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A new series of lipopeptides was designed to sthdyr organocatalytic properties towards ester
hydrolysis and the role of their self-assembledictiires on the catalysis. Synthesis of the
catalysts was achieved by grafting fatty chaingrggeptides either at the C-terminal positio’ or
at the N-terminal extremity, affording amphiphildharacter and self-assembling properties.
Insertion of a histidine in the peptide sequence al@osen to bring the organocatalytic acti it /.
Self-organization was evidenced first by the deieation of critical aggregation concentrations
and then by characterizing the aggregates formedopeing scattering techniques anrd
microscopy. Variation of the structures (peptidgusence, hydrophobic character) led to the
formation of various aggregates, from globular ckgeto fibers. All derivatives containinn
histidine presented a catalytic activity on the iojgsis reaction ofp-nitrophenyl acetate n
aqueous solution. The influence of the self-orgation on the catalysis was evidenced b:-
showing different behaviors observed between moneraed aggregates.

I ntroduction aggregation properties that lead to the formatioveoious sen
organized systems.[21-28] Moreover these aggregabesd

While organometallic catalysts and enzymes havenbepresent an organocatalytic activity, for examplénia case of en
dominating the field of catalysis for a long tineeganocatalysis aldol reaction catalyzed by a proline-based, gehfog
appears as an alternative approach with a fastiggoimterest. peptide.[29, 30] In addition, the supramoleculayamization cz
Organocatalysts are metal-free small organic madscwhich affect the catalytic properties,[31-33] showingtttieere might
are usually stable, nontoxic, not expensive, eagitessible, and pe an interplay between aggregation and catalysis.
recyclable.[1-5] Among them are amino-acids andtigep In the present study, we have chosen to focusydrolysis
(inspired from natural enzymatic catalytic site&}10] which are as this reaction plays a major role in many biatagprocess.'s
most of the time used in organic solvents whileawatight be such as digestion of proteins by proteases, masabalf esters
involved and play a major role in some mechanis$.[ and lipids involving lipases, or degradation of gpplooeste s
Another type of catalysis can also be observed dueaus (regulation of inorganic phosphate, hydrolysis @For nuclei~
medium: an interfacial catalysis can be broughtitsato the acids, etc.). Moreover the control of this modelatéon coul
ability of self-assembled aggregates (mostly méslbut also find applications in various field such as enzymiaitition,[2 "
vesicles formed by amphiphiles) to increase reasti@tes.[12- molecular biology, or genetic engineering. In a-inispirec
19] approach, looking at the active sites in hydrolase®als that

In this context, we have chosen to combine orgarabysis histidine plays a major role in the catalytic aitfivof t..-
and interfacial catalysis by considering the usgedffassembled enzymes.[35] Therefore we have considered histitiased
amphiphilic lipopeptides as catalysts in water (aomlecular |ipopeptides as potential self-assembled organbasa for
enzyme mimics).[20] Thanks to the combination aimas weak hydrolysis reactions in water. Indeed hydrolysisatseed oy
interactions (electrostatics, H-bonding, hydrophadifect, etc.), histidine-related compounds is widely documenteithéincase u.
lipopeptides and surfactant-like peptides have rkaide
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simple esters,[36-42] phosphoesters,[43-52] or évBIA\.[53,
54] As a first step we initiated this study considg the widely
used estemtnitrophenyl acetate) as model substrate.

In a first part we describe the design and thdalmagis of a
series of potentially catalytic amphiphilic lipogefes. The
tripeptide sequences contain a histidine at thmiteal position
to provide catalytic activity or they are basedtdglycine to
afford non-reactive control derivatives. Moreovelhet
modulation of the alkyl chain allows control ovéret self-
assembly properties. In a second part we presents#if-
assembling properties of the lipopeptides,
determination of critical aggregation concentragiorand
characterization of the aggregates by microscopysaattering
techniques. In the third and final section, we pn¢she catalytic
activity of the lipopeptides on the hydrolysis bétmodel ester
p-nitrophenyl acetate. The aim is to evidence th&peetive
contributions of organocatalysis (due to the preserof
histidine) and interfacial catalysis (due to sed§@mbly).

Results and discussion

Design and synthesis of lipopeptides

The amphiphilic structures we have consideredyarerally
composed of a tripeptide linked to a fatty hydrdocar chain. The
choice of a triad as the polar head group was ratd/ by the
wish to later get access to more functional stmestuby the
incorporation of different aminoacids, while keepia short
sequence remaining easy to handle. As a startiing @ have
decided to use histidine at the extremity of thdastants, using
two simple glycines as linkers between histidine #ime fatty
chain. Few similar structures have already beerribes] in
patented studies on gel formation and on hair
formulations, showing the potential self-assemblamgd bio-
compatible properties of this kind of derivativé&{57] As
controls, lipopeptides based on triglycine were algnthesized.
These molecules do not contain histidine and appased to
have no organocatalytic activity while keeping ssedSembling
properties.[58] Depending on the grafting sideeNxtinal or C-
terminal peptides were obtained. In addition, therbphobicity
of the surfactants has been modulated by varyiaalky! chain
length from octyl to dodecyl. Moreover two othert€@minal
structures were considered: the first one conta@medrminal
histidine but the carboxylic function was blockesl a methyl
ester; the other one contained also a terminaldimst but a
serine was included instead of the central glyahéhe triad.
Indeed this amino acid is frequently present irlydt triads of
numerous hydrolytic enzymes such as proteaseselpatc.[59]
Finally a catanionic peptide was obtained by prodanhange
between a C-terminal peptide and its N-terminalansevia a
simple acid-base reaction.[60]

The lipopeptides were obtained in good yields Iassical
solution synthesis based on Boc strategy and DIQ#@aPure®
activation.[61] This choice allowed us to produlce peptides in
a greener way than conventional methods, reduaitabty the
use of toxic solvents (such as DMF) or potentiakplosive
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reactives (such as HOBt). This approach lies irfitheé of Green
Chemistry which has emerged as a powerful tool educe
human imprint on environment and to develop rafe~
processes.[62-64] Among its twelve principles aeernolecular
economy, the use of natural resources and safergslywater. .
and catalysis. These notions are here combinedbgiderina
organocatalysis in aqueous solutions and based atare*
renewable substances. General protocols are repantehe
experimental part while full spectroscopic analysis be four 1

in theSupporting InformationThe structures of the lipopeptides

inclgdirare reported in Figure 1.
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C1: n=1, Cg-Gly-Gly-His-OH
C2: n=3, C,,-Gly-Gly-His-OH
C3: n=5, C,,-Gly-Gly-His-OH
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Figure 1. Structures of the lipopeptides studied: (a) C-terminal peptides, (b) N-
terminal peptides, and (c) catanionic peptide.

Physico-chemical properties and self-assembly

Lipopeptides are intrinsically amphiphilic and b~
molecules can self-assemble in a large variety ofenor les >
ordered structures at the solid state or in aqusolugions. Upc.
self-organization, the structures obtained can Vesyn wha
predicted for classical surfactants because of atiditiolu
specific structuration of peptidesta H-bonding and other we.’
interactions between the lateral chains of the aatius.[23, 22’
At the solid state, FT-IR spectroscopy can brirfgrimation o..
the secondary structures of the peptides by amajyttie amide
I-11l bands positions in the range 1700-1200%j85, 66] For ||
lipopeptides, the amide | band lied at 1645-1652 gvhile 1 ‘e
amide Il band was observed at 1544-1554! ¢full spectra are

This journal is © The Royal Society of Chemistry 20 5
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reported in theSupporting Information This suggest that the

peptide sequences adopt a random or
conformation,[65, 66] which is not surprising redjag the
shortness of the sequences.

Dissolution of the lipopeptides in aqueous buffieselutions
(50 mM HEPES buffer, pH = 7) generally producedlepeent
fluids, ranging from slightly cloudy/bluish to strgly opaque
solutions. This already shows that the lipopeptidesf-
assembled in quite large aggregates (>100 nm) kecasually
micellar solutions remain limpid.

In agueous solutions, surface tension measurenveets
performed as a function of the lipopeptides’ corniaions to
determine the critical aggregation concentratiolGAES).
Generally upon increasing concentration, surfacesite
decreases then reaches a plateau at a threshaténtration
value that corresponds to the CAC.[67] As an iHatste
example, measurements performed for lipopeptide®CF are
shown in Figure 2 (full measurements are reportedthie
Supporting Information
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Figure 2. Variation of the surface tension as a function of the concentration for
lipopeptides C1 to C3 (A) and C4 to C6 (B).
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Another complementary
especially for lipopeptides presenting high CACsot3
techniques (tensiometry and pyrene fluorescenceye we
performed in parallel on most of the lipopeptidgiszing CAC
values of the same order, and showing that the iwerather
good agreement (full results can be found in Supportin>

Information). From these two techniques, averaged CACs were

obtained; the accuracy was at best 20 %. Full tesué reportc d
in Table 1.

Table 1. Critical aggregation concentrations (CACs) of tpepeptides
determined from tensiometry and fluorimetry.

CAC (mM) (%AN% average I
Lipopeptide from y CAC YCNAIC »
tensiometry rom (mM) (mN/m) |
fluorimetry
C1 (Cs-GGH-OH) 10+£2 16.3+3.3 13+4 38+ 4
C2 (C1-GGH-OH) 1.3+0.3 0.75+£0.1% 1.0+0.5 45 +1I7
C3 (C1GGH-OH) 062851 0.33+0.08| 03+01| 49% z‘
C4 (Cs-GGG-0OH) no CAC® no CAC® no CAC -
C5 (Ci1rGGG-0H) 5z=1 54+11 521 51+ /
|
C6 (C1-GGG-0OH) 1.0 £0.3 0.85+ 0.1y 0.9+ 03 4342
C7 (C+-GGH- @ @ .
OMe) no CAC no CAC no CAC »
|
0.10£0.03
C8 (C10-GSH-OH) and 4.0+0.8 3+1 39+2]
2 £10
|
N1 (H-HGG-G) not 16+5 16+5 -
measured B B \
N2 (H-HGG-Cyp) 0.7+0.1 1.4+03 1.1+04 37 + 'Il
N3 (H-HGG-Co) not 0.10 =
measured | 0-10*0.02 0.02 )
|
N4 (H-GGG-G) | B8 E08 | 47109 | 32:15| s5:2
N5 (H-GGG-Gy) 0'4(§ 011 hocac® no CAC 5242
N6 (H-GGG-Gy) 1.0+0.39 no CAC® no CAC 52+2 I
C2N2 05+0.1 04+0.1 05+0.1 42+2

@ no CAC was detected upon increasing concentratitbiise solubility

limit

® two “CACs” were observed; at the first one, thefate tension only
dropped to 53 mN/m meaning that this transitionhnigfer to a pre-
organization (oligomerization) rather than to @tformation of aggregates
© as in the case of C8, the surface tension onlgedsed to about 55 mN/r
referring probably to a pre-organization

In parallel, dynamic light scattering (DLS) waseds.c
estimate the size of the aggregates formed byipopdptides
above their CACs. However, only few peptides gagkiab'=
results using this technique. The hydrodynamic eia ',
measured just above the CACs (solutions becamédtugton

J. Name., 2015, 00, 1-13 | 3
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slight increase of the concentrations) were 300+4#&®0for C1,
250-350 nm for C2, and 200 nm for N1. These sizmact
correspond to micelles and they could rather rebefarger
aggregates, such as vesicles, pieces of membrfipers, etc.
Besides these three lipopeptides, limited solubdifprevented
accurate DLS measurements. In fact for most ofpietides,
precipitation (or gel formation) occurred at contations just
above the CACs values. So in that cases it waposdible to
prepare samples being concentrated enough to aktevant
DLS analysis.

In the C-terminal series (C1 to C6) we observeat the
peptides were weakly surface active (surface tessionly
decreased from 72 to about 40 mN/m). As in the oastassical

Regarding the effect of the alkyl chain length,ra@asing the
hydrocarbon part from N1 to N3 led to a strong dase of the
CAC values, which were divided by a factor of 10 &ac-
addition of two methylene groups in the chain.n).cbntrast
peptides N4 to N6 were very weakly surface actiserfac.
tensions only dropped to about 52-55 mN/m) and learc
aggregate formation could be evidenced. Like inchse of th 2
C-terminal series, this indicates that the trighgcisequence is
much less efficient in promoting aggregation thamhie case f
a histidine-containing triad.

Finally the catanionic lipopeptide C2N2 self-asbéad & -
concentrations lower than what observed for itsep~~
lipopeptides C2 and N2. This is a typical behavitne

surfactants, increasing the alkyl chain lengthtted decrease of aggregation being favored both by charge compemsand

the CACs due to favored hydrophobic
Moreover, replacing histidine by glycine led to lalmal four-
time increase of the CACs, meaning that the presehbistidine
in the C-terminal lipopeptides favored the selfeasbly. This
could be explained either by stabilizingstacking interactions
between imidazole rings, or by a global charge camsption
decreasing electrostatic repulsions between patad hgroups
(assuming that negatively charged carboxylatesdstnthe
extremity of the molecules, while some imidazolage are
positively charged at pH = 7). pKa determinatioresevrealized
for some lipopeptides at 2 mM by acid-base titradi@nd by
analysis based on second-derivative plots (Segporting
Information) to evidence the role of electrostatic interacdioft
pH =7, C-terminal functions are fully deprotonatadl exist as
carboxylates. pKa values of the imidazole ringseFeund to be
7.1 £ 0.1 for C1 and C2 indicating that half of tivegs became
protonated. Therefore these positive charges caaldially
compensate the repulsions between carboxylates fawnar
aggregation. Moreover aggregation had no signifiagatuence
on the pKa values (at 2 mM C1 exists as monomeitewW@? is
aggregated). This could suggest that the imidaaods were not
directly implied in the aggregation process.

In the case of C7, the presence of an ester fundnot
charged) dramatically reduced the solubility and fieptide

precipitated before any CAC could be measured. lligina

replacement of the central glycine by a serine f@oumd C8)
increased the CAC by a factor of 3 as compare®td'@is might
be due to unfavorable steric hindrance, even th@fkeems to
form pre-aggregates at very low concentration. éada first
“CAC” could be detected by tensiometry at 0.1 mMicating
that the alcohol function in C8 first favors a kinof
oligomerization, probably thanks to the formatidnHsbonds
between the lipopeptides. This pre-organization wast
observed with fluorescence measurements, reinfgrdime
hypothesis that there is an intermediate statesiplgsmade of
hydrated oligomers, before a more significant ssembly
occurs. Moreover hydrogels were easily obtainethfsolutions
of C8, supporting the idea of H-bond networks aghlker
concentrations.[70]

In the N-terminal series we observed that theideptN1 to
N3 were more surface active than their analoghef3-terminal
series (surface tensions decreased from 72 to &foatN/m).

4| J. Name., 2015, 00, 1-13

interactiond.[6 hydrophobic interactions between the fatty chains.
In order to visualize the aggregates formed by *-=

lipopeptides, transmission electron microscopy (lEMac
performed on aqueous solutions above the CACs. aM
clearly formed “hairy” spherical aggregates whosantktere
corresponded to DLS data (Figure 3A), other lipadjokgs
readily self-assembled in more or less complex ilféor

aggregates. For example, N2 produced pearl necktageture s
with spherical objects (50-100 nm in diameter)rilistted along
the fibers (Figure 3B). With C2, twisted fibers wavbserve 1
(Figure 3C) while C2N2 produced networks of fibersludinc

few smaller roughly spherical objects (Figure 3D).

Figure 3. Transmission electron micrographs showing the aggregates formed by
lipopeptides N1 (A), N2 (B), C2 (C), and the catanionic derivative C2N2 (D).

These observations are globally consistent with wisual
appearance of the lipopeptides solutions which ve@adesc :nt
or even milky above the CACs, some of them evedihgpto t -
formation of hydrogels. Moreover, the variety oktbbje s

This journal is © The Royal Society of Chemistry 20 5
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formed shows that the aggregation is very depenaghton the remained stable for several days before SANS aisalitsis
peptidic sequence and on the alkyl chain lengthss property interesting to note that even slightly more hydmlgib peptides
is very important and allows modulating supramolacu self-organize into fibrillar structures rather thglobules. W~
aggregates by a fine tuning of the lipopeptidesemltal can assume that the fibers might represent the stabte and
structure, which could be of special interest whardying the final aggregates formed by the lipopeptides aftex initia.
role played by interfaces and dynamics on the gtgiroperties transient formation of globular objects. This cobklrelated to
of these systems. the mechanism described for the formation of anayfiiers, i
Finally, preliminary small-angle neutron scattgrinwhich small aggregates are first originally forntaefore their
experiments (SANS) were conducted on peptides @INdnto gradual transformation into larger fibrillar struots upch
get more insights on the structural characteristidsthe aging.[72, 73]
aggregates (only these samples were measured, deethe ) . o .
concentrations of the other peptides were too laiue-to weak Catalyticactivity on model ester hydrolysis: kinetics experiments
solubility — to allow accurate measurements). Titerisity of Description of the system used
the signal 1(Q) was corrected for the contributafrthe solvent
and for the incoherent scattering, and it was fnabrmalized
to obtain values in absolute units. SANS pattereseported in

We have shown in the previous paragraph tha. the
lipopeptides are able to self-assemble in aquealsti@ns
leading to various structures. In this section wme &t evidencir 1

Figure 4. ) )
whenever these peptides could act as catalystéyfdrolysis
10 reactions, and what could be the influence of sagfanization,
0 H-HGG-C8 (N1) on such a catalysis. As a first step we have censiithe e -
+ C8-GGH-OH (C1) p-nitrophenylacetate (pNPA) as a model substratdedd the
1 hydrolysis of pNPA is easily monitored by UV-Visegrosce .
thanks to the formation of the highly colored prody-
nitrophenolate (pNP, yellow).[74] Hydrolysis expagnts wer
0,1 carried out in the same conditions as for the altaration o
%E" lipopeptides’ self-assembly (buffered solutions, pH). Thu .
= the extinction coefficient of pNP was determinedHEPES
0,01 buffer at pH = 7. A global value of 7772 L-metm? at 406 nr.,
was determined in solution for both co-existing pdiate io:.
and p-nitrophenol (pKa = 7.15), while phenolate aemad the
0,001 only absorbing specie at this wavelength. The hydis
reaction is shown in Figure 5.
0,0001 o
0,001 0.01 ! 50 mM HEPES
Q(A) o\n/CH3 pH= 7, 25°C oN
/©/ w4+ cHcoo
Figure 4. Experimental SANS signals I(Q) for lipopeptides N1 (16 mM) and C1 (20 oN o 10% catalyst
mM) in phosphate buffer at pH = 7 and at 25 °C (solvent was D,0).
pNPA O,N
First, we observe that the scattering profiles espond to pPNP

relatively large objects since the Guinier regirmenot visible Figure 5. Hydrolysis reaction of pNPA in aqueous solution containing 10 % catalyst,
even at the lowest Q values (3*181). We deduce that the 2"d leading to the formation of pNP and acetate.

gyration radii R of the aggregates are limited by 3/R3-10° ] ; ] o
Alleading to B> 350 A, a size which is too high for micellaCften considered in the literature as a referehstidine wa

aggregates. Then it appears that both lipopeptitesented chosen as a model catalyst.[37] Moreover we haweseah t
similar SANS profiles, indicating that the samedsrof objects Maintain the amount of catalysts at 10 %, which aies
are present in solution. At low Q values, we obsaawariation 'é@sonable (or even low) ratio in various peptideét.
of the intensity following a @ decrease, which suggests th@rganocatalysis studies.[38, 75-77] The first ekpent was to
presence of sheet-like structures or vesicles (trenbrane check the catalytic activity of histidine. Startimgth an initia
thickness remaining very small compared to the mph®NPA concentration [pNPA]= 20 mM, we could observe a
radius).[71] This is consistent with the observatif globular linear increase of the absorbance at 406 nm asctidn of time,
hairy aggregates formed by N1 and imaged by TEMedver, related to the formation of pNP. In the presencé¥ histid'- _
both patterns presented a Bragg peak centered at0d2 Al ([His] = 2 mM), the conversion was 6 % after 2 lhnan initial
corresponding to an inter-lamellar distadder bilayer spacing) "ate of bnis = 106- 10 mol.L-.min"%. These values were much
of d = 21/Qo = 52 A. These preliminary measurements conductBigher than for the control experiment, in the aloseof cata’, s
on the shortest (and less hydrophobic) lipopepti&sand C1 (buffer alone: conversion = 0.5 %g,péffer= 7-10"mol.L™t.mi. -
are then consistent with the formation of globsigstems which 1) and this justified the choice of histidine agference catal st

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-13 | 5
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Then we have studied the catalytic activity of compounds
towards pNPA hydrolysis, and compared the resuits those
obtained with histidine and control triads, naméttGGH-OH
and H-HGG-NHMe bearing only one methyl group asylalk
chain, on the C-terminal and N-terminal positioespectively.
In all cases, the ratio [catalyst]/[pNPA] was kepnstant and
equal to 10 %. The choice of the catalysts cona&ntrs was
driven by the self-organization properties of tipppeptides as
well as by the solubility of pNPA. Regarding theoirte of the
concentration to study the hydrolysis in the aggted state, two

@ o

9%

= buffer alone

X C10-GGG-OH (C5)
A H-HGG-C10 (N2)
A H-HGG-NHMe

< Histidine
+ H-GGG-C10 (N5)

A H-HGG-C8 (N1)
8%

7%
6%

5%

Conversion (%)

4%

3%

2%

limitations occurred. On one hand, lipopeptidegingeCi2 alkyl =
chains were only scarcely soluble above the CAC fanued o= 2 o 0 a0 100 120
very turbid solutions even at 1 mM, making diffictile UV-Vis Time (min)

monitoring due to light scattering. On the otherndha 10%
lipopeptides bearing &Calkyl chains and presenting very higt 9%
CACs would have required working with up to 0.1 MRPA 8%
solutions which would have also led to turbid surgiens due to
the limited solubility of the substrate in watemerefore we
decided to focus on lipopeptides bearingo @lkyl chains,
because all of them presented aggregated stat2srél and

pNPA was soluble enough in HEPES buffer at 20 mHNI.
parallel, analogous lipopeptides bearing &kyl chains were
considered to study the monomeric states, becdusé taem

presented CACs values much higher than 2 mM.

© Histidine ® C10-GGH-OH (C2)
® C8-GGH-OH (1) O C10-GSH-OH (C8)

O Ac-GGH-OH o +
e ® YT e

Conversion (%)

0 20 40 60 80 100 120
Time (min)

Results

pNPA conversion was measured as a function of tan& h by 10%
monitoring the appearance of pNP, as calculateatdnyversion %
= (Absorbancepne)/[pNPAJo. Full results are reported in Figure
6. In addition, the initial rates of the reacti@ml the conversion
ratios after 2 h are reported in the table 2.

© C10-GGH-OH (C2)
# C10 catanionic (C2N2)

A H-HGG-C10 (N2)

Table2. Initial rates of the hydrolysis reaction of pNHANPA], = 0.02
mol.L') in the presence of different catalysts (10 % rio§0 mM HEPES
buffer (pH = 7, 25 °C), and the corresponding caosiea ratio after 2 h.

Conversion (%)

6 | J. Name., 2015, 00, 1-13

Aggregation Vo (107 mol.L- Conversion at
Catalyst sate L mintd) 2h (%)
[} 20 40 60 80 100 120
no catalyst - 7+3 05+0.2 Time (min)
histidine monomers 106 + 8 6.4+05 Figure 6. Evolution of pNPA conversion into pNP as a function of time, in the
presence of 10 % catalysts (HEPES buffer, pH = 7, 25 °C). (A) N-terminal
C10-GGG-OH monomers 10+2 06+04 peptides, triglycine-based controls, histidine, and buffer alone. (B) C-terminal
peptides and histidine. (C) Catanionic lipopeptide C2N2 and the parent
H-GGG-Go monomers 9+4 05+0.2 lipopeptides C2 and N2. Lines and dashed lines are drawn as eye guides. Red
curves refer to aggregated systems.
C10-GGH-OH aggregates 314 +£19 74+03
Cg-GGH-OH monomers 311 +4 8.2+05
Ac-GGH-OH monomers 242 + 50 69+03 In the absence of peptidic catalysts (buffer aléigure 6A),
the hydrolysis reaction was very slow and the kaseprofile
C10-GSH-OH aggregates 343 +44 75204 . . . . -z
was linear, as stated above. Analysis of kinetiapeters s
H-HGG-Cyo aggregates 124 +3 6.4+0.2 reported in th&upporting Informationlt shows that the reaction
HHGG G onomers 1734 80501 is of first order with respect to the subs.trate Etnzd hydroly .-
undergoes a general acid-base catalysis mainlyatestby the
H-HGG-NHMe monomers 91+21 45+05 | pasic form of HEPES. It implies that any weak aaiisveak
bases that would be added to the medium could at$: 1s
Cyo catanionic aggregates 220+ 12 6.9+0.3 catalysts.
(C2N2)

This journal is © The Royal Society of Chemistry 20 5
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Using triglycine-based lipopeptides as catalysithér C5 or profiles were not linear anymore, suggesting défeerand/or
N5) led to results close to those obtained withhib&er alone more complex mechanisms. After an initial bursthwititial
(Figure 6A). These experiments show that C5 anddNSot rates being 2-3 times higher than for correspondfgrming'
present any apparent catalytic activity, and supfist the idea catalysts, the hydrolysis slowed down significargty that the
that the presence of histidine in the peptidic eege is a pre- conversion ratios after 2 h reactions were simddahat observe d
requisite to confer such an organocatalytic prgpeithe with N-terminal catalysts. The C-terminal lipopelets appear
introduction of weak acids or bases (ammonium fds, Ninitially to be more efficient catalysts that ralyiddeem to gt
carboxylate for C5) is not sufficient to enhance ¢fiobal buffer partially saturated, as in the case of enzymatialysis. Like in
catalytic activity. Moreover supramolecular catédy$s not the case of N1 and N2, aggregation of the catalgsteased t e
evidenced here because the concentrations of popdptides apparent catalytic activity: the lipopeptide C1 ¢romeric state)

were below their respective CACs.

Using lipopeptides containing histidine either tae C-
terminal position (C1 and C2) or at the N-termipasition (N1
and N2), or in the catanionic combination C2N2 tiedlifferent
results. For each compound the catalytic activiaswvidenced
and found to be equal or superior to that of sinfyig¢idine.

In the N-terminal series, N1 (monomeric state) foamd to
be about twice more efficient as the referenced thikHGG-
NHMe containing a simple methyl group as alkyl chaind
which presented a linear profile of hydrolysis (kg 6A). This
shows that the addition of a hydrophobic charaotére catalyst,
thanks to the presence of the alkyl chain, promtitescatalytic
activity towards hydrolysis. It suggests that thedrdophobic
fatty chain interacts in a positive way with thatqunydrophobic
substrate pNPA, making it closer to the histidioetaining
catalytic group and enhancing therefore
efficiency. Then, moving from N1 (monomeric state) N2
(aggregated state) led to a slight decrease afrigi@nocatalytic
efficiency which then reached the level observethvsingle
histidine. The hydrolysis profile of N2 was alsodar and lied
between those of N1 and the reference triad. Therdh this
series, the aggregates appear as less efficiealy st than the
monomers. This observation could be at a first |lapkte
surprising because aggregates such as micelleslyusuhibit
enhanced catalytic activity thanks to the formatib@a dynamic
interfacial zone where the reactants are in closentact
compared to the bulk. In our case we have showh tta
substrate pNPA seems to have a pronounced affiviity the
hydrophobic alkyl chains; moreover the aggregateméd by
N2 are not micelles but rather much less dynamberflike
objects. Therefore it looks like the substrateetained in the
hydrophobic region of the aggregates and couldacoess the
hydrolytic nucleophiles as easily as in the caseNaf This
phenomenon has recently been reported for redotralable
self-assembling peptides for which catalytic atyivin the
hydrolysis of ester was much higher in the casealysfamic
micelles rather than for fibers.[78] This protagteffect could
be of special interest for example in the formwlatof active
esters that should be slowly released in a coetiollay. We
show here that a fine tuning of the structureshef tatalytic
lipopeptides allows the control of the aggregataord makes
possible the direction of the catalysis efficietowards either
an enhanced activity (active monomers) or a reduced
(protective aggregates).

In the C-terminal series (Figure 6B), some diffeeres
appeared compared to the N-terminal series. Fieshydrolytic

This journal is © The Royal Society of Chemistry 2015

was the most efficient catalyst, whereas the catadygtivity wa
reduced for C2 (aggregated state), which droppediével jus*
above the one of the reference triad Ac-GGH-OH. iAghis
evidences the subtle balance that should be manageddin-
the hydrophobic part of the catalysts, either todpice active
non-aggregated species or rather protective, agtgdgbjecte
Still in the C-terminal series, the introductionaferine in tt.2
middle of the peptidic sequence (comparing C2 a8ddd 1 ..
changed significantly the catalytic activity. Thlisows that the
potential supporting role played by serine in tharblysis
mechanism has to be relayed by another catalytioaarcid
(such as aspartic acid) as evidenced in many cetaliads ¢
hydrolases.[79]

In the case of the catanionic derivative C2N2 (Fég6C), th 2
catalytic activity was found to be exactly the age of activities

the hydisly independently observed with C2 and N2 respectivlthough

a synergistic effect had been evidenced in the eagio.

behavior (lower CAC), here the system simply bekaas a
simple combination of the isolated componentsalet fve hav 2
shown that the aggregates formed by C2N2 are rhitally

different from the aggregates formed by C2 or NRisTmear.
that, from a supramolecular point of view, combn®2 and N~
did not bring any additional feature that could é@@avomoted th.
interfacial catalysis. Therefore, from a molecyaint of view

the catanionic association is equivalent to the pwn.°
combination of the chemical moieties implied in the
organocatalytic process.

Conclusions

In this paper we have presented the synthesisrédcaiactive
histidine-based lipopeptides as well as their agfior.
properties and their catalytic activity for hydrsiy reaction- .
The controlled synthesis of the catalysts gave sxcte a serir
of various compounds bearing an alkyl chain grafteds
tripeptide sequence, either at the C-terminal psitr at the N
terminal position. The peptide sequences potentiaitiudea
histidine to bring organocatalytic properties. lddaion, thc
control of the chain length allowed the tuning amet
hydrophobicity of the lipopeptides with a view tary their
supramolecular properties. Determination of thetic™~
aggregation concentrations showed that the symtbes.
derivatives could self-assemble in water. Indeesl ¢htalysts
formed aggregates in aqueous solution,
characterized by scattering experiments (light,tmozs) a A
electron microscopy. The large, non-dynamic aggesgean¢~cd
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from globular objects (for the most hydrophilic goounds) to
fibrillar structures. These assemblies were thestete as
catalysts for the hydrolysis of a model substrapard-
nitrophenyl acetate) and the catalytic activity veasnpared to
the one observed with control derivatives or nogragated
lipopeptides. The main results of these preliminaagalysis

Page 8 of 13

chloride (NaCl) from Abcr, sodium hydrogencarbonate
(NaHC®) and anhydrous sodium sulfate gS&y) from Carlo
Erba ReagentdVater used in all experiments was produced b+
a two-stage Milli-Q filtration system from Milliperand had A
resistivity higher than 18.2 8- cm.

Except for C2, C8, and N2, the lipopeptides wemrglsgsized in

experiments arg(i) histidine should be included in the peptidsolution using Boc strategy and DIC/Oxyma® activati
sequence to get catalytic activi§i) different mechanisms areLipopeptides C1 and C3 were synthesized accordinghe

evidenced regarding the use of C-terminal or N-ieain
peptides; (iii)
monomers than in aggregates showing that a subtente of
the hydrophobic part could be used to orientatextdw activated
hydrolysis or rather protection of the substrate.

Globally these results show that the control &f tatalyst’s
chemical structure allows the tuning of the seHeasbling
properties, which themselves could guide the catafictivities.
Further experiments are under progress to expheitdifferent
mechanisms implied in these reactions (especiatywéen the
C- and N-terminal series) and to determine the tjative
contributions of the different tunable parametechafges,
position of histidine, hydrophobic interactions;.etIn addition

following general sequence depicted in Figure 7.
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the hydrolytic activity of these new self-assemblin
OrganocatalyStS will be extended to other SUbﬁratentereStv Figure 7. General synthetic pathway for the preparation of lipopeptides C1 and
like biologically active esters, phosphate estaard even cs3.

biomacromolecules such as DNA.
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Experimental part

Materials and synthesis

Lipopeptides C2, C8, and N2 were obtained from Geps
(Hong Kong) while the other molecules were synthediby
classical solution synthesis based on Boc strategyl
DIC/OxymaPure® activation (see below). H-Gly-Gly-OBbc-
Gly-Gly-OH, H-His(1-Trt)-OMe.HCI, and Boc-His(1-Bp®OSu
were obtained from Bachem and H-Gly-Gly-Gly-OH fréncr.
Octanoyl chloride, decanoyl chloride, dodecanoylogte,
octylamine, and dodecylamine were purchased frogm&i
Aldrich (France) and decylamine from Abcr. Triisopylsilane
(TIS), Oxyma and diisopropylcarbodiimide (DIC) wergtained
from Sigma-Aldrich while diisopropylethylamine (DA and
trifluoroacetic acid (TFA) were from Abcr
respectively. Tert-butyl methyl ether (TBME) waoywded by
Alfa Aesar and dichloromethane (DCM), ethyl ace{(&&Ac),
methanol (MeOH) were from Sigma-Aldrich. Other carapds
included acetic acid (AcOH) from Sigma-Aldrich, aauh

8 | J. Name., 2015, 00, 1-13

Cn-Gly-Gly-OH. Acylated diglycines were obtained by a
Schotten-Baumann reaction in water. Diglycine (5 at)mva:
dissolved in 6 mL of 1 M aqueous NaOH and this sofuwas
cooled with an ice bath. Under stirring were acdz2r
simultaneously to this solution the alkanoyl chderi10 mmol®
and a 1 M aqueous NaOH solution (12 mmol). The un&tva.
then let to warm up to room temperature and stifogd4 b
leading to the formation of a white suspension. addeous HC®
was then added until the pH decreased to 1 and ssive
precipitate was formed. The white solid was théleried unuc -
vacuum, washed with cold water then acetone, arrgistallized
(ethyl acetate / methanol, 3:1) in the case obtttgl derivative
or washed with petroleum ether in the case of tbdedy
derivative.

Cn-Gly-Gly-His(1-Trt)-OMe. Acylated diglycine G-Gly-Gly-
OH (2.5 mmol) was placed in a flask containing Oxsyiff
mmol) and 25 mL DCM at room temperature. AdditidibbEA
(1.25 mmol) led to a yellow suspension. DIC (5 mmeh:
added and the mixture was maintained under stirfargan
activation time of 10 min. Then a solution of H-HisTrt)-
OMe,HCI (5 mmol) and DIEA (5 mmol) in 25 mL DCM vras
added to the previous mixture. The resulting sotutbecame
more limpid and was stirred for 16 h at room terape—
leading to an orange solution. After removing thivent unde -
reduced pressure, the orange solid was dissolved5inmL

and VWREtOACc and this organic phase was washed succegsintl . ~

mL of 5 % aqueous AcOH, several times with 25 mtuissted
aqueous solution of NaHGQ@until the aqueous phase remained
colorless), and finally twice with 25 mL brine. Thganic ph se
was dried over N&Qs, then evaporated to dryness u...cr
reduced pressure. The resulting solid was wash#d M0 r ..

This journal is © The Royal Society of Chemistry 20 5



Page 9 of 13

TBME under heating. Filtration afforded the titlengpound as a
pale yellow powder.

Cn-Gly-Gly-Hiss=OMe. Deprotection of the trityl group was
achieved using TFA in the presence of TIS angDHas
scavengers. To #Gly-Gly-His(1-Trt)-OMe (2 mmol) was
added 17 mL of a 85:10:5 TFA/TIS/G solution. The solid
dissolved before a new precipitate formed. The un&xtwas
stirred at 25 °C for 2 h then evaporated to drynester reduced
pressure. The resulting solid was dissolved in @30 mL)
and the organic phase was washed several timesagithous

saturated NaHC¢X100 mL) solution until the pH of the aqueous ™) ™"~y JK/N\H/\ J\([

phase reached 9. During these washes, a whitejiegeiformed
which was filtered and washed with EtOAc. Recry&ation
from DCM/MeOH afforded the targeted compound.

RSC Advances
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Figure 9. General synthetic pathway for the preparation of lipopeptides N1 and

A

CH,Cl,
DIEA

1) TFA/CHZC\Z

2) ag. NaHCO,

Cn-Gly-Gly-HissOH. Cleavage of the methyl group Was >

achieved by saponification. In a flask was placed>G/-Gly-
His-OMe (2 mmol) and a solution of LIOH (3 mmol) 20 mL

of 1:1 THF/HO was added at 4 °C (ice bath). The suspensmn

was stirred for 1 h at 4 °C and it was let to warmto room

temperature. Then 1 M Ja80s was added until the pH value

reached 3. The suspension was diluted with 30 @ &ihd 50
mL TBME were added. After stirring, the white sofiarmed

was collected by filtration under reduced pressamd rinsed
with acetonitrile. The peptide C1 was too solublevater and it
was rather purified by desalting on a SPE colu
(Chromabond® HR-X/6 ml/500 mg from Macherey-Nagel).

Lipopeptides C4, C5 and C6 were synthesized aaugrdi the
following general scheme (Figure 8).

Mw%wWﬂY”WWW@W%WW

2) aq. HCl

Figure 8. Synthesis of lipopeptides C4-C6 by Schotten-Baumann acylation of
triglycine

After removing the solvent under reduced pressilne,orange
olid was dissolved in 50 mL EtOAc and this orggrtiase vv. °
washed successively with 50 mL of 5 % aqueous Acé&ie
times with 50 mL saturated aqueous solution of Né@ki(intil
the aqueous phase remained colorless), and fittalge tin-=-
with 50 mL brine. The organic phase was dried dvetSQq,
then evaporated to dryness under reduced preSheeesultin~
solid was washed with 100 mL petroleum ether atm o

rThemperature Filtration afforded the title compowsa slig'

orange powder.

H-Gly-Gly-Cn : Protected acylated diglycine Boc-Gly-Gly =
(4.5 mmol) was dissolved in 10 mL of 50:50 TFA/DCWVhe
mixture was stirred at room temperature for 30 r@authe:.
evaporated to dryness under reduced pressure.elesultin
solid was added aqueous saturated Naki@dl the pH reacheu
8. Addition of 40 mL EtOAc (40 mL) induced the foation o

a precipitate. The solid was filtered and washeddawvith

Cn-Gly-Gly-Gly-OH. Acylated triglycines were obtained by &tOAc, affording a beige compound.

Schotten-Baumann reaction in water. Triglycine (&al) was
dissolved in 6 mL of 1 M aqueous NaOH and this sotuwas
cooled with an ice bath.
simultaneously to this solution the alkanoyl chdieri{10 mmol)
and a 1 M aqueous NaOH solution (12 mmol). The un&tvas
then let to warm up to room temperature and stificked4 h

leading to the formation of a white suspension. adgdeous HCI
was then added until the pH decreased to 1 and ssinea
precipitate was formed. The white solid was thé&eried under
vacuum, washed with cold water then acetone anbkbated

without further purification.

Lipopeptides N1 and N3 were synthesized accordmghe

following general sequence depicted in Figure 9.

Boc-Gly-Gly-Cn : Protected diglycine (5.5 mmol) was placed i
a flask containing Oxyma (7.5 mmol) and 20 mL of @@t
room temperature. DIC (7.5 mmol) was added andribeure
was maintained under stirring for an activationdiof 10 min.
The alkylamine (5 mmol) was then added to the mevi
mixture. The resulting solution became more limpitd was
stirred for 5 h at room temperature, leading tommnge solution.

This journal is © The Royal Society of Chemistry 2015

Boc-His(1-Boc)-Gly-Gly-Cn: N-acylated diglycine H-Gly-Gly-
Cn (3 mmol) was placed in a flask containing Boc-Hi80c)-

Under stirring were addddSu (6 mmol) and 20 mL DCM at room temperature. ifioic

of DIEA (9 mmol) led to a yellow suspension thatsvedirred for
4 h at room temperature, leading to an orange isoluiAfte.
removing the solvent under reduced pressure, theger solic
was dissolved in 20 mL DCM and this organic phaas washe
three times with 20 mL saturated aqueous solutfdiadHCGCs,
and twice with 20 mL water. The organic phase waeddove:
NaSQu, then evaporated to dryness under reduced preShe
targeted compound was obtained after recrystalhimafron.
EtOAc (octyl derivative) or after washing with pggum ethe,
(dodecyl derivative).

H-His-Gly-Gly-Cn: Deprotection of the two amine groups ' vas
gchieved using TFA in DCM as for the deprotectibBoac-Gly-
Gly-Cn. The final product was collected after preparatiigh
performance liquid chromatography.

Lipopeptides N4, N5 and N6 were synthesized acogrth the
following general scheme (Figure 10).

J. Name., 2015, 00, 1-13 | 9
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Figure 10. Two-step synthesis of lipopeptides N4-N6 from protected triglycine.

Boc-Gly-Gly-Gly-Ch:
placed in a flask containing Oxyma (6 mmol) andr20of DCM

at room temperature. DIC (6 mmol) was added andrtixéure
was maintained under stirring for an activationdiof 10 min.
Then alkylamine (4 mmol) was added to the previmisture.
The resulting solution became more limpid and wiees for 5
h at room temperature, leading to an orange solutidter

removing the solvent under reduced pressure, taeger solid
was dissolved in 50 mL EtOAc and this organic phases
washed successively with 25 mL of 5 % aqueous Acsaieral
times with 25 mL saturated aqueous solution of Na@kl(until

the aqueous phase remained colorless), and fitveilhg with 25
mL brine. The organic phase was dried overS@, then
evaporated to dryness under reduced pressure. dtinese
washes, a beige precipitate formed which was étteand
washed with EtOAc.
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CAC determination by the pyrene fluorescence method
Corrected steady state fluorescence spectra weneded with a
Photon Technology International (PTI) Quanta Mast~r
spectrofluorimeter. Measurements were conducte2batC in
temperature-controlled quartz cells. The excitatimavelengt
was 337 nm and the emission spectra were recorded350 to
500 nm. Thed/ls pyrene fluorescence ratio was calculated ‘fom
the relative intensities of the emission bands at371 nm anu

I3 = 381 nm. As for tensiometry measurements, seri s

Protected triglycine (4.4 mmol) waslipopeptides solutions at different concentratiansHEPES

buffer were prepared. For each series, a stockignlwas firs -
prepared containing a 19v 104 M pyrene solution in methar~!
so that the final pyrene concentration was®10l. Ther
subsequent dilutions were realized using a HEPE@halread)’
containing pyrene at 10M.

Determination of the size of the aggregates by ODyhamic
Light Scattering (DLS) experiments were conducte@: °C
using a ZEN 3600 Zetasizer NanoZS from Malvernratieg .
backscattered mode at 173° with a 4 mW helium-nleger
(wavelength: 633 nm), with the samples placed
thermostatted quartz cell. All measurements wereiezh out
with regard to solvent viscosity and they were irea a,
triplicates. The mean sizes values obtained in ithiensity
distribution profiles were averaged.

Determination of the size and shape of the aggesghy SANS.

nm d

H-Gly-Gly-Gly-Cn: Protected acylated triglycine Boc-Gly-Gly-Small Angle Neutron Scattering (SANS) experimenterewv
Gly-Cn (3.5 mmol) was dissolved in 20 mL of 50:50 TFA/DCMcarried out at the LLB neutron reactor facility {reBrillouir.

The mixture was stirred at room temperature foma@utes then
evaporated to dryness under reduced pressure.eTesulting

solid was added aqueous saturated Nakl@Qatil the pH

increased to 8 and a massive precipitate formeel y€How solid

was then filtered under vacuum, washed with wéiten acetone.
Recrystallization from methanol/water (1:3) affodda white

compound.

Laboratory at Saclay, France) at the PACE beamRaav data
were recorded at different neutron wavelengthsafi®6 A) an 1
different sample-to-detector distances (5 m and)ltarallow
covering the entire Q-range (3:100.4 AY). Data werether.
combined and finally corrected for transmissionlvent, anr’
detector response and further normalized by 1 m@ shmple
to get intensities in absolute units (&m

C2N2: The catanionic derivative C2N2 was prepared by-acImaging of the aggregates by TENMhe morphologies of . -

base reaction betweend&Gly-Gly-His-OH (C2, 0.12 mmol)

aggregates were evaluated by transmission elentioroscopy

and H-His-Gly-Gly-Go (N2, 0.12 mmol) dispersed in 60 mL(TEM) using aHitachi HT7700microscope operating at 120 ¥V
water. After stirring for 2 h at room temperatumdyomogeneous Specimen preparation was realized by placing a droghe

solution was obtained. Removal of water by freegeng
afforded the catanionic derivative as a white pawde

Full spectroscopic characterizations and compleargrnalysis
are reported in thBupporting Information

General methods

CAC determination by surface tension measurem&usgace
tension measurements were performed with a KrisyBme
tensiometer using the Wilhelmy plate method. Sohgi of
lipopeptides were prepared by simple dissolution thé
surfactants in HEPES buffer (50 mM, pH = 7, 25 °These
stock solutions were diluted with buffer to allowvering the
concentration range over few decades. For eachriexgaet,

three sets of ten readings were performed and gedra

Moreover the CAC values reported come from the ayiaeg of
several independent experiments.

10 | J. Name., 2015, 00, 1-13

sample solution on a copper grid followed by negastainin’,
with a 1% (w/v) sodium phosphotungstate or a 2% )wrfanyi
acetate solution. Experiments were realized at‘@entre d :
Microscopie Electronique Appliquée a la BiologieCNIEAB)
platform from the Biomedical Federative Researcitifate ¢ :
the Rangueil Faculty of Medicine (Toulouse Univifsi

pKa determination Potentiometric titrations were carried 2 it
using a pH probe connected to a Model 310 pHmédang~
Instruments), calibrated with standard buffers ¢p#01 and pH
= 7.01) from Hanna Instruments. Titration were perfed at °~
+ 1°C in aqueous solutions containing 0.1 M potassthloride
Lipopeptides were prepared at 2 mM and titratedh wiiquots
of 0.02 M NaOH or 0.02 M HCI. Second-derivative hoet w =
chosen for pKa determination.

This journal is © The Royal Society of Chemistry 20 5
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Kinetics experiments

For each catalysis experiment, 15 mL of a 2 mMlgataolution
was first prepared in aqueous 0.05 M HEPES buffidr£ 7) and
maintained at 25°C (x 1 °C) under stirring. The tojgsis
reaction was then initiated by adding to the cata®b0 pL of a
1.2 M pNPA solution in acetonitrile (pNPA was nadluble
enough in water). Therefore the initial concentnatdf pNPA
was 20 mM in the reaction flask while the amounaoétonitrile
remained negligible (< 2%). The reaction course masitored
spectrophotometrically at 406 nm by recording theoabance
of the pNP ion formed upon pNPA hydrolysis. Evemniutes,
aliquots were taken and diluted at least 10 time$ore
absorbance measurements using a Specord
spectrophotometer from Analytik Jena.
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