Figure 6A). Thor-
ough examination of isotopic pattern allows to ubaguously reveal the simultaneous presence
of 1+/2+ ions for some m/z. Several water losseewso observed (-18.011 mass units accord-
ing to corresponding charge statey, as well as minor losses of NK17.027 mass unit)
present under triply charged forms. Correspondii@p BMS/MS spectrum showed charge re-
duced species with PTR ([M+nH] and ETnoD ([M+nH]™* ) atn/z 564.7488 and 1128.4882

(Figure 6B). Three minor ions resulting from amnamior from low water losses at m/z
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556.7389 and 370.8318/466.2140, respectively, vaése detected. Only one fragment corre-
sponding to glycosidic bond rupture was obtainewa®84.2147 ([G/Zs+2H]*"). Unfortunately,
applying the maximal permitted value of 20% SAonly led to more ammoniac or water losses
and except for a series of ions starting fnore 532.2240 attributed to the loss of one short exo-
cyclic arm CHNH ([M-2H;0-CHNH,+2H]*), it did not improve the sequence coverage by in-
creasing number of glycosidic or cross-ring cleagaf-igure 6C). Hence, ETD-MS/MS with or
without SA vyields relatively poor spectra as conepiar those obtained upon CID for compounds
1 (Figure 6) and 2 (data not shown). Nonethelegdiffarent trend was quoted out from com-
pound 3 to 5. Indeed, it was previously observed tthe higher the grafted arm length, the lower
the CID fragmentation yield.[23] Such CID reducedgimentation efficiency results in either
exclusive grafted arms sequencing (Compound 3)ptr absence of carbohydrate cleavage with
only a partial identification of cationic chain (@pound 4 and 5). [23] Such detrimental effect
of CID fragmentation on the sequence coverage wasaally impressive for Compound 5 (Fig-
ure 6D). Indeed, the fragmentation yield reachely en15-20% and spectrum includes some
ammoniac lossesr(z 736.4581 andn/z 732.2039 for [M-2NH+4H]*" and [M-3NH+4H]",
respectively) and loss of CS(GR(NH), with or without ammoniac lossn(z 953.2758 omvz
719.4658 for [M-CS(Ch)2(NH)-NHs+3HP" and [M-CS(CH)»(NH)+4H]*") (Figure 6D). The
ETD MS/MS spectrum still exhibits several ammoniesses and partial chain sequencing as
already observed during CID or consecutive to edectcapture, such asvVz 959.2876 and
1438.4275 for [M-CS(Ch)o(NH),+4H]** and [M-CS(CH)(NH)+3H]*", respectively. Two
fragments issued from the electron transfer dissioei process were detectednalz 944.9402
ascribed to [M-CSNH(CH»(NH)+4H]*** and 925.2792 which could be attributed to lossief

ther CSNH(CH),NH group from two distinct end arms or one unique
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CSNH(CH),NHCSNH(CH)2.NH- from only grafted moiety. The last choice was erefd, since
no ion was detected corresponding to two simultasg@SNH(CH),NH losses, supporting the
fragmentation of a unique chain (Figure 6E). Thresailts highlight a significant improvement as
compared to CID, where only the thiouredido moegtyhe end of dithioureidocysteaminyl group
have been sequenced (Figure 6D).[23]. Applying &#he prior ETD activation, it strongly in-
creases the fragmentation efficiency, allowing aanpletely sequence the dithioureidocysteami-
nyl chain thanks to two supplementary fragmentsvat910.9309 and 898.5949 ascribed to [M-
(CSH(CHo)s(NH),+4HP" and [M-SH (CSH(CH.)s(NH)+4H]*", respectively. Moreover, the
carbohydrate containing building block can be atemntified by some ions such as the triply
charged one at/z 845.2491 corresponding to one glycosidic cleavasyfG/Zs+4H]**" (Figure

6F).
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As regards the CRS, the decrease reaches 31% toletensignal extinction at SA 20% com-
pared to ETD experiments without SA. The CID basagpplemental activation targeting the non
dissociated electron transfer product species (Ci8)ved to considerably improve the ETD
efficiency for our molecules. Notwithstanding, iearly appears that a fine tuning of SA value is
required, according to precursor charge statedygedof chain grafted on the carbohydrate scaf-
fold, to obtain the higher fragmentation efficientiere, the best results were obtained with SA
15 and 20% for Compoun@$3/4 and1/5, respectively. According to the minimal level ofeegy
required to obtain the maximal fragmentation on baerd and the maximal precursor and CRS
ions remaining on the other hand, an order of tiseeptibility to fragmentation for the 3+ can be
established such as: cysteamifiyGD (Compound2) > thioureidocysteaminy-CD (Com-
pound3) > aminof-CD (Compoundl) > dithioureidocysteaminyp-CD (Compoundb) > ami-
noethylthioureidocysteamin@-CD (Compound4) while considering 4+, the ranking is reversed

as Compouné > Compound} > Compound > Compound® > CompoundL.

4. CONCLUSIONS

The ETD has been successfully applied, for the finse, to the direct analysis (without metal
adduction) of a series of cyclic polycationic cdrpdrates. Reagent reaction times have to be
carefully tuned according to charge states ancctstral features. Moreover, we demonstrated
that ETD with CID based supplementary activationrggly decreases the formation of undesira-
ble charge reduced species while it improves bduoghvariety and the intensity of generated frag-
ments. According to the structures and chargesstagimal ETD fragmentation efficiency var-
ied from 2 to 62%. Nevertheless, due to the higiqor affinity of branched moieties, ETD frag-

mentation appeared to be mainly directed towardlipgngroup rather than cyclic scaffold im-
23



pairing a complete sequencing for amino group ctossarbohydrate core such as per-6- amino-
B-cyclodextrin. However, the longer the polycatioritain, the higher the ETD fragmentation
efficiency, allowing the complete structural de@phg of a complete building block of per-6-
dithioureidocysteaminyg-cyclodextrin which was not possible with CID only.

Consequently, it can be judicious to use ETD in loimation with other more usual dissociation
modes such a CID or higher-energy collision disstomn (HCD). Using such complementary
dissociation modes open up future prospects totailel@ characterization of a wider variety of
oligosaccharides with more complexity for exampthibkiting amphiphilic features or providing

a linear or linear/branched mixed scaffold. It appealso of interest to assay alternative ETD
reagents such as azobenzene,[35] since it wasgtbaethe efficiency of electron transfer from
fluoranthene is in the order 0£40%.[52] In any event, ETD analysis of our polycatc carbo-
hydrates represents key milestone to answer to $mtikeneck for the fine characterization of
efficient highly basic carbohydrate based scaffblecause such edifices exhibit an indubitably
increasing gain for the DNA/RNA compaction durireng delivery.

However, ETD with CID supplementary activation ilfevident as a definitively suitable
MS/MS key tool for the analysis of polycationic lsahydrate based molecules aimed in various

fields such as for example glycobiology or nanomaie
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Highlights

* The first ETD-MSMS characterization of polycationic carbohydrate based
non-viral gene delivery agents.

* Suitable selection of charge states and fluoranthene reagent time improves
ETD fragmentation efficiency.

* ETD with SA can complete structural deciphering of some building blocks
which is not possible with CID only

* ETD based fragmentation is more efficient with long grafted polycationic
arms,

* MS/MS results can be used to correlate nitrogen/phosphorus ratio (N/P) in
DNA compaction.



