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We report the first application of NXO-pseudopeptdfor B-turn mimicry. Incorporating
the proline-derived NProO peptidomimetic buildinpdk, a minimal tetrapeptid-hairpin
mimic has been designed, synthesized and its swolusiructure elucidated. Emulating a
natural proline-glycing3-turn, evidence from NMR, molecular modeling and Glggests
the formation of two rapidly interconverting hainpiolds in water, methanol and dimethyl-
sulfoxide at room temperature, displaying the prelnitrogen amide bond in eitheis or
trans arrangement. The NProO-modified hairpin featureptjglic backbone dihedrafd, W
characteristic of natural proline-containing tureemposed ofa-amino-acids only. Taken
together, the observed folding behavior and inhiyemgh designability render the NProO
motif a building block fo3-structure elaboration in aqueous medium.
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number of peptide and foldamer sequences predjciadbpt-

ing B-structure, the study of conformationally consteairpep-

For a long time, peptidomimetics with predictabkcandary tidomimetics has been essential for an understandinthe

structure characteristics have been in high demandedici- principles underlying the generation of structua sequence
nally oriented synthetic chemisthyCombinatorial accessibility, in natural proteins. Still, crafting a peptidomineeibldamer in-

straightforward synthetic diversification and stareemical tended for directed self-assembly in aqueous medamains a
integrity during all manipulations are some of thgiime fea- daunting challeng@.

tures. In principle, alB-secondary structure mimicry relies on »

1 Introduction

contribute to the stability of the generated faid, well?> Here,
the intrinsic secondary structure propensities efjugnced
amino acids and their cross-strand pairing propiessare the
principal influences governing the native statecensle®

The NXO concept represents an undertaking remte a
synthetic foldamer scaffold amenable to elaboratibsecond-
ary structure found in peptides, in particyBastructure® Incor-
porating structure-guiding motifs at the repeatingt level, ~omp € !

. P . . . . natural peptide with NXO-modified peptides. The arrows near CO- and NH-bonds
N)§O-pept|des mImIC the dlpple pqlanzapon of aural amlnq depict tseporientation of the local d?pgle. Right: Matching hydrogen bond donor
acid backbone Iﬁ'Sheet COI’]fIgUI’atIOH (Flg' 1)' Self'orgamzmgmd acceptor groups allow NXO-modified peptides to interact with natural
within a mutually attractive hydrogen bonding patteNXO-
modified peptides adopt extended foldBy virtue of their con-
formationally biased hydrazide (-NH-NH-CO-) “N”- droxal-
amide (-CO-CO-NH-) “O"-retrons, NXO-modified pepésl
sample the characteristic “X” amino acid dihednadl@s® and
W in conformational space characteristiqdegtructure®

Selective restriction of conformational freed@and hence

turn-inducing motif with adjacent strands. Any tumimic  natural peptid Ll Lt A-to Ctemminus,

. . . . o) H R H (o} R
must, while suitably orienting the strand ba_ckquzseach o '” R ' AR ;3 ‘T | g .
other, arrange reversal in peptide backbone doectiowever, )K/N )JVN\ VAVAN N N
. ; . AHe0e . Y \ N Y Y TN N
it has been recognized that amino acid side chaiationalities : U lr‘« . ' |O A M I

ov rlﬂ R ov T 6' m R O :T '
HA A A
X (0]

NXO-modified peptide N

Fig. 1 Left: Comparison of the backbone donor-acceptor dipole pattern in a

peptides. R = amino acid side chain, X = any amino acid.

At first sight, hydrogen bonding may not seem tothe top
choice non-covalent interaction to stabilize se@spdstructure
in the design of small molecule topomimeticehe main short-
comings of hydrogen bonds regarding technologicglaita-

limitation of accessible molecular phase spacebe®n a gui-
ding theme in the development of new peptidomimstiaf-
folds1*Y Relying conceptionally on a restrained (often imycl
turn-inducing template motif predisposing attraetigtrand-
strand interactions, ingenious and sophisticatedhnelogies

tion as structure-guiding motifs are their intrm&inetic liabi-
lity and reversibility of associatiomn protein 3-sheets, cross-
strand hydrogen bonding contributes most favorablyen
located in a hydrophobic region of the folded stuve® How-
ever, the backbone of a small peptidomimetic mestdgarded

have emerge8 Enabling synthetic access to an ever-increasing

This journal is © The Royal Society of Chemistry 2013
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as virtually completely solvent exposBdA polar, protic functions were used for endcapping of the C- anninals,
medium like water will therefore effectively compeffor respectively.
hydrogen bonding interactions and relatively dimsimiintra-

molecular association. Notwithstanding, there amgue assets Triphosgene b 0
of hydrogen bonds: They are sequence-unspecificfeadire |, HZNWO\/ DIPEA/CH,Cl, Boc/N‘NiNﬁ(o\/
strongly directional geometric restraints. o Boc-NHNH, H H §

This paper describes the design, synthesisaaatysis of a ) 48% 3
minimal B-turn mimic incorporating theL-proline derived
NProO modification. We report our efforts towardganding
the frontiers inp-structure mimicry: Investigating peptidomi-
metic secondary structure motif-guided self-assgniblwater

(CH3z),NH/EtOH | quant.

at room temperature while, in an anticipated extansowards JOL \ EtOAc satd. N L ,\‘l
NXO-modified B-sheets, rendering the turn site functionally’®H2N-y NwN\& Boc™ "N Hﬁf h
designablé? HOH o quant. 0

5 4
2 Results and discussion

81% Boc-L-Pro, DCC, HOBt,

2.1 Design and Synthesis of an NXO B-turn/hair pin-mimic DIPEA, CHxCl
Reverse turns are sites where the protein chaimggs its o \ o \
direction, a prerequisite for the close packingnsieeglobular HN)LN/\WN\ VEvgtohAﬁéatd' HN»\N NS
proteins. Often located at solvent-exposed proseiriaces, a NH H o I — NH H o
good deal of molecular recognition and protein lmpstst © o quant. o
events known today are taking place here. Hendesagnable Nkok NH.HCI
turn/hairpin peptidomimetic can be most uséfuln proteins, ’
proline is found at around 30% of tuiml positions* The 6 7
design prerequisite of maintaining close topolabanalogy to NaHCOj,, DMF
the majority ofL-proline containing turn sites of natural orifin Ethyloxalyl chloride | 29%
and previousstudied® motivated us to examine the turn-
inducing capability of NXO-modified proline in theontext of gL ,‘\, 3\ ,‘\,
the extensively probed and proven two-residue pesgjlycine HN Hﬁ( > CH3NH,/Ethanol HN Hﬂf >
turn scaffold (Fig. 2} We sought to mimic hairpin folding of a ;N o ) 0 NH o
natural tetrapeptide sequence featuring an NXO-fismtdturn ? H 71% Q
with L-proline at i+1.}® Incorporating theL-proline-derived NHN\ NJS(O\/
N'ProO building block, the natural sequence wouldnixi- o] o]
fied accordingly: At the peptidi€-end, we introduced the con- L .

formationally more flexible, stronger solvent irdeting hydra-
zide “N”-retron'® to mimic the turn glycine &t+2 whereas the scheme 1 synthesis of N‘Pro0-modified B-turn mimic 1.
anti-restrained oxalamid®“O”-retron would constitute thé-

positionN-terminal.

B-turn 1 was prepared starting from commercially available
glycine ethyl ester hydrochlorid2 (Scheme 1)2 was reacted

o 08 with phosgene in the presence of DIPEA (ethyldiispyl-
Sy ' /H‘/E ﬁ\)& | !

5 N3N amine) in dichloromethane to generate the corredipgniso-
Tl T Tl/\nTZ cyanate in situ, which was further reacted with Bgdrazide
- No» H o H o to give 3 in 48% overall yield. Compound was generated in
0. “ o H o H quantitative yield via direct amidation of ethylt&s3 with
v l IT w0\ 14 l IT dimethylamine in ethanol. Boc-deprotection by tmeent of 4
DN N\; s 1"#\18 with HCl-saturated ethyl acetate gave the produst tlae

oT corresponding hydrochlorid® in quantitative yield.7 was
prepared in two steps frob Firstly, 5 was reacted with Boc-
-proline using DCCN,N'-dicyclohexylcarbodiimide) and HOBt
natural tetrapeptide turn NProO-modified turn mimic (1-hydroxybenzotriazole) as coupling agents and HAPas
Fig. 2 Design rational for NProO-modified B-turn/hairpin mimic incorporating L- t,)ase Ir,] dichloromethane to glﬁen 81% yleld', Boc-de.pro'tec-
proline-glycine turn. Arrows next to bonds show the direction of the local dipole. tlpn using HCl-saturated ethyl aceta:te afforded q_uantltatlve
Atom numbering given as used throughout the text. yield. Compound8 was found elusive towards isolation and
attempts to react with oxalylchloride monoethyl w@rono-
methyl ester using organic auxiliary bases (DIPHE#Aethyl-
Aiming to investigate the conformation of NXO-mddd 2amine) generated inseparable mixtures. Ultimailwas pre-
proline in water-turn mimic1 was designed (Fig. 2). In ordefP@re€d using a previously optimized protocol wherevas
to maintain the structural topology of tieturn a urea motif treated with ethyl oxalylchloride in the presendesadium bi-

. : . : 4b
was chosen as a linker between tH®iO hydrazide terminal carbonate in DMF at"C, affording crude8 in 29% yield:

at i+2 and i+3 glycine. Dimethylamino and methylaminoWithOUt further purification8 was immediately reacted with a

solution of methylamine in ethanol to affatdn 71% yield.

RO

N-end to C-end

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Ramachandran plot also populated by natural peptidenpo-
2.2 Confor mation analysis of 1 by stochastic confor mational sed ofa-amino acid€’ N'ProO ati+1 exhibits ® (C15-N14-
sear ching and solution phase M olecular Dynamics (MD) studies ~ C10-C9; histogram data (see Fig. 5, supplementafiyrma-

tion) around -72+8° while displaying two signifidcamaxima
Minimum energy conformation analysis and MD (Molietu for W (N14-C10-C9-N8) at +109+18° and +154+20°, thus with
Dynamics) were undertaken to assess folding an@neni® in the corep-region and characteristic afproline ati+1 in a
stability of 12! Stochastic conformation searching of 210yrn configuratiorf® MD simulation gives the-position “O’-
ROESY (rotating-frame nuclear Overhauser effecradation oxalamide constrained tap (antiperiplanar) around 0(180)°.
spectroscopy)-restrained, OPLS-AA-derifehput geometries The NXO-modified hydrazide glycine at2 exhibits pertinent
generated 956 conformations of which the 10 en@gest are packphone dihedrals, sampling (C9-N8-C7-C6) at +102+18
shown RMSD (root-mean-square deviation)-superpaisédy. ;14 -111 +15° ant (N8-N7-C6-N5) at 0(180) +8°, mimicking
3, left model. All conformations are sampled inexarse-turn glycine ati+2 in backbones consisting af-amino acid<®
characterized by hydrogen bond formation betyveempiors From MD simulations, N7H is seen pointing out oé ttur.n
and donors at (CS)QH.NN and (.(.:15.)@_HN5’ \.N'th (C15)_O cavity in the folded state. Instructively, faciletation around
—HN8 providing additional stabilization. The inteestd dis- 4 - \g-N7-axis in the “N"-hydrazide motif, not attable in the
tance C4-C16 (corresponding to Pbsindi+3) measuring on folded conformation, occurs in the extenaed confgiom and
average 5.4+0.5A1 adopts #3-hairpin with a ten-memberegt during un- and refélding' H-N7-N8-H is displayed #106
turn2® with the configuration of the turn-site proline givin +24°30 Here. N8H is see,n to provide crucial hydrogen bond
the N-ProO-modification, the (C15)8-HN8 bonding motif can yonor capac:ity (H-N8-C9-C10 around +170+11°), agtas a
be formally assigned to be part of an |n;/evstna1rn,24 found  nycleation site for folding. Hierarchically, aftére innermost
frequently at the loop end in protefiasheets. hydrogen bond (C15)©HNS is transiently established during
incipient folding®! association via interstand binding (C15)O
HN5 sets the stage for establishing the prevailirpin
conformatior??

2.3NMR analysisof 1

Owing to the poor solubility ol in nonpolar solvents, NMR-
experiments had to be restricted to watep(GHD,O =9:1),
DMSO-dgs and MeOHed,. In DMSOdg, a first clue towards
hydrogen bonding as a main factor contributing dta fstabi-
lization were the shifts of the C5-urea and C17laxxade NH-
signals appearing ad=6.30ppm and 8.68ppm respectively,
both well downfield from their resonanced-4.5 and 7.5ppm
Fig. 3 Molecular modeling of 1. Left: The ten energy-lowest geometries from a respectively) under conditions where no hydrogemdiagy
ROESY-restrained stochastic search within the OPLS-AA forcefield, spanning a  Occurs>> Given the observed chemical shift invariabilityoup
range of 8.2kcalmol™, are shown superposed. Right: The minimum energy geo- varying sample concentration (between 2.5 to 25mi)s
metry from stochastic sea:rching (colored model) superposed with the core interaction was concluded to be intramoleculawvmer, a fast
RMSD (ARMSD= 1.06+0.09A) region sampled during a 100ns MD run in water at . .
290K (white models). Dotted lines indicate hydrogen bonding. EXChange of NH protons with the solvent was seen., '.)ISH
was observable even upon 1.5s of water presataratiche

DPFGSE-NOE (double pulsed field gradient spin ecticlear
Overhauser effect spectroscopy) experintéretgain likely so
due to intramolecular hydrogen bondiitg.

All experiments generated two distinctly diffat sets of
signals in a ratio of ~3:2 (by integration of thespective C1
and C18 signals, see Fig. 4). Investigating thestitutional

The lowest energy conformer generated was thend frafe
restraints and input to MD simulations with OPLS-Axara-
meters and implicitly treated solute-solvent inttians (Gene-
ralized Born model of solvation). The calculatedjdctories
further sustain the evidence that turn-sitel( i+2)-N-ProO
incorporation stabilizes a hairpin conformatioraitetrapeptide identity of these two species with COSY (correlatipectro-
mimicking sequence (Fig. 3, righ'F mpdéﬁ)lOOns trajectories scopy) and TOCSY (total correlation spectroscopypeei-

in DMSO (medium relative permittivitg=47Debye) at 297K ments, their atom-connectivities were found similassign-
and 327K displayl as aB-turn adopting hairpin fold (see Fig.ment of conformations was next to tackle. Bearimgnind the
2-4 and Table 2, supplementary information) in dapquili- \ell described but generally slowis-trans isomerism ofN-
brium with an extended conformation throughout &eire gypstituted prolines, we first envisaged a diastemc pair of
simulation time. Again, the fold is mainly stabéiz by dual N14-C15 amide rotamef§.Given that shift differences bet-
hydrogen bonding at (C15)0HNS and (C3)G-HN17, with \yeen the two signal sets decreased proceeding dswae end
MD simulations in water &78.5Debye) give a qualitatively for C10H, resonating a#=4.94ppm and 4.34ppm in the major
similar picture, that is, calculations do not shawereased zng minor set in DMS@k, respectively), we concluded mag-
medium polarity detrimentally impacting the foldiadility via netic anisotropy around the stereogenic prolineaaro be the
destabilization of interstrand hydrogen bondinge Tdverage |ikely cause of splitting. That the two experimélytabserved
hydrogen bonding lifetimes (see Table 3, suppleargninfor-  signal sets corresponded to the open and foldedokuars
mation) are seen similar in both media, with (C&)BN17 and seen in MD simulations (see Fig. 3, supplementaiiyrination)
(C15)0—HNS8, (C15)G—HNS around 2.8ps and 2.1ps, respecigas excluded: Firstly, both observed sets displagighals
tively. Peptide backbone dihedrals representingK®-modi-  characteristic of geometries with restricted backbeotations.
fied turn site inl are displayed in the same regions of th€econdly, the open-fold interconversion rate wasutited in

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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the order of magnitude of s at 290K, too fast to be discernFig. 5, right structure and Fig. 6, red model). &ilein good
able by the NMR experiments undertaken. agreement with experimental proton chemical sliftg. 6 and
7, supplemantary information), this geometry digpth both
the amide linkage at the proline nitrogen and tinensl-termi-
nating methyl oxalamide unit inis-arrangement’ According
to calculations, geometrib is 0.05-0.22kcalmal more stable
thanla. Although in isomerlb the proline amide bond N14-
C15 is incis arrangement concomitant rotation in the C16-
N17 methylamide subunit allowsb to project the terminal
methyl C18 spatially similar tba while engaging in interstrand
hydrogen bonding.

| ppm

Fig. 4 600 MHz H NMR spectrum of 1 in MeOH-d, (298K, 5mM). Displayed in the
box is the selective DPFGSE-NOE irradiation of the C18 methyl group protons in
both species 1a and 1b (at 6=2.80ppm and 2.73ppm), showing NOE enhance-
ment of the C1 methyl signals at 3=2.93ppm and 3.02ppm, respectively.

AN

hY

2.02A, 153°

Fig. 5 Key NOE interactions in 1, shown for both observed equilibrium
geometries 1a and 1b. NOESY was carried out with a mixing time of 250ms at
290K, 297K and 298K in H,0:D,0=9:1, DMSO-ds and MeOH-d,, respectively, at
5mM concentration.

Observing NOE (nuclear Overhauser effect spectm@oenha— Fig. 6 All-atom RMSD-minimized superposition of the two main conformers of 1,

ncements of methyloxalamide C18H and dimethylanGdéd
(Fig. 4 and 5) in both species, conformations wjthatial proxi-
mity of strand-ends were indicated. Thus, the eris¢ of two
different sets of signals had to be explained mm&of two
folds, rapidly equilibrating at NMR timescale.

Among envisaged structures were isomers etiinpeither
a C9-ClOcis-amide or C15-Cl@is-oxalyl unit. Further, @is-
proline (N14-C15) conformer was contemplated, yeemain-
ed unclear how such a fold would realize acrosmastrhydro-
gen bonding (experimentally indicated, though, bg tdown-
field-shifting of the amide protons N5H and N17Hsebved in

calculated by ab initio methods and supported by NMR and MD. In the top
model overlay, the geometries of conformers 1a and 1b are blue and red
respectively; ARMSD (all atoms) is 1.20A. Dotted lines indicate hydrogen bonds,
with calculated distances and angles (O-H-N) given in the figure. Non-interacting
hydrogens omitted for clarity.

2.4 Studies of 1 by Circular Dichroism
While a delicate probe to study molecular confoiorgt CD

(circular dichroism) cannot necessarily induce #teucture
characteristics of foldamers featuring novel fuméilities®® As

both Signal SetS). UItImatera,b initio quantum mechanical Cal-a reference and Conceptua| augmentation’ we pmpme
culation of NMR chemical shifts at the B3LYP/6-314&d,p) NPProO-derivatived, the enantiomer of, incorporatingp-pro-
level of theory, including Imp|IC|t solvation, ciéied the issue: line. The measurements shown in F|g 7 providemd cor-
Among the minimum energy geometries located andtaub roporating positive formation of a distinctive melgar confor-
tiated by comparison to MD trajectories (see chaptB), next mation. In all three solvents of examinatidnand 9 exhibit
to the previously observed hairpitie( Fig. 5, left structure and graphs characteristic @tsecondary structure: Indicatifgturn
Fig. 6, blue model), a minimum geometry exhibitihg cons- 5qoption in waterl shows ellipticity @ maximal atA=231nm
picuous downfield chemical shift of C10H was caétetl (b, 444 a zero-transition at 209nm, relatively red+shifto the CD

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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values for naturgp-sheets’® Folding propensities, taken frogh
at 190nm and from the local maxima in the 230-240agion,
diminish on going from acetonitrile to methanol anater,
correlating with solvent polarity. Thus, in agreemeith NMR
experiments, folding to a central well-defined sdanotif was
observed in polar protic and aprotic medium alike.

6/ mdeg=deg-cm?dmol-!

200 210 220 230 240 250 260

Alnm

——9 (CH3CN) =9 (H,0) =9 (MeOH) =1 (CH3CN) =1 (H,0) =1 (MeOH)

Fig. 7 CD graphs of 1 and corresponding D-proline enantiomer 9 in acetonitrile,
methanol and water. Measurements were carried out at 295K and 0.1mM
concentration.

2.5 Discussion

The studies undertaken in the context of this wandsent the
N'ProO-modified model peptidomimeticfolding to a minimal
B -sheet increment, displaying the aptitude of NXOdified
peptides to engage extensively in intrastrand hyeindonding.
Subordinate to a fast (in the order of magnitudé®i's at 290
K) open-fold equilibrium1 adopts a native state of tvfiaturn
conformers in aqueous medium around room temperaiure
trans-proline hairpinla and thecis-proline conformerlb, the
latter being slightly more abundant (rafia:1b~2:3) and exhi-
bitting a cis-proline amide bond and @s-oxalyl unit in the
oxalamide “O”-motif.1a and1b feature dual interstrand hydro
gen bonding interactions. Shown in Fig. 8 are bankbRMSD
minimized overlays of th@-hairpin equilibrium geometrya,
supported by spectroscopy and computation, withespond-
ding idealB-turns (see caption Fig. 8). Both, the turn NProd
modifiedL-proline ati+1 and the hydrazide “N”-retron mimick-
ing glycine ati+2 display their equivalent backbone dihedra
@, Win the same region of the Ramachandran plot as t
parent natural amino acid51 is seen as a versatile mimic o
naturalB-turns; ensemble conforma is a close mimic of type
Il and type I'3-turns. While in natural proteins, glycineia® is
frequently found in a type Il turn configuratiorype I' turns
were shown to be effective hairpin induc&s.

’ - - A Fig. 8 Backbone RMSD-minimized superposition of the central MD conformer 1a
In trying to rationalize the equilibrium ensal®d compo- from MD simulations (OPLS-AA in water at 290K) with ideal turns. Ideal turn i+1

sition of 1, a comparison of hydrogen bonding in NXO-modiand i+2 torsions ®, W are taken from B. L. Sibanda, J. M. Thornton, Nature 1985,
fied peptides with analog tetrapeptide turns compjoef o- 316, 170. Turn types (model color, j+1 and j+2 backbone atom RMSD-difference
amino acids exclusively can be instructfiat given tempera- t© 12 in A): Upper model: | (green, 0.26); I’ (yellow, 0.05); Il (pink, 0.12); IV

(turquoise, 0.25). Lower model: |1l (orange, 0.62); Il (seagreen, 0.11); V (amber,

ture, pressure and concentration, the state ofal mptlde In 0.16); V' (purple, 2.02). Dotted lines indicate hydrogen bonding.

solution is characterized by the Boltzmann-weightedemble
of molecular microstates, that is, a multitude oW#lenergy
structures in dynamic equilibriufif.For a peptidomimetic, re-
producing peptide secondary structure is an esdeariterion;

Understanding of the long time observed confornmatiglura-
lity manifested by-sheets and the high mobility @fstrands
yet, in permitting technological application, théiliay to due to inherent strand hydrogen bonding diversiag wignifi-

represent the collectivity of ensemble propertesiltimately Cantly advanced about a decade ago: Then, evideasepres-
important. ented that i3-sheets, efficient cross-strand hydrogen bonding

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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requires a slightly “skewed” geometry with a relatiregister
shift of opposite strands to minimize electrostlticrepulsive
interactions, concomitant factors of intrastrandinegen bond-
ing.*® These competing interactions cause the intrineitfar-

mational flexibility (in turn reflected by a shalloenergy sur-

Page 6 of 11

N, N
AAS,, = kE{In‘ -In kj = kg (AINN,, - Alnn, )

n, n,

Eq. (6)

face of d-torsions in the peptide backbone) of strands arthus, from entropy contributions alone and assuntiyeH,,

therefore, determing-sheet ordering. This insight inastruc-
ture conformational diversity led us to investigatbether it
could be favorable to have an increased numberoténpial
hydrogen bonding donor and acceptor moieties adacin a
peptidomimetic backbone. We envisaged a scenarfdsifuc-
ture mimicry where, even in a polar medium like evat
multiple hydrogen bonding capabilities constituted asset
rather than a liability.

To increase the number of potential interactdes is adv-
antageous from the perspective of statistical meiceaCross-
strand hydrogen bond pairings that are laterallfsatf and
hence inconsistent with formal sheet patterns tileestropi-
cally advantageous (and may “smear out” energejamation
between folded and completely unfolded stateseffect incr-
easing with strand length). Structurally coopemtifolding
involving cross-strand backbone hydrogen bonding beaen

described befor& Given that the backbone modification meets,

the requirement of matching hydrogen bond donoramudptor
functions in a mutually attractive fashion (see.Hiy incorpo-

ration of a backbone donor/acceptor site manifolvd upon
this effect. Then, since in a partially unfoldedusture the con-
tiguous placement of folded and unfolded strandices was

shown to be thermodynamically unfavorafigresenting addi-
tional cross-strand hydrogen bonding options caivedthe

equilibrium towards folding by contributing posiiventropy
termini, diminishing the overall entropic cost @iding*® The

free energy of folding for an ensemble speciastemperature
T, AG,, is given by

AG; = AH; -T AS Eq. (1)

the difference in folding free energy between speg¢k is
related to the difference in population of micréesaAN;, and
Anjk by

AAG, = —kyTAINQ , = —k,T(AINN, —Alnn,, )

Eq. (V)

For Nj>N, and nj<n,, AAGu<0. It is significant that both, a
reduction in the number of accessible microstdgsand an
increase in the number of folded statgsare fold-stabilizing
speciesk relative toj. Whereas the favorability of reducimyg
(see Eq. (3)) is generally understood, foldamersikiting a
plurality of interacting sites can capitalise oniagrease ofy; to
promote folding, as well.

In protein chemistry, the definition of higherder structure
subject to rigorous characteristics. For striectalassifica-
tion, a set of formal criteria is consulted; sturet elucidation
focuses on the experimentally observable canoréoabmble
member exclusively. Recently, facilitated by ewssreasing
computing power, the analysis of protein dynamias bained
in importance. Significant advances in the undediteg of en-
semble dynamics and characterization of the moéecolani-
fold have been mad®&.It is here that a foldamer-inspired out-
look on peptidomimetics can view structure formatiolyna-
mics and ordering from a different perspectiveu&ural ener-
getics suggest that it is the dynamics of interevsion bet-
ween folded, unfolded and partially folded statmgether with
a rigidified potential energy surface of backbonesibns that
guide the mimic when presenting the functionalitiaed on it
and relate closely to the performance of the mimiattaining

where Hand $are the associated enthalpy and entropy of folgght interaction profiles with moleculaargets™® Consequen-

ing. S depends upon the measure of ensemble micros@ates

S =ksInQ; Eq. (2)

tly, RMSD difference as the criterion for comparing staue
motifs gains in importance.

The folding event restructures a number oficemly order-
ed conformations through the formation of energdiicstabi-

where k is Boltzmann's constan®; relates the number of rea{izing, non-covalent interactions. A reduction lretnumber of

lized microstates, to the number of accessible microstates

Qi =N, / n; Eq (3)

accessible ensemble conformations and accompanyasgof
backbone and side chain conformational entropyoisnected
with a large energy penalty, known to be the singlest un-
favorable energetic factor in protein foldiflgBy virtue of

The relationship of); with AG; is demonstrated for two folding strand-planarization through short-range dipoleednd its
ensemble entitied=j,k. As simplifications, it is assumed thatconstituent “N”- and “O”-motifs, the NXO-modificath enhan-
both specieg,k attain the native foldand derive their entire ces the interaction strength of both interstrand aolute-
stabilization from the same number of reversibhelependent solvent hydrogen bonding, enthalpic factors contiilpg to a
and isoenergetic interactions. Other contributittnentropy are large negative ESF (Electrostatic Solvation Freerfy) upon
neglected so that Eq. (2) represents the entiréoomational folding.®? Yet, incorporation of conformationally biased, ot
entropy of the molecule. The intrinsic differencefiee energy strained” repeating motifs intrinsically predispsste thermo-
of folding between,k can be expressed as dynamic ensemble to undergo folding interactioni&kewise,
decreasing accessibility to ensemble backbone oorfitons
yields a lower conformational entropy penalty upoiding >3
The native state df featuring two distinct foldda and 1b
in equilibrium presents an opportunity to study Heihavior of
the NXO-modification in greater detail: It has besstablished
that in absence of auxiliary stabilization, profiNeis andtrans
amide isomers in proteins are nearly isoenerg#tecis form
usually being slightly disfavoref.The energetic barrier of rou-
ghly 20kcalmof commonly associated with proline amide-

AAGj = AAH; -T (AASY) Eq. (4)

The difference in the folding entropy term reads

AAS= AS - AS = kgIn ©;/Q, = kg (In Q;— In Q) = kg Aln
Eq. (5)

Further, with Eq. (3),

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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trans isomerizetion in proteins can be expected to peiféc-
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¢ Department of Environmental Geosciences, Universit Vienna,

antly lowered in a short peptide sequericBisregarding any Althanstrasse 14, A-1090 Vienna (Austria).

further mechanism facilitatings-trans isomerization (kinetics 4
have been showmr,g., to be accelerated by intramolecular assi-
stance via hydrogen bonding to a proline nitrogeneptor,

Department of NMR and Mass Spectrometry, InstitofeAnalytical
Chemistry, Faculty of Chemical and Food Technol&jgyak University

effectively enhancing the $gharacter of the proline ring nitro-of Technology, Radlinského 9, 81237 Bratislava ¥&loRepublic).
gen and hence decreasing amide double bond ressfjanc® Department of Physical Chemistry, University of Riiv, Tzar Assen
stabilization of thecis-proline fold 1b can be rationalized from street 24, 4000 Plovdiv (Bulgaria)

evaluation of the intrinsic energetics in the “Qatemide +t Eectronic Supplementary Information (ESI) avaita Experimental

retron: Ab initio quantum chemical energy profiling of relativ
configurations in oxalamides found thk-trans (ttt) conformer
to be the minimum energy conformationNiiN’-dimethyloxal-
amide, withcistrans-trans (ctt) andcis-skew-cis (csc) relative-
ely destabilized by 6.2kcalmbland 12.7kcalmél, respec- 1
tively.57 In csc, an unfavorable steric interaction between the
terminal NH-CH in the methylamide and the preceding carbo-
nyl was found, the distance being 2.82A and thighgy below

the combined van der Waals ratfii.

In1, the difference betwedtt andctt is lowered, the proline
ring nitrogen being a tertiary amide. In the sabeatminimum
geometries fronab initio calculations (see Fig. 6), the hydro-
gen bonded oxalamide dihedrals N14-C15-C16-N17rateed
seen arrangeskew (145° and 137° fota and1b, respectively).
The “O"-retron inl attainstst andcsc configuration; hencéb
avoids an unfavorable steric clash of the termmathyl C18
with C15(0) (inlb, the calculated distance C15(0)-C18 is 2.88
A; the plane of the terminal methylamide, C16-N1¥8Gs rot-
ated 41° relative to the plane of C15-C16-0O). Meszofrom
Mulliken atomic charges, it was seen that upon atidn, the
oxalamide carbonyls iN,N’-dimethyloxalamide become stron-
ger H-bond acceptors (by -0.1 electrons); herentheh larger
dipole moment of thesc minimum (3.07Debye in water) com-
pared to botlttt andttt (0.42 and ~O0, respectively) allows for a
stabilizing solvent-solute interaction, computedakcalmot
relative to the globattt minimum®”® These results suggest the
“O”-retron in 1 to gain upon stabilization through intrastrand
hydrogen bonding; however, itb, this interaction can only be
realized with the methyloxalamide unit ans configuration at
C16-N17. Taken together, this arrangement thersfgedi a
skew oxalyl unit at C15-C16 and a second (C3(®IN17)
hydrogen bond, at the cost of a further insigaifitcis amide
energy penalty.

3 Conclusions

In summary, employing NXO-peptidomimicry, we haveated

a minimal B-sheet increment featuring the-MoO-modifica-
tion as noveP-hairpin nucleator. Simulation and spectroscopy
account for folding to a turn/hairpin native stamepolar sol-
vents, including water, at room temperature. Thaven in a
minimal tetrapeptide mimic, NXO can impdastructure chara-
cteristics and achieve secondary structure mimidsyan out-
look towards further studies, the high designabiiihd ready »
diversification, together with excellent solubiliproperties in
polar media, render NXO-derive@structures valuable scaf-
folds for the elaboration ¢-peptidomimetics in water.

Notes and references

# Integrative Regenerative Medicine Centre (IGEN)D&partment of
Physics, Chemistry and Biology (IFM), Linkdping Waisity Campus
Valla, 58183 Linkdping (Sweden). E-mail: jayph@ifionse

b Institute of Applied Synthetic Chemistry, Viennanidersity of
Technology, Getreidemarkt 9/163, A-1060 Vienna (fias.

This journal is © The Royal Society of Chemistry 2012

Setails of Synthesis and characterization detsisss, NMR, CD spectra,
computational data. See DOI: 10.1039/b000000x/

For an overview, see: &ynthesis of peptidomimetics in Houben-
Weyl Methods of Organic Chemistry, ed. M. Goodman, A. Felix, L.
Moroder, C. Toniolo, Thieme, Stuttgart, GermanyQ20/0l. E22c,
See in particular b) M. Kahn, M. Eguchynthesis of peptides
incorporating S-turn inducers and mimetics, Vol. E22¢ ch. 12.1, pp.
695, and c) P. Chithumsub, S. Deechongkit, R. KauP. Schneider,
K. Y. Tsang, A. Moretto, H. Bekele, S. R. LaBrehiz,A. Lashuel, J.
W. Kelly, Synthesis of S-sheet peptides and proteins incorporating
templates, Vol. E22¢ ch. 12.4, pp. 793. For a research spotlight, see
d) Y-D. Wu and S. GellmanAcc. Chem. Res., 2008 41, 1231,
Further: e) M. G. Hinds, N. G. Richards, J. A. Radoin,J. Chem.
Soc. Chem. Comm., 1988,22, 1447; f) W. C. Ripka, G. V. De Lucca,
A. C. Bach I, R. S. Pottorf, J. M. Blane¥etrahedron, 1993,49,
3593; For selected reviews, see g) W. A. LoughlirD. A. Tyndall,
M. P. Glenn, D. P. FairlieChem. Rev., 2004,104, 6085; see also
update 1,Chem. Rev., 2010,110, PR32-69; h) J. D. A. Tyndall, B.
Pfeiffer, G. Abbenante, D. P. Fairli€hem. Rev., 2005,105, 793; see
also update 1Chem. Rev., 2010,11, PR1-PR41; i) J. Venkatraman,
S. C. Shankaramma, P. Balarabhem. Rev., 2001,101, 3131; j) D.
J. Hill, M. J. Mio, R. B. Prince, T. S. Hughes,Sl. Moore,Chem.
Rev., 2001, 101, 3893; k) R. P. Cheng, S. H. Gellman, W. F.
DeGradoChem. Rev., 2001,101, 3219; I) A. Grauer, B. Koenidgur.

J. Org. Chem., 2009,30, 5099; m) T. A. Martinek, F. Fueloe@hem.
Soc. Rev., 2012,41, 687; n) W. S. Horneexpert Opin. Drug Dis.
2011, 6, 1247; o) G. Licini, L. J. Prins, P. Scrimigur. J. Org.
Chem., 2005,6, 969; p) A. G. Jamieson, N. Boutard, D. Sabatiio,
D. Lubell, Chem. Biol. Drug Des., 2013,81, 148; q) S. Mallakpour,
M. Dinari, J. Macromol. <ci. A, 2011,48, 644; r) R. M. J. Liskamp,
D. T. S. Rijkers, J. A. W. Kruijtzer, J. KemminkchemBioChem,
2011, 12, 1626; s) G. Guichard, |. Hu€hem. Comm., 2011, 47,
5933; t) C. M. Goodman, S. Choi, S. Shandler, WD&Grado Nat.
Chem. Biol., 2007,3, 252; u) B. C. Gorske, J. R. Stringer, B. L.
Bastian, S. A. Fowler, H. E. BlackwellJ. Am. Chem. Soc., 2009,
131, 16555.

a) C. K. Smith, L. Regamcc. Chem. Res., 1997,30, 153; b) J. S.
Merkel, J. M. Sturtevant, L. Rega®tructure, 1999,7, 1333; c) E. G.
Hutchinson, R. B. Sessions, J. M. Thornton, D. Naoliéon, Pro.
Sci., 1998,7, 2287.

a) C. K. Smith, J. M. Withka, L. RegaBjochemistry, 1994, 33,
5510; b) R. M. Hughes, M. L. Waters,ul€. Op. Struct. Biol., 2006,
16, 514; c) H. M. Fooks, A. C. R. Martin, D. N. Wosdin, R. B.
Sessions, E. G. HutchinsahMoal. Biol., 2006,356, 32.

a) U. Jordis, J. PhopadeCT Int. Appl., WO2007095980, 2007; b) J.
B. Phopase, Ph.D. Thesis, Vienna University of Tietbgy, 2008.

C. Rabong, U. Jordis, J. B. Phopak®rg. Chem., 2010,75, 2492.

J. Name., 2012, 00, 1-3 | 7



RSC Advances

6 G. N. Ramachandran, C. Ramakrishnan, V. Sasisskha Mol.
Biol., 1963,7, 95; see also Ref. 5.
7 a) T. Moriuchi, T. HiraoChem. Soc. Rev., 2004,33, 294, b) H. Diaz,
K. Y. Tsang, D. Choo, J. W. Kellyletrahedron, 1993,49, 3533; c)
W. M. De Borggraeve, F. J. R. Rombouts, E. V. Ven Bycken, S.
M. Toppet, G. J. Hoornaertgt. Lett., 2001,42, 5693; d) Y. Krishnan
-Ghosh, S. Balasubramaniam\ngew. Chem., 2003, 115, 2221;
Angew. Chem. Intl. Ed., 2003,42, 2171; e) Y. Angell, D. Chen, F.
Brahimi, H. U. Saragovi, K. Burges$, Am. Chem. Soc., 2008,130,
556; f) A. A. Fuller, D. Du, F. Liu, J. E. Davorefy. Bhabha, G.
Kroon, D. A. Case, H. J. Dyson, E. T. Powers, Pp Wit al.Proc.
Natl. Acad. ci. U.SA., 2009,106, 11067. 21
8 a) R. L. Baldwin,J. Biol. Chem, 2003, 278, 17581; b) E. S.
Eberhardt, R. T. Rained, Am. Chem. Soc., 1994,116, 2149; c) C.
Park, M. J. Carlson, W. A. Goddard 11, Phys. Chem. A, 2000,104,
2498; d) J. D. Fisk, S. H. Gellmad, Am. Chem. Soc., 2001,123,
343; e) J. M. Langenhan, S. H. Gellméng. Lett., 2004,6, 937; f) J.
D. Fisk, M. A. Schmitt, S. H. Gellmad, Am. Chem. Soc., 2006,128,
7148; g) L. Eidenschink, B. L. Kier, K. N. L. Hugg, N. H.
AndersenProteins, 2009,75, 308.
9 a) S. Albeck, R. Unger, G. SchreibérMol. Biol., 2000,298, 503;
b) M. S. J. SearleChem. Soc., Perk. T. 2, 2001, 1011; c) H.-J.
Schneider Angew. Chem., 2009,121, 3982;Angew. Chem. Intl. Ed.,
2009,48, 3924.
yyyy a) K. Dill, Biochemistry 1990, 29, 7133; b) S. Deechongkit, H.
Nguyen, E. T. Powers, P. E. Dawson, M. Gruebelé/VJ.Kelly,
Nature 2004, 430, 101.
yyyyM. Jager, S. Deechongkit, E. K. Koepf, J. NguyerGdo, E. T.
Powers, M. Gruebele, J. W. Kelleptide Sci. 2008, 90, 751, and
references cited therein.
a) Y. Che, G. R. Marshall. Med. Chem., 2006, 49, 111; b) M.
Hosoya, Y. Otani, M. Kawahata, K. Yamaguchi, T. Qlaa&,J. Am.
Chem. Soc., 2010,132, 14780. See also Refs. 1d and 7d.
a) K. S. Rotondi, L. M. GierascBiopolymers, 2006,84, 1; b) W. J.
Cooper, M. L. WatersQrg. Lett., 2005,7, 3825; c) U. Arnold, B. R.
Huck, S. H. Gellman, R. T. Raine®;otein Sci., 2013,22, 274; d) S.
Deechongkit, H. Nguyen, H.; M. Jager, E. T. PowbtsGruebele, J. 29
W. Kelly, Curr. Op. Struct. Biol., 2006,16, 94. See also Refs. 1e and
1. 30
P. Y. Chou, G. D. FasmahMoal. Biol., 1977,115, 135. 31
a) W. Maison inHighlights in Bioorganic Chemistry, (Eds.: C.
Schmuck, H. Wennemers), Wiley-VCH: Weinheim, Gerga004,
pp. 18; b) Cheng, R. Burr. Op. Sruct. Biol., 2004,14, 512.
a) K. Moéhle, M. Gassmann, H.-J. HofmadnComput. Chem., 1997,
18, 1415; b) M. H. V. R. Rao, S. K. Kumar, A. C. KuamTet. Lett.,
2003,44, 7369; c) J. L. Baeza, G. Gerona-Navarro, M. JePele
Vega, M. T. Garcia-Lopez, R. Gonzalez-Muniz, M. kadMartinez,
J. Org. Chem., 2008,73, 1704.
a) F. Blanco, M. Ramirez-Alvarado, L. Serra@ur. Op. Sruct.
Biol., 1998,8, 107; b) S. H. GellmarGurr. Op. Sruct. Biol., 1998,2,
717.
a) S. M. Cowell, Y. S. Lee, J. P. Cain, V. Julbyr, Curr. Med.
Chem,, 2004,11, 2785; b) T. Hayashi, T. Asai, H. Ogosihét. Lett.,
1997,38, 3039; c) P. Cristau, M.-T. Martin, M.-E. T. H. Dal.-P.
Vors, J. Zhu,Org. Lett.,, 2004, 6, 3183; d) J. V. Sponer, J.
Leszczynski, P. Hobzal, Mol. Struct.-Theochem, 2001,573, 43; €)

20

22

23

24

25

10

11

27

12

28

13

14
15

16

17

18
32

8 | J. Name., 2012, 00, 1-3

Page 8 of 11

C. Mothes, M. Larregola, J. Quancard, N. Goasd8ué.avielle, G.
Chassaing, O. Lequin, P. KaroyathemBioChem, 2010,11, 55; f)
H.-J. Lee, K.-H. Choi, I.-A. Ahn, S. Ro, H. G. Jang-S. Choi, K.-
B. Lee,J. Mol. Struct.-Theochem, 2001,569, 43.

Compare: a) A. Aubry, J. P. Mangeot, J. VidalCallet, S. Zerkout,
M. Marraud,Int. J. Pept. Prot. Res., 1994,43, 305; b) L. Halab, J. A.
J. Becker, Z. Darula, D. Tourwe, B. L. Kieffer, &imonin, W. D.
Lubell, J. Med. Chem., 2002, 45, 5353; c) M. Krasavin, V.
Parchinsky, A. Shumsky, |. Konstantinov, A. VantsKiet. Lett.,
2010,51, 1367.

D. Ranganatha®ure Appl. Chem., 1996,68, 671.

Compare: a) X. Daura, K. Gademann, H. SchadderJaun, D.
Seebach, W. F. van GunsterdnAm. Chem. Soc. 2001,123, 2393;
b) C. M. Santiveri, M. A. Jimenez, M. Rico, W. RarvGunsteren, X.
Daura,J. Pept. ci., 2004,10, 546.

W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rivk#m. Chem. Soc.,
1996,117, 11225. See also previous modeling of an NXO-gepith
Ref. 5.

a) C. M. VenkatachalanBiopolymers, 1968, 6, 1425; b) B. L.
Sibanda, T. L. Blundell, J. M. Thorntod, Mol. Biol., 1989, 206,
759; see also Ref. 17b.

G. D. Rose, L. M. Gierasch, J. A. Smi#fuv. Protein Chem., 1985,
37, 1.

E. J. Milner-White, B. M. Ross, R. Ismail, K. IBadj-Mostefa, R.
Poet,J. Mal. Biol., 1988,204, 777.

S. K. Awasthi, S. Raghothama, P. BalaraBipchem. and Biophys.
Res. Comm., 1995,216, 375; see also Refs. 18b and 18f.

See Ref. 6; see also S. C. Lovell, I. W. Dawis,B. Arendall 11I; P.
I. W. de Bakker, J. M. Word, M. G. Prisant, J. $cHardson, D. C.
RichardsonProteins, 2003,50, 437.

a) J. M. Word, S. C. Lovell, T. H. LaBean, H.Taylor, M. E. Zalis,
B. K. Presley, J. S. Richardson, D. C. Richardgonlol. Biol., 1999,
285, 1711; b) B. K. Ho, A. Thomas, R. Brassdam. ci., 2003,12,
2508; a minor peak samplindg around -50° in thex-region and
corresponding to the opened fold was observed elis see Figure 5
supplementary information.

a) B. K. Ho, R. BrasseuBMC Struct. Biol., 2005,5, 14: b) M.
Thormann, H.-J. Hofmand, Mol. Struct-Theochem, 1999,469, 63.
R. Guenther, H.-J. Hofmanh,Am. Chem. Soc., 2001,123, 247.
Formation of the-turn relative minimum conformer was calculated
to be slightly exergonic withAG’s=-0.7+0.3kcalmot, at the
B3LYP/6-311G++(d,p) level of theory, using solvatiS CRF=water
in the GAUSSIAN program package (M. J. Frisch, G. Mucks, H.
B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Ghewn, G.
Scalmani, V. Barone, B. Mennucci, G. A. Peterssdral.,Gaussian
09, Revision A.01, Gaussian, Inc., Wallingford CX09). Relative
to the extended conformation, the native fold eitimg the y-turn
motif realizes energetic stabilization overtly frman der Waals (-2.4
+0.5kcalmot’) and electrostatic termini (-6+1kcalrplfrom a 100ns
MD trajectory in water at 290K; see Table 2, supm@atary informa-
tion). Compare C. Guo, H. Levine, D. A. KesslBhys. Rev. Lett.,
2000,84, 3490.

The conformation with an extended backbone aflyiccamples the
hydrazide dihedral H-N7-N8-H around -120°, whergathe fold 1
this angle is typically seen around +110°; thus, ttélative popula-

This journal is © The Royal Society of Chemistry 2012



Page 9 of 11

33

34

35

36

37

38

39

40

41

42

43

44

tions of this torsion also reflect the populatidntlee corresponding 45
conformers (see Figures 2-4, supplementary infaomat

J. S. Nowick, D. M. Chung, K. Maitra, S. Maittq, D. Stigers, Y.
Sun,J. Am. Chem. Soc., 2000,122, 7654.

K. Scott, J. Stonehouse, J. Keeler, A. J. Shakam. Chem. Soc.,
1995,117, 4199.

For a recent general review, see: J. R. Alli&ophys. Rev., 2012 4,
189.

G. FischerAngew. Chem., 1994,106, 1479;Angew. Chem. Intl. Ed.,
1994,33, 1415.

From calculated potential energies with SCRFewablvation, at
B3LYP with the 6-311G++(d,p) basis set. It is s¢leat isomerlb
gains stabilization of 1.3kcalmbrelative tola upon solvation from
vacuum; see supplementary information for details.

The backbone dihedrals fab are, from theab initio calculated
lowest energy conformer, atl: ®=-73°, W=+131°; ati+2 ® =+92°,
W=+21°.

a) R. W. WoodyCircular Dichroism, in: Houben-Weyl Methods of
Organic Chemistry, Vol. E22b, Chapter 7.7.3 (Eds.: M. Goodman, A. 48
Felix, L. Moroder, C. Toniolo), Thieme: Stuttga@ermany, 2003,
pp. 739; b) E. Lacroix, T. Kortemme, M. L. De lazP&. Serrano,
Curr. Op. Struct. Biol., 1999,9, 487; c) R. W. Driver, H. N. Hoang, 49
G. Abbenante, D. P. FairlieQrg. Lett., 2009,11, 3092; d) R. S.
Harrison, N. E. Shepherd, H. N. Hoang, G. Ruiz-Gpnie A. Hill,
R. W. Driver, V. S. Desai, P. R. Young, G. Abberam. P. Fairlie,
Proc. Natl. Acad. <ci. U.SA., 2010,107, 11686.

a) H. Diaz, K. Y. Tsang, D. Choo, J. W. Kelletrahedron, 1993,
49, 3533; b) K. H. Mayo, E. llyina, H. ParRro. Sci., 1996,5, 1301;
c) T. Mori, S. Yasutake, H. Inoue, K. Minagawa, WManaka, T.
Niidome, Y. KatayamaBiomacromolecules, 2007, 8, 318; see also
Refs. 23a and 39c.

Comparison of backbone-RMSD from the superpositf molecular
fragments consisting of different constituent atoass in Fig. 8
appears yet justified given the backbone pitch éuesd as the
distance between sequent@lcarbons) in NXO-modified peptides
being close to natural peptide sequences: For eearap initio 52
calculations gave the pitch between equivalent lback atoms in a 53
truncated NAlaO pseudopeptide, MeNHC®OAKO-NHMe, at
7.44+0.04A, deviating less than 1.8% from the distain a 54
corresponding sheet like-alanine tripeptide, the latter calculated at
7.57+0.04A for the distance between the terminahrbons.

a) H. E. Stanger, S. H. GellmanAm. Chem. Soc., 1998,120, 4236, 55
and references cited therein; b) R. R. GardneB.G.ang, S. H. 56
Gellman,J. Am. Chem. Soc., 1999,121, 1806; c) K. Gunasekaran, C.
Ramakrishnan, P. Balarar®rot. Eng, 1997, 10, 1131; for more
recent examples of exploiting typdgHturns, see d) M. D. Mukrasch,
P. Markwick, J. Biernat, M. Von Bergen, P. Berna@o,Griesinger,
E. Mandelkow, M. Zweckstetter, M. Blackledge Am. Chem. Soc.,
2007, 129, 5235; e) B. Bulic, M. Pickhardt, B. Schmidt, M.-
Mandelkow, H. Waldmann, E. Mandelkowngew. Chem., 2009,
121, 1772;Angew. Chem. Intl. Ed., 2009,48, 1740.

a) E. A. Archer, H. Gong, M. J. Krisch&etrahedron, 2001, 57,
1139; b) F. Avbelj, R. L. BaldwinProc. Natl. Acad. i. U.SA,,
2004, 101, 10967.

K. Makabe, S. Yan, V. Tereshko, G. Gawlak, Sid&p]. Am. Chem.
Soc., 2007,129, 14661.

46

47

50

51

57

58

This journal is © The Royal Society of Chemistry 2012

RSC Advances

a) I. L. Shamovsky, G. M. Ross, R. J. RiopellePhys. Chem. B,
2000,104, 11296 and references cited therein; b) B. K. PloM. G.
Curmi, J. Mal. Biol., 2002,37, 291; c) J. Rossmeisl, B. Hinnemann,
K. W. Jacobsen, J. K. Norskov, O. H. Olsen, J. &dd?sen). Chem.
Phys., 2003,118, 9783; d) P. Bour, T. A. Keiderlind, Mol. Struct.-
Theochem, 2004,675, 95; e) S. Scheined. Phys. Chem. B, 2007,
111, 11312.

a) V. J. Hilser, D. Dowdy, T. G. Oas, E. FrelPegc. Natl. Acad. Sci.
U.SA,, 1998,95, 9903; b) C. Guo, M. S. Cheung, H. Levine, D. A.
Kessler,J. Chem. Phys., 2002, 116, 4353; c) J. Rossmeisl, J. K.
Norskov, K. W. Jacobsed, Am. Chem. Soc., 2004,126, 13140; d)
D. R. Roe, V. Hornak, C. Simmerling, Mol. Biol., 2005,352, 370;
e) E. Koh, T.. Kim, H. ChoBioinformatics, 2006, 22, 297; f) V.
Munoz, R. Ghirlando, F. J. Blanco, G. S. Jas, Jrietger, W. A.
Eaton, Biochemistry, 2006, 45, 7023; g) T. Yoda, Y. Sugita, Y.
Okamoto,Proteins, 2007,66, 846.

C. Guo, H. Levine, D. A. KessleProc. Natl. Acad. ci. U.SA.,
2000,97, 10775.

Compare: a) Y.-L. Zhao, Y.-D. WU, Am. Chem. Soc., 2002,124,
1570; b) D. W. Bolen, G. D. Rosé&nnu. Rev. Biochem., 2008,77,
339.

a) V. J. Hilser, B. Garcia-Moreno E., T. G. Oés,Kapp, S. T.
Whitten, Chem. Rev., 2006, 106, 1545; b) M. C. Baxa, E. J.
Haddadian, A. K. Jha, K. F. Freed, T. S. Sosnickm. Chem. Soc.,
2012,134, 15929.

See Ref. 11; for selected reviews, see: a) Hik&p G. Klebe,
Angew. Chem., 2002,114, 2764; Angew. Chem. Intl. Ed., 2002,41,
2644; b) K. N. Houk, A. G. Leach, S. P. Kim, X. &iy, Angew.
Chem., 2003,115, 5020;Angew. Chem. Intl. Ed., 2003,42, 4872. See
also S. P. Edgcomb, K. P. Murptgurr. Op. Biotech., 2000,11, 62.

It has been noted that the largest contributiiothe free energy of
folding came from stabilization through backboneltogen bonding
and not from side chain interactions, see Ref.r@araferences cited
therein; see also Ref. 43b and C. Zhang, J. L. &@@mnC. Delisi,
Pro. <., 1997,6, 1057.

R. L. BaldwinJ. Mol. Biol., 2007,371, 283.

J. A. D'Aquino, J. Gémez, V. J. Hilser, K. H.d,é&.. M. Amzel, E.
Freire,Proteins, 1996,25, 143.

a) W. J. Wedemeyer, E. Welker, H. A. Scher8yachemistry, 2002,
41, 14637; b) Y. K. KangJ. Phys. Chem. B, 2002,106, 2074; c) G.
Fischer,Chem. Soc. Rev., 2000,29, 119.

C. Dugave, L. Demang€hem. Rev., 2003,103, 2475.

a) S. Fischer, R. L. Dunbrack Jr., M. KarpldsAm. Chem. Soc.,
1994,116, 11931; b) C. Cox, T. Lectkd, Am. Chem. Soc., 1998,
120, 10660; c) O. E. Schroeder, E. Carper, J. W. Wihd|L.
Poutsma, F. A. Etzkorn, J. C. PoutsmaPhys. Chem. A, 2006,110,
6522.

a) C. Aleman, J. Puiggall, Org. Chem., 1999,64, 351. Compare
also b) S. Ahn, F. Guo, M. K. Benson, K. D. M. Heyrd. Am. Chem.
Soc., 2006,128, 8441.

ForN,N'-diacetylhydrazide, thérans-gauche-trans (tgt) isomer was
found the most stable, witlttt and cgt being 1.3kcalma! and
1.4kcalmot* less stable, respectively. The NH-bond was ageém s
relatively deshielded (by +0.05 electrons) uponrhgidn; see Ref.
57a and compare analysis of the hydrazide “N”-reabove, chapter
2.2.

J. Name., 2012, 00, 1-3 | 9



RSC Advances
Table of content
(i+1) (o] o]
- a /( H
- "N—N
N H o N H EO
Ot N =Oeeuy N =
(1) w— (o]
—(i+3) \
N H"'"o N_H""'O
N
native fold
natural Pro-Gly p-turn NXO-modified tetrapeptide

S-turn/hairpin mimic - folds in water at room temperature

Incorporating the proline-derived NProO peptidomiime
building block, a minimal tetrapeptid&turn/hairpin mimic is
shown to emulate a natural proline-glycifeturn in polar
medium, including water at room temperature.

10 | J. Name., 2012, 00, 1-3

Page 10 of 11

This journal is © The Royal Society of Chemistry 2012



Page 11 of 11 RSC Advances

(i+1) 0 o]
/ (i+2) ‘ /[( H
N 'N—N,
N H . NOH
e =k |
(1) w— — (i+3) o}
N—He, N=H-w...;
N—
native fold
natural Pro-Gly fturn NXO-modified tetrapeptide

F-turn/hairpin mimic - folds in water at room temperature

NXO building block derived minimal tetrapeptide emulate the natural proline-glycine B-turn/hairpin in polar medium,
including water at room temperature.



