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www.rsc.org/ The collagen telopeptides play an important role for lysyl oxidase-mediated crosslinking, a process
which is deregulated during tumour progression. The DEKS motif which is located within the N-
terminal telopeptide of the a1 chain of type | collagen has been suggested to adopt a Bl-turn
conformation upon docking to its triple-helical receptor domain, which seems to be critical for lysyl
oxidase-catalysed deamination and subsequent crosslinking by Schiff-base formation. Herein, the
design and synthesis of cyclic peptides which constrain the DEKS sequence in a B-turn conformation
will be described. Lysine-side chain attachment to 2-chlorotrityl chloride-modified polystyrene resin
followed by microwave-assisted solid-phase peptide synthesis and on-resin cyclisation allowed for an
efficient access to head-to-tail cyclised DEKS-derived cyclic penta- and hexapeptides. An N°-(4-
fluorobenzoyl)lysine residue was included in the cyclopeptides to allow their potential radiolabelling
with fluorine-18 for PET imaging of lysyl oxidase. Conformational analysis by '"H NMR and chiroptical
(electronic and vibrational CD) spectroscopy together with MD simulations demonstrated that the
concomitant incorporation of a D-proline and an additional lysine for potential radiolabel attachment
accounts for a reliable induction of the desired BI-turn structure in the DEKS motif in both DMSO and
water as solvents. The stabilised conformation of the cyclohexapetide is further reflected by its
resistance to trypsin-mediated degradation. In addition, the deaminated analogue containing allysine
in place of lysine has been synthesised via the corresponding €-hydroxynorleucine containing
cyclohexapeptide. Both e-hydroxynorleucine and allysine containing cyclic hexapeptides have been
subjected to conformational analysis in the same manner as the lysine-based parent structure. Thus,
both a conformationally restricted lysyl oxidase substrate and product have been synthetically
accessed, which will enable their potential use for molecular imaging of these important enzymes.

Introduction chains the situation is less clear. Lysyl oxidaae, enzyme
which catalyses the oxidative deamination of proteund
lysine residues to the corresponding aldehydegdalllysines
(Scheme 1), is involved in the crosslinking of extracellular
matrix proteins such as collagen and ela&tirLysyl oxidases
have been identified as key players in the prosesshypoxia-

Enzymes that act on peptides and proteins very afieognise
their substrates in certain favoured conformatiomhis is
especially well understood for proteadesyhile for other
enzymes that participate in modifications of amacal side
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Figure 1. Model of the a1(l)-N-telopeptide docked to the triple-helical receptor region of bovine type I collagen.

Left and Middle: The al(l) chains are shown in green, the a2(l) chain in yellow and the a1(l)- N-telopeptide in purple each in ribbon plots. For the zoomed area, the
Bl-turn forming DEKS sequence in the al(l)-N-telopeptide and the Lys930 in the collagen triple helix are represented in the stick model, the proposed hydrogen bond
between AsplON and Ser7N is depicted by the dotted line. Right: the al(l) and a2(l) chains are shown in the surface model (grey = carbon, red = oxygen, blue =
nitrogen) and the al(l)-N-telopeptide is shown in stick representation (purple = carbon, red = oxygen, blue = nitrogen). All figures were prepared with PyMOL4 using
the model developed by Malone et al.® based on the file “Malone_etalFigld3ce.pdb” included in the Supporting Information of this article.

induced tumour invasion and metastasis by remadglthe concerning their conversion by lysyl oxidase haveerb
extracellular matrix mainly through crosslinking ¢fpe | performed by Nagan and Kagan. This study indicatesl
collagen®® Therefore, these enzymes represent a highlgquirement of the interaction with the triple-lseli region
attractive target for functional molecular imagiof tumours. around Lys 930, as the negative charge of the @&uaauling the
Among the different imaging modalities, positron igsion lysine residue at the telopeptide undergoing oiddahas to be
tomography (PET) is unparalleled in terms of sérigitand compensated for efficient enzymatic conversion.thmmore,
quantification and requires the development of @ttgilored the conformation of the peptide chain containing thys
molecular probes labelled with positron-emittingesidue to be deaminated seems to be of importéorcés
radionuclides. recognition by the enzyme itself, as a telopeptideivative
For type | collagen, one major crosslink pathwayolmes the containing Pro N-terminal before Lys exhibited tmeost
condensation of an allysine carbonyl with the amgmoup of favourable kinetic parametets.

an unmodified lysine or hydroxylysine residue t8chiff base- To image lysyl oxidasen vivo, the design of radiolabelled
type linkage'® Notably, this process seems to occysrobes based on tioel(1)-N- telopeptide seems to be promising
spontaneously without enzymatic assistance. Edpecigll as their conversion will lead to aldehydes that ozact with
understood is the crosslinking process where thimdyresidue amino groups on collagen strands which may resuét signal
located in the N-terminal telopeptide of theel(l) chain enrichment on sites of enzymatic activity. As thidl require
undergoes oxidation to act as aldehyde donor tosvaad the interaction of the probe molecule with collagare
(hydroxy)lysine (930) residue located at tnk chain in the C- envisaged stabilising a potential lysyl oxidasessug#te derived
terminal region of the triple-helical portion of @ther type |1 from theal(l)-N-telopeptide in $#-turn-like conformation.
collagen moleculé. ' On the basis of the Chou-Fasmafhe most promising approach to stabilise the DEKGuence
algorithm and molecular modelling studies, it haser in the crucial turn seems to be its incorporatiorhead-to-tail
proposed that the N-terminall(l) telopeptide adopts a hairpin-cyclised peptides. This approach should be mostilfka for
like conformation with the central sequence Asp-Gys-Ser cyclic penta- and hexapeptides, as their confoonati
(DEKS) forming ap-turn!! This model has been supportegroperties are well understodt?° Nevertheless, the use of
experimentally on the basis b NMR and ECB? ¥as well as these macrocycles in biomedical applications iseascarce as
IR spectroscopic analysis. In detail, these investga their synthesis can be challenging and cumbersdife.
revealed a conformation for the DEKS motif that iis Besides potentially enhanced target interactioa, dyclisation
agreement with a typef-turn. Extended molecular modellingof peptides very often leads to improved pharmauetikc
studies made evident that the triple-helical regiomund lysine properties over their linear counterpafts?® which was a
930 constitutes a recognition site that is complaiary to the further motivation of this work. In order to allowhe
hairpin-like shaped N-telopeptide of thd chain Figure 1).° attachment of the radiolabel, an additional amicid &ad to be
Detailed investigations to unravel the structuratedminants introduced. For the development of PET tracers dasesmall
contributing to the substrate properties of teldpkys molecules, the positron emitter fluorine-18 repnéseéhe most
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advantageous radionuclid®.?” Therefore, a 4-fluorobenzoyl procedure ensures that the macrocycle-forming anhided

group has been chosen to be attached to the simie ofi a
second lysine residue to allow the perspective llialgewith

fluorine-18 of the designed cyclopeptidés.

Herein we report on the synthesis of cyclic peidentaining
the telopeptide-derived DEKS motif together with &llysine-
containing analogue and their conformational anglys both

DMSO and water on the basis of NMR and chiropticaentapeptide
(MDinicleavage followed by ESI-MS analysis indicatédht the

spectroscopy supported by molecular dynamics
simulations. To assess the intrinsic turn-formimgpgnsities of
the DEKS motif, a linear analogue was synthesised i&s
enzymatic stability was investigated in comparistan the
cyclohexapeptides.

Results and Discussion

Synthesis

Initially, the conformational restriction of the BE motif was
attempted within the cyclic pentapeptid¢Scheme 2). To this

coupling will occur at a hydrogen-bonded peptidadof the
intended B-turn3° Conditions for allyl ester cleavage were
selected according to Horne et al. using PdgRPas catalyst
and a solution ofN-methylmorpholine and acetic acid in
dichloromethane as allyl scavendérTo obtain the desired
cyclopentapeptide, the resin-bound terminally dswted
was treated with HATU and DIPEA

cyclisation procedure had to be repeated twicel matilinear
precursor was detectable. The amino group of thes-Dd
protected lysine was released by repetitive treatmeath 2%
hydrazine/DMF monitored spectrophotometrically dated by
4-fluorobenzoylation using 4-fluorobenzoyl chloridend
triethylamine in dichloromethane. Cleavage from tegin and
concomitant side chain deprotection yielded theérdd<DEKS
and 4-fluorobenzoyl lysine containing cyclopentajubp 2.
HPLC analysis of the crude product indicated thespnce of
substantial amounts of side products that elutesdgaificantly

end, Fmoc-Lys-OAll ) was prepared according to a publishegreater retention times represented by a broad.péh&se

procedur&’ and attached to the 2-chlorotrityl chloride regin
CITrtClI resin) resulting in a loading degree of ®@.chmol/g.
The corresponding resin-bound Fmoc-protected peptage
ester was sequentially deprotected at its C- arndriMini. This

major impurities were assigned as oligomerisatior/
polymerisation products resulting from processempmeting
with cyclisation. The occurrence of these side pots| despite
the low initial loading of 0.26 mmol/g, may reflebie poor

< i OH
| @ == polystyrene resin
Fmoc-Lys-OAll (1) C'J* oy 0 _ o
o - Q [ CI/(\l defgh,i
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Scheme 2. Synthesis of cyclo(Ser-Lys(FBz)-Asp-Glu-Lys) (2) and cyclo(Ser-b-Pro-Lys(FBz)-Asp-Glu-Xaa) (3, 8, 9).

Reagents and conditions: a) 1. Fmoc-Lys-OAIIXTFA, DIPEA, THF, 2 h, 2. CH,Cl,/CH3OH/DIPEA (17/1/2), 3x2 min; b) Fmoc-Hnl-OAll, pyridine, CH,Cl,/DMF (1/1), 24 h or
65 h, 2. CH,Cl,/CH3OH/DIPEA (17/1/2), 3x2 min; c) SPPS; d) Pd(PPhs)s, CH,Cl,/NMM/CHsCOOH (8:2:1), Ar, 4 h; e) 20% piperidine/DMF, 2 x 8 min; f) HATU, DIPEA,
DMF, 1-3 x 4 h; g) 2% N,H,/DMF, 5-12 x 5 min; h) 4-fluorobenzoyl chloride, TEA, CH,Cl, 2 h; i) TFA/TES/H,0 (95:2.5/2.5), 3 h; j) TFA/TES/CH,Cl, (1/5/94), 30 min; k)

Dess-Martin periodinane, CH,Cl, 3 h; 1) TFA/CH,Cl; (9/1), 1 h.

This journal is © The Royal Society of Chemistry 2014
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tendency for cyclisation of the linear pentapeptifecursor. quantitatively hydrolysed to the corresponding htdd, which
Isolation of the product from the crude mixturerfished the 4- was the required building block for resin attachimen
fluorobenzoylated cyclopentapeptidén 22% vyield.'H NMR

analysis of 2 in DMSO at varying temperatures revealed o oF
chemical shift-temperature gradients for the anpdstons <- I

2.5 ppb/K, which indicates the absence of a defismtbndary O e
structure in this cyclic peptide (data not shown). P F
The synthesis o2 resulted in low yields and no evidence for a 0 c F>‘\W06

" A 4 A . Boc-Lys-OH >l\ )k o E—— ® o
stabilised structure was discernible. For this oeast was T “R O HN ~ X
envisaged to include a further amino acid acting ta®- 4RH 6 0
inducing element. As both-amino acids and proline are to be 5 R=All

found frequently in positioit+1 of B-turns, the incorporation of OH

one of these amino acids into the peptide chain steangly

support or induce turn formatidf.® p-Proline combines both

structural features and has therefore the potemtiainduce _d O i 0~

turn-like conformations in cyclic hexapeptides asndnstrated . o N 3 h

by Matter and Kesslef¥ Thus, it was decided to insertpa O 7

proline between the N-terminal serine and the kysio be

flgorobenzoylgted $ch_eme 2). Assuming the added residuetscheme 3. Synthesis of Fmoc-Hnl-OAll (7).

will adopt thei+1 position of &-turn, Ser, Lys(FBz), and Asp Reagents and conditions: a) sodium nitroprusside, 4 M NaOH, pH=9-10, 6 h at
would be found in the positions i+2, andi+3, respectively. 60 °c; b) allyl bromide, DIPEA, DMF, 16 h at rt; c) CH,Clo/TFA (1:1, v/v), 2 h at rt;
Potentially, this arrangement could lead to hydrogpending d) Fmoc-OSu, 0.62 M Na,COs, DME, 2 hat 4 °Cto rt.

between the carbonyl oxygen of Ser and the amideoNAsp,

which would preorganise these residues for the &ion of a Loading of7 to the 2-CITrtCl resin was tried under the san.c
secondp-turn where they adopt the positions ief3 andi, conditions as for the amino analogue Fmoc-Lys-Q&) but it
respectively. Cyclisation of the linear hexapetigirecursor resulted in no detectable resin attachment dueh® low
was done as in the synthesis2ofNotably, no repetition of the nucleophilicity of the hydroxyl group. Applying cditions
cyclisation procedure was necessary, which migHece its developed for the functionalisation of the 2-CITrt€sin with
stronger turn-forming propensity compared to theedr Fmoc-protected amino alcohols, which employ pyedim
pentapeptide precursor. According to HPLC analydise €XCeSss as base and prolonged reaction tifnles] to a loading
content of3 in the crude product was 80%, whereas tha2 ofdegree of 0.86 mmol/g when one equivalent ahd a reaction
was only 22%. time of 65 h was used. Construction of the hexagept
As the oxidation reaction catalysed by lysyl oxilésads to the S€quence, cyclisation, and fluorobenzoylation wasned
transformation of a primary amine to its corresgogd according to the synthesis of the amino analogte.ificreased
aldehyde, the synthesis of the allysine derivati@eof resin loading of 0.86 mmol/g compared to 0.26 mga¥ the
cyclohexapeptid8 via its hydroxy analogué was envisaged synthesis of the lysine-containing cyclohexapep8dédid not
(Scheme 2) To conserve the preparative Strategy, Fmoc-HrhaVe detrimental effects on the CyClisation, asfiomed by
OAIl (7) (Hnl: e-hydroxynorleucine) was intended to b&SI-MS analysis of the product obtained by minickge of
attached to the 2-CITrtCl resin. Subsequent cootitnu of the theé Dde-protected cyclohexapeptide. ~Analysis of the
hexapeptide, cyclisation, and cleavage under cgaten of fluorobenzoylated L-e-hydroxynorleucine-containing cyclo-
the tBu side chain protection groups should be followsd hexapeptide released from the resin indicated the presence rt
oxidation of the primary alcohol to the allysineataining an undesired component exhibiting a molecular nizetsis 96
cyclohexapeptide and final deprotection. The sysitheof units higher than the product, which has been assligo result
amino acid7 was achieved in four stepScheme 3). N*-Boc- from trifluoroacetylation at a free hydroxyl grouprhis
protected L-g-hydroxynorleucine 4) was accessible in esterification must occur at the hydroxyl group bDfe-
satisfying yields by a chiral pool synthesis baseu the hydroxynorleucine rather than that of serine, a-
diazotation of N-Boc-lysine with sodium nitroprusside andrifluoroacetylation has not been observed for ahiekapeptide
hydrolysis of the intermediate diazonium salt inome-pot 3. Generally, trifluoracetylation in solid-phase pep synthesis
sequence published by Glenn ef%Treatment of4 with allyl during TFA-mediated cleavage has been reported fomlyN-
bromide furnished the Boc-protectade-hydroxynorleucine terminal serine and threonine residues but not ifdernal
allyl ester B). Surprisingly, removal of the Boc group Bfby ones®’ As trifluoroacetylation was also encountered alting
treatment with trifluoroacetic acid was accompanieg route to building block 7 during TFA-mediated Boc
trifluoroacetylation at thee-hydroxyl group. As compouné deprotection ob, it can be concluded that the nucleophilicity eof

was Fmoc-protected at its-amino group under slightly basicthe hydroxyl group of the.-e-hydroxynorleucine must be
aqueous conditions, the trifluoroacetic acid estems iNcreased due to sterical and/or electronical mmsdlo

hydrolyse the TFA ester, the crude material wasaived in a

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 00, 1-3 | 4
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1:1 mixture of acetonitrile and water and kept abm was N- and C-terminally acetylated and amidatespeetively,
temperature overnight. ESI-MS analysis clearly gordd the and assembled by standard Fmoc solid-phase systhiedRink
complete hydrolysis of the TFA ester under theseditions. amide resin. The 4-fluorobenzoyl residue was intosdl in
Purification by preparative HPLC revealed the etise of side analogy to the synthesis of the cyclic peptides.

products that eluted at greater retention times tha product

8, which was already observed for cyclopentapepitheit not

for cyclohexapeptid®. Since the initial loading degree for the o}

synthesis oB (0.86 mmol/g) was significantly higher compared o oH o oMM _o
“ L
7 ON
om

NH,

ZT

to 3 (0.23 mmmol/g), the generation of oligomerisation/
polymerisation products was probably favoured aochmeted on An N I 4
against the intramolecular cyclisation, even in pinesence of ﬁ/ j/\
D-proline. After purification by preparative HPLC dn o oH
lyophilisation of the product-containing fractionthe desired
cyclohexapeptid® was obtained in 30% yield. F
For the synthesis of the allysine-containing cyekdpeptided, Figure 2. Structure of the linear hexapeptide 10.
the loading procedure of Fmoc-Hnl-OAITr)(to the 2-CITrtClI

resin was repeated with a reduced amount of the@@adid (1 Confor mational Analyses

eq.__>.0.6 eq.) and_ shortengd reaction time (65 (24 h)'_ Th.is The successful synthesis of the three cyclohexajep8, 8
va_lrlan.on resulted in a Ioad_lng de@!ree of 0.46 nmigjabhich is and9 allowed the investigation of their solution confations
still higher than that obtained with Fmoc-Lys-OAll; 0.26 by 1D and 20'H NMR experiments at 298 K in DMS@; On
mmol/g) but should be sufficient to attenuate imelecular the basis of TOCSY experiments, it was possiblassign all

reactions. To synthetically access the allysingaiaing amide and H resonances in thtH NMR spectra of these
cyclohexapeptid®, the selective oxidation & was necessary. cyclic peptides unambiguously. Notably, nis-amide bonds

Oxidation of primary alcohols that stop at the algi#e level is were detected. The larger dispersion in the chdnsigiits of
repf)rtgd to work ve_ry. \_Ne” by E%mploylng the Dessriifa the NH and @H protons of the constrained peptiBleompared
periodinane ‘_’Jls oxidising _ag L. As the deprotected_ to the low chemical shift dispersion observed o lihear
cyclohexapeptid® also contains another hydroxyl group at Gersion 10 indicates a more defined structure for the

se_rine. residue, this side chain S_hOU|d_ be protetﬂeﬂreveﬁ cyclopeptide. This is particularly obvious for tregion of the
oxidation there. Release of peptides linked to BTl resin C,H chemical shifts, which in the case of cyclopepBdshows
V|a.the|r.C-term_|naI carbo>_<y group without affegiithe aC'(?' distinctive signals for every proton whereas ttgmals of the
labile side-chain protecting groups can be convefye Asp and Ser as well as the Glu, Lys anBro G, protons in the

accompllshed by |ncubat|9n with a 1:4  mixture 0Iﬁnear analogue 10 are overlapping with each other,
hexafluoroisopropanol and dichloromethdhéiowever, when respectively. Values greater than 8 Hz for ¥@icre coupling
the resin containing fully protecte8l was subjected to these

o . ” constants of the residues Lys(FBz), Asp, and Lyg, &k Hnl
conditions, the yield of the released peptide wais/ ow, as

) i ) are consistent with a structure of restricted Bdity.*® This
the 2-ch|or9tr|tyl ethers are obwoysly more adiakde than the assumption is supported by the presence of mediustrong
corresponding esters. A good yield for cleavagehef fully

; ? ’  sequentiadyy (i,i+1) ROEs for the residues Glu, Lys/Aly/Hnl
protected cyclohexapeptide (tBu-8) was achieved with

o R i and Lys(FBz) each in positidnwhich lose the connectivity on
TFA/_TES/(_:HZ_CIZ (1:5:94). Oxidation of trtBu-§ with Dess- o Asp residue. In addition, strong-medium and kveg,
Martin periodinane and subsequent deprotection WEA led (ii+1) ROEs were detected fop-Pro and Asp, and
to the desired allysine-containing cyclohexapepfdénalysis Lys/Aly/Hnl, Lys(FBz), Glu, respectivelyFigure 3). Values
by ESI-MS andH NMR clearly confirmed its identity as

- ) > : for the chemical shift temperature coefficients enqositive
aldehyde. This is worth to note, as allysine-caritej peptides than -4 ppb/K were observed for the amide protdnssp, Glu,

havg t?ee” reported  to be unsta_ble_ duil to dehyeIra“i'_\f/s/HnI/AIy and Ser residues in all constrained dy@aptides
cyclisation to tetrahydropyridine derivativés.** Even over (Figure 4). Generally, temperature coefficients for amide

several_months at room temperature in DM&Ono changes protons in DMSO more positive than -2 ppb/K are sidered
were dlscern?ble for t_hef aldehyde grOl_Jp from the NMR indicative of intramolecular hydrogen bonds, wherealues
spectrum. This result is in agreement with a meeent study more negative than -4 ppb/K allow to conclude sotexposed
in which no intrinsic instability of peptide-incaspated allysine NH-groups'”- * The most positive temperature coefficients are
reS|du_es_wa_s ob_served e!tﬁér. . . . exhibited by the amide protons of the Asp and @®sidues,
To gain insight _|nto the. intrinsic c_onformatlona10pert_|es of which indicates their involvement in intramoleculaydrogen
the DEKS m(_)t'f’ the linear version of cyclohexapeet3 bonds. This data combined with the information oitsd from
formally resulting from a cut between the Lys(Fisayd o-Pro the ROESY spectra allows to conclude the presefag3durn

mo?eties of the_‘ corresponding  cyclic p(_eptide, thentaal formed by the residues SerPro, Lys(FBz) and Asp stabilised
residues of the intendefgtturn, was synthesised. To mask thSy a ii+3 hydrogen bond between Ser CQ) (and
terminal charges, the required linear hexapept@é-igure 2) ’

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 00, 1-3 | 5
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cyclo( Ser pro Lys(FBz) Asp Glu Lys) é

AS/T > -2 ppb/K [ )

3JNHCHu> 8 Hz T T T
Untcha < 6 Hz
dun

d[W

dup

dwn i, i+1)

dan (i, i+1)

dpw (i, i+1)

s (i, i+1)

d[m (i, i+1)
dnn i, i+3)

\ﬁ/)
\/

Figure 3. Left: summary of amide NH temperature coefficients (Ad/T > -2 ppb/K shown by @), 3JNHCHG coupling constants (> 8 Hz
represented by 1t and < 6 Hz shown by | ) and ROEs correlations summary for cyclohexapeptide 3 in DMSO at 298 K. Right: 20-
lowest energy structures of 3. For clarity only the side chain of pro is shown. For summary and structures of cyclohexapeptides 8
and 9 see Supplementary Information (Figure S2). For distance restraints of compounds 3, 8 and 9 see Tables S1-S3 in
Supplementary Information.

Asp NH (+3). Generally, the criterion for the presence @ a terminal residues of both the tetrapeptide sequenc>
turn in a peptide sequence requires thea®ms of the firstif SpK(FBz)D and DEXS. This conclusion is in accordamdth
and fourth (+3) residues to be less than 7 A apart from eatlre observed temperature coefficient for the serimeide
other!® 45 %6 This feature implies for a cyclic hexapeptide thairoton. Taking into account the threshold valuetémmperature
the presence of onf-turn accounts for the existence of a@oefficients in DMSO outlined above, the value &f2- ppb/K
second3-turn for topological reasons. observed for the amide proton of the unmodifiednlggesidue

is more ambiguous in regard to intramolecular Heiog, but

Lys (FB2) CoNH it is unlikely that this amide proton is exposedthe solvent.

109 I Lys (FB2) CNH The chemical shift temperature coefficients exleibitoy the
o = o amide protons of the linear DEKS-containing hexaiolep10
[ were all more negative than -4 ppb/K except for @la NH
< ser (see MD section below), which allows to concludeirtisolvent
%_ exposure and thus the absence of turn-like strestim this

? compound igure 4).

3 Solution structures were calculated from a totaBdf(15 inter-
residue), 34 (11 inter-residue), and 29 (11 inesidue) ROEs
of 3, 8 and9 in DMSO, respectively, four backborpedihedral

o s o s . . o angle restraints derived from the amide couplingstants (—
Xaa=Lys Xaa=Lys Xaa=Lys Xaa=Hnl Xaa=Aly Xaa=Lys 120 + 30° for SJNHCHU > 8 Hz and —6% 30° for SJNHCHU <6
Figure 4. Amide temperature coefficients of the Hz), and two H-bond restrainig+3 involving the Asp and Ser

cyclohexapeptides 3, 3a, 8-9 and the linear hexapeptide 10 in

DMSO or water (marked with *). residues Figure 3, Figure S2 and Tables S1-S3 in

Temperature coefficients more positive than -2.0 ppb/K (dashed red line) or -4.5
ppb/K (dashed blue line) indicate that the amide proton is part of an
intramolecular hydrogen bond in DMSO and water, respectively. For the values
of the amide temperature coefficients and plots of the temperature dependence
of chemical shifts for the amide protons of 3, 3a, 8, 9 and 10 see Supplementary
information (Figure S1).

Applied to the cyclohexapeptid8s8 and9, this allows to infer
that also the telopeptide-derived DEXS (X = Lys,|,HAly)

Supplementary Information). Structures were catedain
XPLOR-NIH*" using a dynamic simulated annealing (S¢)
protocol?® followed by energy minimisation in the CHARMm
force field*® The 20 lowest-energy structures3f8 and9 did
not have any distance= (0.2 A) or dihedral anglex(2.4°)
violations, converging with a backbone RMSD of .31,
and 0.24 A, respectively. The presence of faurns flanked
by Ser and Asp residues involving the sequences(FRRD

motif must form a3-turn-like structure, as Ser and Asp are thand DEXS (X = Lys, Hnl, Aly) was consolidated irl tiree

This journal is © The Royal Society of Chemistry 2014
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constrained peptides. The, @istances between these flankingvhich is equivalent to greater deshielding of thpsatons at
residues were 5.2 A, which confirms the compliandth the higher temperaturesFigure 4). This result suggests that the
criterion for B-turns as noted abové.*® ¢ As expected, the changes in the chemical shifts of these protonsr ahe
turn involving p-Pro (+1) and Lys(FBz) i¢2) residues observed temperature range is not exclusively oeted by
exhibitedg andy angle values consistent with a type Il revergbeir hydrogen bond behaviour, as both intramokEcwnd
(I'y p-turn (Table 1). As previously observet, the intermolecular hydrogen bonds are weakened witheasing
geometrical characteristics of this turn imposershiistances temperature.

between the gatoms of the Ser and Asp flanking residues -in

the cyclic structures, which allows to nucleatecaondp-turn

around Glu i*+1) and Xaa (Xaa = Lys, Hnl, Aly)«2) (Table -
1). Their @ and ¢ angles showed values which are in
accordance with a type p-turn®® in 80-95% of the ensemble £ oo
structures. & | Asp u H:s Ser ﬂpro Ld(FBz2)
w
<
Table 1. Phi (@ and Psi ) dihedral angles (°) defining twp-turns in -0.21
cyclo(Serp-Pro-Lys(FBz)-Asp-Glu-Xaa) with Xaa=Ly8), Hnl (8), Aly (9).
compound  ¢( b-Pro) y( D-Pro) ¢(Lys(FBz))  wy(Lys(FBz)) -0.4
3 63.6+3.0 -108.0+ 10.6 915+ 6.7 59+ 155 Figure 5. Secondary chemical shifts of Cy protons in
8 65.1+ 2.3 113281 92,5+ 6.9 33+ 137 cyclohexapeptide 3 in aqueous solution reference_d to
9 64.9+ 25 110.4¢ 8.6 904+ 45 107+ 13,1 ‘tabulated random coil values (Ad=8¢4(3)-Octq(random coil)).
compound ¢(Glu) y(Glu) q:(Xaa)7b v(Xaa) However, the NH protons of the residues that stabihe two
3 -57.4+ 4.3 -12.4+ 15.3 -90.5¢ 2. -23.2+21.6 ;
-turns by actin resumably as H bond donors, Asp Ser,
8 -58.1+ 2.7 -19.7+ 3.9 -89.9+ 1.3 -26.7+ 28.2 B y 9p y

9 535+ 4.9 201+ 9.2 887+ 1.3 -184+2g5 ©xhibit the most positive values f@®/T. This finding is in
accordance with the results obtained for DMSO dses,

"0% of the 20 ensemble structures, 19%-131.6+ 9.1.°80% of the 20 which indicates the similarity of the backbone @niations of

ensemble structures, 2096 -150.2+ 0.1.°95% of the 20 ensemble . . .
structures, 5%p = -144.9.°90% of the 20 ensemble structures, 19%- 3 in DMSO and water. Generally, the chemical shif

139.9+ 8.2. temperature coefficients should be interpreted icasly to
gain structural information, especially when theidemprotons
DMSO is known to favour the formation of secondargre in the vicinity to an aromatic moiety, as theiemical shift
structures in peptides.Given that the interaction of peptideshanges can be influenced by ring current eff&ctSo
with other biomolecule vivo occurs in aqueous solution, thénvestigate the influence of the 4-fluorobenzoyliety on the
conformational behaviour & was also exemplarily studied inamide chemical shift temperature coefficients, danalogue of
water. NMR spectra @ at varying temperatures were acquired lacking this group (compoun8a) was prepared. The NMR
in water, and the signals were assigned based en2fh analysis of3a in water revealed that its amide protons a e
TOCSY spectrum. As for3 in DMSO, the dyn(i,i+1) slightly more deshielded than i8 due to the lack of the
correlations in the 2D ROESY spectrum in water le@mAsp- aromatic ring current. Interestingly, the temperatcoefficients
Lys(FBz) and Lys-Ser clearly indicate the preseafcéhe two for the chemical shifts of the amide protonsSindid not differ
B-turns Eigure S3 in Supplementary Information). Due tosignificantly from those ir8, and the sequence of the values
spectra acquisition with solvent suppression by ewatwas the same in both derivatives, which suggesis tthe 4-
presaturation, it was not possible to obtain quatitie ROE fluorobenzoyl group has minor influence on the cloainshift
signals for the € protons. Therefore, no solution structureemperature coefficients of the amide protdfigigre 4).
could be calculated. Further evidence for struttorder in the The presence of a stabilised secondary structuthinvihe
peptidic backbone a3 in water is provided by considering thecyclohexapeptides3, 8 and 9 was further supported by
differences in the Cproton chemical shifts between the valueslectronic circular dichroism (ECD) spectra recardén
observed and the ones tabulated for random-coflocorations aqueous solution at different concentrations anthénabsence
in water®? As Figure 5 shows, the secondary chemical shifts afnd presence of 50% trifluoroethanol (THEgure 6). The
the “inner residues” in the proposed turn (Glu/Lgsd D- spectra of3 and8 show a strong negative maximum at 201 na:
Pro/Lys(FBz)) are negative, whereas those of Asp @er, the and a weaker positive maximum at 185 nm. This ECL
residues bridging both turns, are positive. To ea whether signature is in accordance with a type Il revé¥garn>* Worth
amide protons in peptides and proteins participéte of note, no changes in the shape and intensity wbserved
intramolecular hydrogen bonds a temperature chénsicdt upon addition of trifluoroethanol. The spectra bé tallysine-
coefficient of -4.5 ppb/K is considered as thregheélue in containing analogu® are of similar shape even though lowel
aqueous solutiof Temperature coefficients more negativabsolute values for the molar ellipticities are ibited. In
than this value indicate solvent-exposed amide omt contrast, the shape of the ECD spectrum of theatine
Interestingly, all amide protons & in water display positive hexapeptidelO is of distinct character and resembles that of
values, i.e. their chemical shifts increase witmperature,

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 00, 1-3 | 7
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type Il poly(-Pro) (R) helix with a strong negative maximumIR and VCD bands show stronger intensities in thgecof the

at 197 nm and a weak positive maximum at 231 Rigufe e-hydroxynorleucine analogu& which otherwise exhibits the
6).5* This motif of secondary structure has been vergrof same band positions in the IR and VCD spectra as
observed in short peptid&sSimilar as for3, 8 and9, no major cyclohexapeptid®. It is striking that the VCD spectrum of the
changes in the shape and intensity within the E@&gum of linear analogudO is of similar shape as those &f8 and?9.

10 were observable upon addition of TFE. However, as deduced from the NMR results and thé EC
spectra, the structure d0 must be distinct from that of the
cyclohexapeptides. The negatively biased negativeder |

100+ L. "
couplet consisting of a positive component at 1688 and a
s / — 3 (Xaa=Lys) negative component at 1660 ¢rmay indicate the presence of
il / g9 p y p
g 3 (Xaa=Lys) +TFE a R, helix,*® which is in agreement with the ECD results. The
© 4 N\ T T e e — . ' N - .
E 0 ] i most significant hint for the absence db-turn-like structure in
= 8 (Xaa=Hn) 10 is included in its IR spectrum, in which the baabund
@ == 8 (Xaa=Hnl) +TFE 1. . . . .
S 9 (Xaa=AY) 1635 cnt is missing, while the cyclic counterparts featuhis t
o - = . . e B .
S -1007 -~ 9 (Xaa=Aly) +TFE vibrational transition EKigure 7). Taken together, it can be
o} - 10 concluded that in this case ECD provides more ié&dion
- - 10 +TEE regarding the secondary strgcture compa_red to VIhe
180 200 20 240 260 YCD spectra of the cyclopeptides and the linearapeptidelO
A (hm) differ only subtly from each other.

Figure 6. ECD spectra of the cyclohexapeptides 3, 8, 9 and the
linear analogue 10 in aqueous solution in the absence and 0.31
presence of trifluoroethanol. The concentration of each

peptide was 0.125 mg/mL The spectra for 0.5 mg/mL can be — 3 (Xaa=Lys)
found in Figure S4 in Supplementary Information. — 8 (Xaa=Hnl)
0.2 — 9 (Xaa=Aly)

Further evidence for the existence op-#urn conformation in

3, 8 and 9 can be derived from their IR absorption and <
vibrational circular dichroism (VCD) spectra recedd in

DMSO (Figure 7). Compared to ECD spectra, which reflect the
conformation of an oligopeptide as a whole, VCDcdfe are

more sensitive to local differences in conformatamthey are

derived from vibrational states and resemble anrame 0.0
conformation in the oligopeptide moleciifeThe absorption

bands in the IR spectrum 8fare 1691, 1660, 1635, 1540, and

— 10

0.11

1800 1700 1600 1500 1400
v(em?Y

1504 cmt. The corresponding VCD spectrum exhibits a

slightly positively biased negative couplet in tiraide | region

with the positive component at 1689 ¢tnand the negative

component at 1658 ¢t This signal is followed by a negative

couplet in the amide Il region consisting of a piwsi band at =)

1554 cm® and a negative band at 1523°tn©n the basis of %

VCD investigations on small peptides witl-dnairpin structure — 3(Xaa=Lys)
containing D-Pro in the positioir-1 of the centrap-turn®’ the — 8 (Xaa=Hn)
absorption bands at 1691 ¢mand 1635 cm in the IR — 9 (Xaa=Aly)
spectrum and the VCD band at 1689 coan be attributed to 02 - 10

the B-turn structure. The NMR-based structure calculetio 1800 1700 1600 1200 1200

clearly indicated a high propensity for compouhtb adopt a v(em®
turn-extended-turn structure. Therefore, the aligmrgpands at = o)
1660 cm' and the VCD band_ at 1658 gnmay result frpm the compound (max. ) (pos max, e (neg max, o)
weak[3-sheet character of this kind of structure. In tostext, 3 1691, 1660, 1635 1689, 1631 1658
it should be noted that the IR and VCD bands$,ofvhich are 8 1689, 1660, 1637 1687 1658
attributed to the3-sheet andIl’-turn proportions, respectively, 9 169(1516%0’ )1640 1689. 1630 1658

. . . . shoulder '
are of approximately equal intensities, in contrastthe f3- 10 1689, 1656 1683 1660

hairpin structures investigated by Zhao et al. whbe-sheet Figure 7. IR (top) and VCD (bottom) spectra of the

proportion is dominating’ The VCD spectrum of the allysine-cyclohexapeptides 3, 8, 9 and the linear analogue 10, and

containing cyclohexapeptid® is of similar signature in the '('St'”g of CharaCter'St'C_t_s'g“als n tt|'_‘e )am'de | region
. . . max=maximum, pos=positive, neg=negative).

amide I-region as the one 8f Obviously, theB-sheet-related » POS=p s neg=nee

8 | Org. Biomol. Chem., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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To gain further insight into the conformational belour of the light about the conformational space visited by ¢tbestrained
constrained peptide3 and9, MD simulations were performed.cyclohexapeptide3 and9 in the different solvent environments
Their conformational space was explored in DMSO waader (Figure 9). The geometric criterion used to calculate the
as solvents. One of the best NMR-calculated strastwas presence of intramolecular hydrogen bond8 amd9 involved
selected in each case and simulated without restriir 100 ns distance and angle cutoffs of 3.5 A and 120°, rethpaly. The
using the ff99SB force fiefd and standard protocols ashydrogen bond involving the amide NH of Asp and @
implemented in the AMBER12 packaffe. The trajectories group of Ser showed similar occupancy (88-92%) athb
were analysed in terms of backbone RMSD, backbdmeddal compounds. These data are in good agreement wih th
angles and H-bonding. The turn-extended-turn condtions experimentally determined amide temperature cdefiis and
observed from NMR-calculations were also dominamtirdy provide evidence for the high stabilisation of tiee Il reverse
the simulations in both DMSO and watérabple 2, Figure 8 -turn in these cyclic hexapeptides. In additione tH-bond
andFigure9). involving the amide NH of Ser and the CO group apAwvas
also observed, although with lower occupancy (68%h &7 %

Table 2. Phi (@ and Psi ) dihedral angles () obtained from MD
simulations of3 and9 in DMSO and water.

@oPro)  y(E-Pro)  glys(FB2)  w(Lys(FB2) %"

3 66.3+9.7 -122.%119 -83.3128 31172 97
3"  635:100 -124@134 823141 0.1+19.3 98

0.8

0.6

; |H | ‘ ! | | ’ 9"  66.1+99  -119%123  -84.4:132 0.8:16.3 96
z ki) ‘ (i ’ ‘ "I || 'R 9 637+98  -123%135 -81.&138 0.6:19.2 98
o4 I R
! M [ Turn
o @Glu) y(Glu) @(Xaa) y(Xaa) (%)’
L.l--a~v.l.--.;,-a e T e 8 3* -59.9+104 -17.6:11.4 -92.0:6140 -33.8123 82
0o 3" -60.9+11.5 -24.816.8 -103.222.0 -28.8188 87
r . . A . - 9° -65.9+9.1 -14.7+10.6 -93.6:15.2 -30.4£ 13.5 86
Time (o9 9° -625+11.3 -22.9%154 -103.%223 -28.6:19.0 86
Ime (ns|
3DMSO. "Water’ and”calculated according to the angle deviations altbwe
around the ideal dihedral angles that define thssital type Il reversgturn
ro and type B-turn, respectively®
. for 3 and 9 in DMSO, respectively). The presence of this
: | ‘ hydrogen bond dropped considerably in water (38% 39%
oo “ w 'u| J| ""l I | for 3 and 9, respectively). Consistent with the experiment~'
L | | . . .
= “I' ”I| .|\"w1 “‘ |H “'"lm q-" data, the MD studies illustrate the presence of ighl
[Z2] i
Z o4 | ' ' populated H-bond in DMSO (> 90%) between the siu&rc of

Asp and the amide NH of Lys/Aly iB and9, respectively (see

02 ‘ Figure S6 in Supplementary Information). This result is in
i ']H"*w QR CH 'l‘ﬂ'*l*"ii‘*“r“i‘i““""J-\"Jui“ it accordance with previous studies Priurns in peptides and
004 proteins, which pointed out that a hydrogen bontivbeen an
o ® 4 o @ 1w acceptor atom in the functional side chain of teeidue at
Time(ns) positioni and the amide NH of residue @2 is a common

Figure 8. Backbone RMSD of 3 (black) and 9 (grey) in DMsO feature of type B-turns>* ****Moreover, the position of type
(top) and water (bottom). Backbone RMSD referred to the | B-turns in proteins is occupied by Asp in high stital
mass-weighted least-squares fitting of the average structures probabilityee" 64 Upon changing the solvent from DMSO to
after removal of overall translational and rotational motions of ’ :
100 ns MD simulations. water the presence of the hydrogen bond betweeAgpeside
chain and the amide NH of Lys/Aly was reducedday 40%.

Comparison of the backbone dihedral angles invghdrPro, TO a similar extentda. 30%) dropped the occupancy of the
Lys(FBz), Glu, and Xaa (Xaa = Lys and Aly) in DMStxd SerNH-AspCO H-bond, which indicates the contributaf the
water showed Consistency with the t@aurn types previous|y i,i+2 side chain-main chain interaction to the stahtion of the
identified (Table 2, Supplementary Informatioffigure S5). Bl-turn. The loss of this H-bond was compensated apy
The type Il revers@-turn with b-Pro at positiori+1 was well alternative contact between the Asp side chain taedamide
maintained during at least 96% of the simulationetin each NH of Glu. As opposed to the results obtained frdiiR
solvent. The type B-turn involving Glu and Xaa (Xaa = Lysstudies on the linear DEKS sequence, in which & baen
and Aly) residues was also consistent for 82-87%the concluded that a salt-bridge between the side shafitGlu and

sampled conformations. Hydrogen bond analysis $hetier Lys could stabilise a type-turn (in CD;OH/H,O (60/40) as

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 00, 1-3 | 9
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solvent)™ low H-bond occupancy was observed between théedividual residues (seeFigure S7 in  Supplementary
side chains in the constrained analo8ue DMSO. In fact, the Information).

Asp and Lys residues showed a tendency to form mtbo ) .

contacts between their side chains, which was taisehigh Enzymatic stability

compared to the side chains of Glu and Lys. The ttsat the To obtain information on the biological

Glu-Lys side chain contact seems to be of negkgibtyclohexapeptide 3, its susceptibility against

stability f o
enzymatic

importance for the stabilisation of tig#-turn is furthermore
supported by the results of H-bond analysis frora ¥MD
simulation for the allysine-derived cyclohexapept®d(Figure
9). These indicate that the H-bond contacts betwegp(@0O)

cleavage was investigated by HPLC in comparisoitsttinear

counterpart10. The presence of a lysine residue in thes=

peptides renders the peptide bond between thiduesind the
following serine potentially prone towards proteiy by the

serine protease trypsin (EC 3.4.21.4). Compo@ndesisted
Aly(NH), have similar propensities as in the lysiam@alogue3. degradation in the presence of bovine trypsin @avéme of 30
The strong tendency for the formation of the AspLlside min, even when stoichiometric amounts of the enzymese
chain contacts in DMSO can be explained by the lighemployed Figure 10).

populated H-bond between the Asp side chain andathigle
NH of Lys, which may preorganise the Asp residue tfee
formation of that salt bridge while the side chafrGlu prefers
to form H-bond contacts with its amide NH (see Sepmntary
InformationFigure S6).%° In contrast, the occupancy of both H-
bonds is significantly decreased in water. Theamsidual
(backbone-side chain) H-bond in the Glu residueliesen also
observed for the linear hexapeptitie as indicated by the low
temperature coefficient for the amide NH of Glu IiMSO
(Figure 4).

and Ser(NH), as well as between the Asp carboxyated

Abs (mAU)

2

3(500 M) +
Trypsin (0.1 uv)

Abs (MAU)

= DMSO
u water

10
g (min)

20

40

3(500 M) +
Toypsin (1 ph)

% occupancy

Abs (mAU)

10
tg (min)

3(500 M) +
Tryosin (500 M)

Abs (MAU)

o
<

401

% occupancy

N
o

10
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it alat

Figure 9. H-bond analysis derived from the 100 ns trajectories
in DMSO (red) and water (blue). Top: cyclo(Ser-b-Pro-Lys(FBz)-
Asp-Glu-Lys) (3), Bottom: cyclo(Ser-p-Pro-Lys(FBz)-Asp-Glu-Aly)
(9).

)
2

Abs (mAU)

.

400

200

o

5 10

tg (min)

15 20

Figure 10. Stability of cyclohexapeptide 3 against cleavage by
trypsin as determined by RP-HPLC. Compound 3 was incubated

The increased structural flexibility of the cyclodapeptides3
with bovine trypsin at varying concentrations over a time of 30

and9 in aqueous solution compared to DMSO as solvealsis
reflected by the B factors for the backbone atoristhe

10 | Org. Biomol. Chem., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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min. To distinguish the signals that originate from the enzyme,
trypsin alone was analysed under the same conditions.

In contrast, the linear analogu® was completely converted

within the same time already at a trypsin concéiomeof 1 uM

(seeFigure S8 in Supplementary Information). These resul

provide further evidence for a stabilised structof&, as most
proteases are unable to cleave peptide bonds wiilnin

structure$ and, furthermore, demonstrate the advantages ('\)/Ionlf:l

small cyclic peptides with regard to metabolic giab

Concluding remarks

The results of this study demonstrate that theagetho 1(1)-N-
telopeptide-derived DEKS motif can be successfatbbilised

in cyclic hexapeptides and thus preorganised t&raat with its

Organic & Biomolecular Chemistry

Experimental section

General

All commercial reagents and solvents were usedawitifurther
tgurification unless otherwise specified. Meltinginge were

determined on a Galen Ill Boetius apparatus frormyédge
Instruments. Nuclear magnetic resonance spectra reeorded
Varian Unity 400 MHz or an Agilent Technolagi400
spectrometer. Spectra were processed by
MestreNova (version 6.1.1-638%)NMR chemical shifts were
referenced to the residual solvent resonances ivelato

tetramethylsilane (TMS). Mass spectra (ESI) wergioled on

a Micromass Quattro LC or a Waters Xevo TQ-S me.-
each driven by the Mass Lynx softwa.c.
in a type IB-turn as a part of a turn-extended-turn confornmatidclemental analysis was performed on a LECO CHNS-2°°

spectrometer

apparatus. Determination of resin loading was peréal on a

receptor region at type | collagemPro together with Lys(FBz) Thermo Scientific Heliost UV/Vis spectrophotometer.

were introduced strategically in the cyclohexapiptio favour
a type II' B-turn and to nucleate a typeBiturn in the DEKS
collagen recognition sequence. Furthermore, thredniction of
a second Lys residue allows the attachment of artepgroup
to enable the convenient functionalisation with thedionuclide
fluorine-18 for PET imaging studies. This togettweith the
evaluation of the substrate properties towards!lysydase-
catalysed deamination is subject of ongoing ingesitbns. The
replacement of the DEKS-derived Lys residue lay

Chromatography

Thin-layer chromatography (TLC) was performed onrdke
silica gel F-254 aluminium plates with visualisationder UV
(254 nm) and/or staining with a 0.1% (m/V) ninhydsiolution
in ethanol. Preparative column chromatography veased out
using Merck silica gel (mesh size 230—-400 ASTM)wgblvent
mixtures as specified for the particular compourRteparative
HPLC for the purification of peptides, 3a, 8-10 was

hydroxynorleucine and allysine did not compromidee t performed on a Varian Prepstar system equipped With

structural stabilisation of th@l-turn within this motif. The

detector (Prostar, Varian) and automatic fractiotkector Foxy

building block Fmoc-HnI-OAll T) required for the construction200. A Microsorb C18 60-8 column (Varian Dynamax026

of these analogues was obtained by an efficienthsyic
procedure which will account for the synthesis oftlier
Hnl/Aly-containing cyclopeptides. Although the geetmical

21.4 mm) was used as the stationary phase and aybin
gradient system of 0.1% @EOOH/water (solvent A) and 0.1%
CF;,COOH/CHCN (solvent B) at a flow rate of 10 mL/min

characteristics that define the typepturn around DEKS served as the eluent. The conditions for the graditition are

sequence is maintained in both DMSO and water,
occupancy of the H-bond involving the amide NH Sssidue

the follows: 0-3 min 90 % A, 3-35 min gradient to 8bB, 35-

40 min gradient to 100% B, 40-45 min 100 % B, 45¢bBh

and the CO group of Asp decreased considerablydragueous gradient back to 90% A.

environment, which may have for
understanding of the collagen
Spectroscopic investigations of the linear analoy@elid not

reveal an inherent turn-forming propensity for BEEKS motif.

implications

thédnalytical HPLC for both analyses of peptidic prothias well
cross-linking procesas stability assays outlined below was performeammigilent

Technologies 1200 LC system consisting of gradiemtp
G1311A combined with degasser G1322A,

Furthermore, the cyclic counterpadt was resistant towardsG1329A, column heater G1316A and diode array detect
tryptic cleavage, as opposed 10. These results demonstrat€51315D. The system was operated by the Agilent Gletion

the power of cyclic hexapeptides to constrain petide

2008 software. A Nucleosil Standard C18 100-7 colum

sequences inB-turn-like conformations with concomitantly(Macherey-Nagel EC 250 x 4.6) was used as statjophase

achieving stability against proteolytic degradatidhoreover,

and a binary gradient system of 0.1%;CBOH/water (solvent

the combination ofp-Pro as turn inducer together with am) and 0.1% CECOOH/CHCN (solvent B) at a flow rate of 1

adjacent lysine for functionalisation with reporgmoups will
be useful for the design of imaging probes sucrad®tracers.
Potentially, this approach may stimulate the desigother turn
mimetic-based imaging probes, especially thoseetarg G-
Protein coupled receptors, as many ligands of gegictivated
GPCRs bind to their receptorspriurn-like conformation§® ¢

This journal is © The Royal Society of Chemistry 2014

mL/min served as the eluent. The stationary phase kept at
30 °C and the programme for elution was as follo@&: min
90% A, 3-35 min gradient to 35% B, 35-40 min gradié
100% B, 40-45 min 100% B, 45-50 min gradient bacl®®%
A.
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Synthetic procedures (s, 1H, COOH), 7.02 (d3=8.0 Hz, 1H, NH), 4.35 (broad s, 1H,
OH), 3.87-3.78 (m, 1H, @), 3.39-3.33 (m, 2H, @), 1.69—
Fmoc-Lys-OAIIXTFA (1) 1.47 (m, 2H, CH), 1.45-1.22 (s, 13H, 3xGhof Boc, XCHy):

The synthesis was accomplished in orientation tcguures *C-NMR (DMSO-dg) &: 174.25, 155.57, 77.89 (quart. C of
published in?® % ™with slight modifications. To a solution of Boc), 60.48 (Q), 53.48 (G), 32.04, 30.66, 28.21 (3xGHbf
Fmoc-Lys(Boc)-OH (2.00 g, 4.3 mmol, 1 equiv.) in LM (10 Boc), 22.25; ESI-MS (ESI+n/z calc. for GH,,NOs [M+H] ™,
mL) was added allyl bromide (9.3 mL, 108 mmol, 2fuie.) 248.15, found 248.4; Elemental analysis: calc.GgiH,;NOs,
and DIPEA (1.5 mL, 8.6 mmol, 2 equiv.). After simg for 5 h C, 53.43; H, 8.56; N, 5.66; found C, 53.65; H, 8 §15.61.
at 40 °C the reaction mixture was diluted with éthgetate
(100 mL) and successively washed with 0.1 M HCI5@xnL), Boc-Hnl-OAll (5)
saturated NaHCO(3x50 mL) and saturated NaCl (3x50 mL)The synthesis was accomplished according to ther@inal
The organic phase was dried over,8@, and evaporated to allyl-protection of Fmoc-Ser-OH described th To a solution
yield intermediary Fmoc-Lys(Boc)-OAll as a yellowl.cThe of 4 (1.60 g, 6.5 mmol, 1 equiv.) in DMF (40 mL) DIPEA.2
crude material was dissolved in gH,/TFA (1:1 v/v, 50 mL) mL, 13 mmol, 2 equiv.) and allyl bromide were addedpwise
and the resulting orange solution was stirred fdr at room at 0 °C. The resulting light yellow solution wasrrstd over
temperature. The volatile components were remorettié N night at room temperature. The reaction mixture whasn
stream followed by repeated evaporations from glledther diluted with ethyl acetate (110 mL), washed withtevg4x100
(83x30 mL). The obtained brownish oily residue wasiffped mL) and saturated NaCl (1x100 ml). The organic phass
via column chromatography (gradient from £CHY/CHsOH dried over NaSO, and evaporated to obtain a yellow oil. The
95:5 to CHCI,/CH;OH 80:20) to affordl (2.03 g, 91%) as ancrude product was purified via column chromatogyaph
off-white, adhesive solid. /R0.55 (CHCYCH;OH/CH;COOH (gradient from petroleum ether/ethyl acetate 3:Ero8:2 to
75:25:2); 'H-NMR (DM SO-dg) 6: 7.89 (d,%J=7.5 Hz, 2H, 1:1). The product-containing fractions were comHbinand
2xCH of Fmoc), 7.83 (broad s, 3H, N, 7.79 (d,2J=7.9 Hz, evaporated to affor® (1.22 g, 65%) as a yellow oil.;®.16
1H, NH), 7.71 (dd3J=7.4 Hz,%J=3.5 Hz, 2H, H-1,8 of Fmoc), (petroleum ether/ethyl acetate 3:3-NMR (CDClI;) é: 5.97—
7.42 (t,%J=7.4 Hz, 2H, XCH of Fmoc), 7.33 (J=7.4 Hz, 2H, 5.84 (m, 1H, G=CH,), 5.33 (d,%J=17.2 Hz, 1H, CH=EH),
2xCH of Fmoc), 5.95-5.82 (m, 1H, H=CH,), 5.30 (dd, 5.25 (d,%J=10.4 Hz, 1H, CH=CHi), 5.08-5.00 (m, 1H, NH),
3J=17.2 Hz,%J=1.5 Hz, 1H, CH=EIH), 5.20 (dd,2J=10.5 Hz, 4.68-4.57 (m, 2H, C}D of allyl), 4.33—-4.28 (m, 1H, (H),
2J=1.4 Hz, 1H, CH=CH), 4.58 (d,%J=5.3 Hz, 2H, CHO of 3.64 (t,J=6.3 Hz, 2H, GH,), 1.90-1.39 (m, 15H, 3xCHof
Fmoc), 4.38-4.26 (m, 2H, GB of allyl), 4.23 (t,J=6.8 Hz, Boc, 3xCH); *C-NMR (CDCIl;) &: 172.67 (CO), 155.59
1H, H-9 of Fmoc), 4.08-4.00 (m, 1H,K), 2.84-2.68 (m, 2H, (CONH), 131.78 (CH of allyl), 118.94 (GHof allyl), 80.08
C.H,), 1.78-1.46 (m, 4H, &CH,), 1.45-1.26 (m, 2H, C§; (quart. C of Boc), 65.98, 62.63, 53.48 JC32.76, 32.24, 28.47
BC-NMR (DM SO-dg) &: 172.00, 157.98 (fJc=31.2 Hz, CO (3 CH; of Boc), 21.70; ESI-MS (ESI+)m/z calc. for
of TFA), 156.19, 143.75, 140.75, 132.39, 127.657.02, C;H,¢NOs [M+H]", 288.18, found 288.3; Elemental analysis
125.22, 120.14, 117.72, 65.63, 64.76, 53.78,(®.65 (C-9 of calc. for G4H,sNOs, C, 58.52; H, 8.77; N, 4.87; found C
Fmoc), 38.52, 30.04, 26.44, 22.43F-NMR (DM SO-dg) &: - 58.01; H, 8.64; N, 4.78.
74.13 (s, CE); ESI-MS (ESI+) m/z calc. for H2oN5O,
[M+H]+(, 409.531, found 40(9.6. ) e H-Hnl(Tfa)-OAIIXTFA (6)

The synthesis was accomplished according to the- Bouc
Boc-Hnl-OH (4) deprotection of Fmoc-Lys(Boc)-OH iff* % 7 Compound5
The Synthesis was accomplished in orientation tceudures (1.17 g, 4.1 mmol) was dissolved in gHL/TFA mixture (1:1
published in*> "*with slight modifications. To a suspension of/v, 50 mL) and the resulting solution was stirfed 2 h at
Boc-Lys-OH (5.00 g, 20.3 mmol) in water (78.5 mlasvadded room temperature. The volatile components were wethdn
4 M NaOH (7.85 mL) at 60 °C followed by small poris of the N, stream followed by repeated evaporations fromhgiet
sodium nitroprusside (9.23 g, 31.0 mmol) as soldter ether (3x20 mL). The obtained residue was exposeailt
complete addition of sodium nitroprusside, moretdfl NaOH pump vacuum to remove remaining TFA. 1.84 g (quativie
(7.85 mL) was added resulting in a pH of 9 to 1Be Tesulting yield containing 12% of residual TFA) of a brown eiere
red-brown suspension was stirred for 6 h at 60tA€n cooled yielded.'H-NMR (DM SO-dg) &: 8.42 (s, 3H, NH), 5.99-5.87
in an ice bath and treated with 1 M HCI untilggHwas reached (m, 1H, H=CH,), 5.38 (dd, 8J=17.3 Hz, 2J=1.5 Hz, 1H,
(78.5 mL). The resulting dark brown suspension emsacted CH=CHH), 5.28 (dd,2J=10.5 Hz,2J=1.3 Hz, 1H, CH=CH),
with ethyl acetate (3x80 mL), the combined orgaayers were 4.70 (d,3J=5.0 Hz, 2H, CHO of allyl), 4.38 (t,°J=6.3 Hz, 2H,
dried over NgSO, and the solvent was removedvacuo The C.H,), 4.16—-4.07 (m, 1H, {¢1), 1.91-1.64 (m, 4H, 3xCHl
crude product was obtained as yellow oil, whichrépneously 1.56-1.31 (m, 2H, Ch); °F-NMR (DM SO-dg) &: -74.75 (s,
crystallised upon trying to dissolve in ethyl atetagain. The CF; of TFA), -74.79 (s, Ckof Tfa); ESI-MS (ESI+)m/z calc.
precipitate was filtered off to obtalh(1.93 g, 38%) as a fluffy for C;;H,,F3NO, [M+H]*, 284.11, found 284.3.
white powder. R 0.23 (ethyl acetate/GEOOH 99:1); m.p.
110-113 °C (Lit’? 112-113 °C)}H-NMR (DM SO-dg) 6: 12.37
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Fmoc-Hnl-OAll (7) Pyridine (0.5 mL, 6.2 mmol, 4 equiv.) was addedssgfuently

The synthesis was accomplished according to the cFmgnd the mixture Was_ sealed and agitated for 65 _hoaltn
protection of Lys(Dnp) described . Fmoc-OSu (1.72 g, 5 1 temperature. The_ resin was successively washed W\Mﬁ.(4
mmol) was dissolved in DME (30 mL) and a suspensibb mL, 4x1 min), CHCl. (4 mL, _4><1 ”_"n)’
(1.84 g containing residual TFA, 4.1 mmol) in 0/d2Na,COs C_HZCIZ/CH30H/DIPEA (17:_1:2' 5 mL, ?3x2 min) _E_ind finally
(10 mL; 1.5 equiv. with respect 8) was added slowly underWlth C_H2C|2 (4 mL, 4x1 min). The resin was dried vacuo
ice cooling. The reaction mixture was stirred fdr at 4 °C and over night.

afterwards over night at room temperature. The exusipn was Low loading

filtered and the filtrate was adjusted to~4BHwith 1 M HCI.
DME was evaporated and the residual aqueous solutias
extracted with ethyl acetate (3x20 mL). The com#lineganic
phases were washed with water (1x10 mL), saturdedCO;
(1x10 mL) and saturated NaCl (1x10 mL), dried oMesSO,
and evaporatedn vacuo The obtained oily material was
purified via column chromatography (gradient froetrpleum ) ) )
ether/ethyl acetate 3:1 to 1:1). The product-cornagi fractions successwely washed with DMF (4 mL, 4x1 min), i} (4
were combined to yield (0.97 g, 58%) as colourless oil thafn!" 4x1 mln), C_HC|2/CH3OH/DIPEA (17_:1:2' ° ij 3x2
solidified in the refrigerator. R0.22 (petroleum ether/ethylm'_n) f—md finally W'th CHCI; (4 mL, 4x1 min). The resin was
acetate 1:1): m.p. 100-103 °&4-NMR (CDCl) &: 7.77 (d, driedinvacuoover night.

%J=7.6 Hz, 2H, H-4,5 of Fmoc), 7.60 @=7.0 Hz, 2H, XCH o mination of the loading yield

of Fmoc), 7.40 (t,3J=7.4 Hz, 2H, XCH of Fmoc), 7.35-7.29 o ) ) ]
(m, 2H, %CH of Fmoc), 5.98-5.84 (m, 1H,H=CH,), 5.40— The determination was accomplished accordin® twith two

5.23 (M, 2H, CH=EIH, NH), 5.27 (dd3J=10.4 Hz,2J=1.0 Hz, aliquots of the resin. About 5 mg of the resin @xaalue has to
1H, CH=CHH), 4.65 (d,3J=5.5 Hz, 2H, CHO of allyl) 4.45— be noted) cor?taining the quc-protected amino akl:jdigsters
4.35 (m, 3H, CHO of Fmoc and (H), 4.23 (,3=7.0 Hz, 1H, Were placed _|nto a PP reactlpn vesse_l and swoﬁthF (2
H-9 of Fmoc), 3.65 (£J=6.3 Hz, 2H, CH,), 1.95-1.40 (m, 6H, mL) for 39 min. The guspen3|on was flltergd andrésin was
3xCH,); ®C-NMR (CDCl,) &: 172.34, 156.10, 143.96, 141_46$reated with 2% DBU in DMF (2 mL) and stirred farather 30
131.64, 127.85, 127.20, 125.22, 120.13, 119.14,6{CHO min. The suspension was filtered into a graduatednl flask
of Fmoc), 66.16, 62.58, 53.95 (C 47.32 (C-9 of Fmoc), and the resin was washed with {LHN (3x1 mL). Each filtrate
32.63, 32.19, 21.64; ESI-MS (ESI®)/z calc. for G4HsNOs W.aS added to the flask an.d the splution was dilteedl0 mL
[M+H]*, 410.20, found 410.2; Elemental analysis: cala. fvith CH,CN. 2 mL of this solution were transferred to

C,H,NOs, C, 70.49; H, 6.65: N, 3.42; found C, 69.89; ngaduated 25 ml flask and diluted with gEN to 25 mL. A
2 Y C ' ’ " reference solution was prepared the same way btitout

A solution of 7 (270.3 mg, 0.66 mmol, 0.6 equiv.) in
CH,CI/DMF (1:1, 5 mL) was added to the preswollenr
(CH,Cl5, 6 mL, 30 min) 2-CITrtCl resin (712 mg, 1.10 mmbl,
equiv.) in a PP filter vessel. Pyridine (213 uL62mmol, 2.4
equiv.) was added subsequently and the mixtureseated and
agitated for 24 h at room temperature. The resins w=a

[«

6.67; N, 3.43.

addition of the resin. The sample solutions wereasnesd
Proceduresfor Loading of Allyl Esters1 and 7 onto 2-CITrtCl against the reference at 294 nm in the UV/Vis speuceter.
resin The loading yield was calculated by using the felltg

equation.

Loading (mmol/g)g4 nn=(Ex14,214 pmol) / msi{mg)
The synthesis was accomplished according’.té\ solution of Finally the average value was calculated.

1 (226.8 mg, 0.43 mmol, 0.5 equiv.) and DIPEA (0mk 0.87
mmol, 1 equiv.) in THF (5 mL) was added to the preléen (5
mL THF, 1 h) 2-CITrtClI resin (560.0 mg, 0.87 mmblequiv.,
1.55 mmol/g) in a PP filter vessel. The PP filtassel was

sealed and agitated for 2 h at room temperature.rékin was . )
successively washed with DMF (4 mL, 4x1 min), O (4 The linear penta- and hexapeptides were asseminlegtieo2-

mL, 4x1 min), CHCI/CH,OH/DIPEA (17/1/2, 4 mL, 3x2 CITrtCl resin loaded with the side-chain attachedok/allyl-

min) and finally with CHCI, (4 mL, 4x1 min) again. The reSinprotected amino acid derivatives by microwave-asdisolid
phase peptide synthesis using the CEM Liberty I&hobkl

peptide synthesizer with integrated microwave mac.
L oading of Fmoc-Hnl-OAll (7) onto 2-CITrtCl resin following a standard Fmoc protocol. The resin (OGumol
amino acid, 1 equiv.) was swollen in DMF (5 mL) 80 min
outside the peptide synthesizer. After transfeth® reaction
The synthesis was accomplished accordinéf.té\ solution of vessel, the resin was swollen in §H,/DMF (1:1, 10 mL) for
7 (634.7 mg, 1.55 mmol, 1 equiv.) in GEI./DMF (1:1, 6 mL) another 15 min. Removal of the Fmoc groups (exéeptN-
was added to the preswollen (g, 6 mL, 30 min) 2-CITrtCl terminal serine) was performed by using a solutiddn20%
resin (1.00 g, 1.55 mmol, 1 equiv.) in a PP filteessel. piperidine in DMF with 0.1 M HOBt (1x7 mL at 35 Vorf30 s

L oading of Fmoc-Lys-OAIIXTFA (1) onto 2-CITrtCl resin

Proceduresfor the syntheses of the peptides 2, 3, 3a, 8-10 on the
2-CITrtCl resin

Synthesis of thelinear peptide precursors

was driedn vacuoover night.

High loading
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and 1x7 mL at 44 W for 180 s, both at 75 °C). Afeaxch equiv.) and 4-fluorobenzoyl chloride (29.5 pL, 0:2%nol, 2.5
treatment, the resin was washed with DMF (5+28 mLgquiv.) were added to the suspension. The mixta® agitated
Coupling of each amino acid was performed with twior 2 h at room temperature. The peptidyl resin washed

solutions: 0.45 M HBTU in DMF (1 mL, 4.5 equiv.)é2 M
DIPEA in NMP (0.5 mL). The amino acids were applai0.2
M solutions in DMF. 2.5 mL (5 equiv.) of these dodns were
taken for the coupling steps (300 s at 21 W andQ@p The
peptidyl resin containing the protected linear prsor peptide
was then washed with DMF (21 mL) and outside thptide
synthesizer with ethanol (4x5 mL) and &H, (4x5 mL).

Removal of Allyl and Fmoc protecting groups

The deprotections were accomplished according®‘toThe
peptidyl resin (0.1 mmol peptide, 1 equiv.) was B&mo in
CH)Cl, (6 mL) for 30 min and then suspended
CH,CI/NMM/CH;COOH (8:2:1, 6 mL). After 2 min of

with CH,ClI, (5 mL, 4x1 min) and drieth vacuoover night.

Proceduresfor cleavage of the peptides from the 2-CITrtCl resin
and/or the protecting groups

Simultaneous cleavage of resin bond and t-Butyl protecting
groups

The cleavage was accomplished according’.tdhe synthesis
steps after assembly of the linear protected psecsrwere
monitored by subjecting small portions to cleavégen resin
after each step and analysis by ESI-MS. Therefamyolumes
qu the mixtures used for cleavage and washing d#ferent
compared to the complete release of the peptide the resin.

degassing with Ar, Pd(PRh (57.8 mg, 0.05 mmol, kept underThe dry peptidyl resin was suspended in 1 or 3 n& solution

Ar atmosphere) was added to the mixture and thdynfanmed
yellow suspension was degassed for another 2 mimAvi The
PP filter vessel was sealed and agitated for 4hle. Suspension
was filtered and the peptidyl resin was succesgivehshed
with CH,Cl, (5 mL, 4x1 min), DMF (5 mL, 4x1 min), 0.5%
w/v sodium diethyldithiocarbamate in DMF (5 mL, 6xiin)
and finally with DMF (5 mL, 5x1 min) again. The rewal of
the Fmoc group was performed by treatment of thetighd
resin with 20% piperidine in DMF (6 mL, 2x8 min)h@n the
peptidyl resin was washed with DMF (6 mL, 3x1 miByo
DIPEA in DMF (6 mL, 3x1 min), DMF (6 mL, 1x1 min)d
CH,CI, (6 mL, 5x1 min). The peptidyl resin was driedvacuo
over night.

Cyclisation

The cyclisation was accomplished according®tarhe peptidyl
resin (0.1 mmol peptide, 1 equiv.) was swollen MB(4 mL)
for 30 min. DIPEA (34 pL, 0.05 mmol, 2 equiv.) aRdATU
(57.0 mg, 0.15 mmol, 1.5 equiv.) were added andntely
formed orange suspension was agitated for 4 h amro
temperature. The peptidyl resin was washed with OBIRL,
5x1 min) and CHKCI, (5 mL, 4x1 min) and drieth vacuoover
night. The cyclisation was repeated until three eSmwith
respect to the cyclisation yield.

Removal of the Dde protecting groups

The deprotection was accomplished according tgptbeedure
published in”® The peptidyl resin (0.1 mmol peptide) wa
swollen in DMF (4 mL) for 30 min before treated Wwi2%
NoH,4 in DMF (5 mL, 5-12x5 min). The filtrates were caited
and the extinctions measured against thgd,Nsolution at
A=300 nm. Constant extinction values close to zewicate
complete removal of the Dde group. The peptidyirresas
washed with DMF (4 mL, 4x1 min) and GEl, (4 mL, 4x1
min) and driedn vacuoover night.

Fluor obenzoylation

The peptidyl resin (0.1 mmol peptide, 1 equiv.) wasllen in

of TFA/ITES/HO (95:2.5:2.5) for 1 or 3 h for small-scale
analytical or complete cleavage, respectively. Afittering,
the resin was washed with TFA (2x1 or 5 mL for ghehl and
complete cleavage, respectively) and the combirikhtés
were evaporated in a,Ntream. Ice-cold diethyl ether (10 mL)
was added to the oily residue and the mixture voa$ec on ice
for 30 min. After this, the newly formed white, vohinous
precipitate was filtered off and driénl vacuo

Release of side-chain protected cyclohexapeptide 8 from resin

The dry peptidyl resin (0.11 mmol peptide) was susjed in 3
mL of a solution of TFA/TES/CKCl, (1:5:94) for 30 min.
After filtering and washing of the resin with GEl, (1x4 mL),
NaHCG; (52 mg) was added to the combined filtrates ard th-
suspension was stirred for 10 min. After renewétdafion, the
filtrate was evaporated in a,MNtream. The oily residue was
dissolved in CHCN/H,O (1 mL, 1:1) and stirred over night.
Finally, the solution was evaporatiedvacuoand lyophilised.

Cleavage of t-Butyl protecting groups from tri-tBu-9

The dry fully protected peptidyl aldehyd® (43 pumol) was
dissolved in TFA/CHCI, (5 mL, 9:1) and stirred for 1 h. The
solution was evaporated in & Ntream. Ice-cold diethyl ether
(10 mL) was added to the oily residue and the méxtmas kept
on ice for 30 min. After this, the newly formed wi
voluminous precipitate was filtered off and driadsacuo

Oxidation with Dess-Martin periodinane

S

To a solution of the fully protected peptidyl alobi8 (43
pmol) in CHCI, (5 mL) was added DMP suspended in,CH
(1.5 mL). The resulting turbid solution was stirratl room
temperature and the oxidation was followed by ES-M
analysis of a small solution sample. After 3 h, nemaining
alcohol was detectable and 1.3 M NaOH (20 mL) ahj@,
(10 mL) were added and the solution was stirred1formin.
The organic layer was separated and washed sueelyssiith
1.3 M NaOH (2x 10 mL) and brine (¥ 10 mL). After that, the
organic layer was dried over Nagénd evaporateith vacuo

CH,CI, (5 mL, 30 min) and TEA (34.8 pL, 0.25 mmol, 2.5

14 | Org. Biomol. Chem., 2014, 00, 1-3
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Analytical datafor the peptides

cyclo(Ser-Lys(FBz)-Asp-Glu-Lys)xTFA (2)

Initial loading of 0.26 mmol/g; 36.1 mg crude pratuesulted
in 8.1 mg (22%) purified peptide; RP-HPLC analyis:15.8
min; ESI-MS (ESI+)m/z calc. for GiH4sFN;Oq;, [M+H]Y,
710.32, found 711.2.

cyclo(Ser-D-Pro-Lys(FBz)-Asp-Glu-Lys)xTFA (3)

Initial loading of 0.23 mmol/g; 34.4 mg crude pratuesulted
in 27.5 mg (80%) purified peptide; RP-HPLC analysis14.2
min; 'H-NMR (DM SO-dg) &: Ser: 6.83 (d,3%J=6.0 Hz, NH),
4.57-4.49 (m, ¢H), 3.71-3.62 (m, HH), 3.35 (t,°J="J=9.4
Hz, GHH) p-Pro: 4.31-4.26 (m, ¢(H), 3.79-3.71 (m, ¢HH),
3.62-3.53 (m, ¢HH), 2.12-1.73 (m, gH,, CH,) Lys (FB2):

Organic & Biomolecular Chemistry

(m, GHH, CHH) Lys: 8.77 (d,23=7.5 Hz, GNH), 7.53 (broad
s, NH;"), 4.35-4.22 (m, @), 3.05-2.94 (m, (¢,), 2.07-1.89
(m, GHH), 1.78-1.60 (m, (HH, GH,), 1.53-1.32 (m, {H,)

Asp: 8.27 (d,%J=9.1 Hz, NH), 4.98-4.94 (m, 8), 3.11-3.06
(m, GH,) Glu: 8.44 (d,%J=4.0 Hz, NH), 4.04-3.97 (m, &),

2.61-2.41 (m, (H,), 2.21-2.07 (m, (H,) Lys: 8.31 (d2=7.4

Hz, NH), 7.53 (broad s, N, 4.35—-4.22 (m, H), 3.05-2.94
(m, GH,), 2.07-1.89 (m, gHH), 1.89-1.79 (m, gHH), 1.78—
1.60 (m, GHy), 1.53-1.32 (m, {H,); ESI-MS (ESI+)m/z calc.

for CogH49FNgO14, [M+H] ", 685.35, found 685.2.

cyclo(Ser-D-Pro-Lys(FBz)-Asp-Glu-Hnl) (8)

Initial loading of 0.86 mmol/g; 114.4 mg crude puctiresulted
in 34.3 mg (30%) purified peptide; RP-HPLC analyis14.9
min; 'H-NMR (DM SO-dg) 8: Ser: 6.79 (d,%J=6,1 Hz, NH),

8.51 (d,%J=8.4 Hz, GNH), 8.46 (1,°J=5.6 Hz, GNH), 7.90 (dd, 4.57-4.48 (m, @H), 3.71-3.62 (m, @HH), 3.39-3.28 (m,
%3n=8.8 Hz, “Jy=5.5 Hz, H-2,6 of FBz), 7.28 (t, CHH) D-Pro: 4.31-4.25 (m, @H), 3.80-3.71 (m, GiH),
3 n="J=8.9 Hz, H-3,5 of FBz), 4.08-4.00 (m,H), 3.29— 3.62-3.53 (m, ¢HH), 2.12-1.71 (m, §H,, CH,) Lys (FBz):
3.16 (m, GH,), 2.12-1.73 (m, fHy), 1.67-1.41 (m, ¢H,), 8.52 (d,*J=8.2 Hz, GNH), 8.46 (1,%J=5.4 Hz, CNH), 7.90 (dd,
1.41-1.15 (m, ¢H,) Asp: 7.98 (d,%3=9.3 Hz, NH), 4.80-4.71 %}, 4=8.7 Hz,"J, ¢=5.6 Hz, H-2,6 FBz), 7.28 {),,,="3,,=8.8
(m, GH), 3.11 (d,%J=14.0 Hz, GHH), 2.86 (dd,’J=17.2 Hz, Hz, H-3,5 FBz), 4.07-4.00 (m,,8), 3.27-3.18 (m, &),
%3=9.9 Hz, GHH) Glu: 8.21 (d,J=3.0 Hz, NH), 3.71-3.62 (m, 2.12-1.71 (m, gHH), 1.63-1.43 (m, §,, GHH), 1.43-1.11
C.H), 2.41-2.25 (m, 1,), 2.12-1.73 (m, (Hy) Lys 7.87 (d, (m, CHy) Asp: 7.97 (d,°J=9.4 Hz, NH), 4.81-4.71 (m, 8),
%)=8.6 Hz, NH), 7.65 (broad s, NH, 4.19-4.10 (m, @), 3.12 (d,%J=17.1 Hz,%)=2.7 Hz, GHH), 2.88 (dd,?J=17.3 Hz,
2.80-2.68 (m, @y, 2.12-1.73 (m, ), 1.67-1.41 (m, °J=9.8 Hz, GHH) Glu: 8.17 (d,%J=2.6 Hz, NH), 3.71-3.62 (m,
CsH,), 1.41-1.15 (m, ¢,); *C-NMR (DM SO-dg) 8: 172.43, C,H), 2.38-2.27 (m, (H,), 2.12-1.71 (m, §H) Hnl: 7.82 (d,
171.08, 170.60, 170.56, 170.50, 170.20, 169.45,.3857 %J=8.4 Hz, NH), 4.17-4.08 (m, /&), 3.39-3.28 (m, ),
163.78, 162.50 (d}Jc=247.9 Hz, C-4 of FBz), 156.90 (d,2.12-1.71 (m, §HH), 1.63-1.43 (m, gHH), 1.43-1.11 (m,
2JcF=34.6 Hz, CO of TFA), 130.22 (dJc=2.9 Hz, C-1 of C,H, CiH,); *C-NMR (DM SO-dg) &: 173.74, 172.49, 171.96,
FBz), 128.83 (d,*)c~=8.9 Hz, C-2.6 of FBz), 114.34 (d,171.91, 171.89, 171.77, 170.65, 168.72, 165.07,.7863d,
2)c=21.7 Hz, C-3,5 of FBz), 73.99, 61.63, 59.75, 55.8%=248.2 Hz, C—4 FBz), 131.15 (8. =2.9 Hz, C-1 FB2),
52.80, 52.71, 52.33, 48.35, 47.32, 38.71, 38.66913630.81, 129.76 (d,3Jc=9.0 Hz, C-2,6 FBz), 115.12 (&) ~=21.7 Hz,
30.23, 28.83, 28.79, 26.40, 25.86, 24.94, 23.22622°F- C-3,5 FBz), 61.96, 60.55, 60.00, 56.08, 52.95, 5248.46,
NMR (DM SO-dg) 8: -75.02 (s, CEof TFA), -110.30—110.40 47.45, 38.74, 36.91, 31.86, 31.29, 30.19, 30.1074£825.80,
(m, FBz); ESI-MS (ESI+)m/z calc. for GgHs:FNgO1o, 24.84, 23.09, 22.24. Two signals are missingg@d methylene
[M+H]*, 807.37, found 808.1. group); F-NMR (DM SO-dg) &: -110.33 (tt, %) ,=8.9 Hz,
'H-NMR (water) &: Ser: 7.46 (d,%J=6.5 Hz, NH), 3.87-3.76 “J;,;=5.6 Hz, FBz); ESI-MS (ESI+) m/z calc. for
(m, GH,), CH lies under the water sign&l-Pro: 4.37—4.32 CgzgHs;FN7O;3, [M+H]*, 808.35, found 809.0.

(m, G,H), 3.76-3.65 (m, (H,), 2.21-1.55 (m, (H,, CH,) Lys

(FB2): 8.72 (d,%J=7.4 Hz, GNH), 8.46 (t,SJ:;'._;S H(j, CNH), cvelo(Ser-D-Pro-Lys(FBz)-Asp-Glu-Aly) (9)

7.79 (dd, 3JH,H=8.7 Hz, 4JH,F:5.4 Hz, H-2,6 FBz), 7.24 (t, Initial loading of 0.46 mmol/g; 22.6 mg crude pratuesulted
3JH,H:3JH,F=8.8 Hz, H-3,5 FBz), 4.32-4.21 (m,H), 3.45-3.34 in 5.7 mg (25%) purified peptide; RP-HPLC analy$is:15.1
(m, GHy), 2.21-1.55 (m, §H,, GiHy), 1.54-1.31 (m, () min; '"H-NMR (DM SO-dg) &: Ser: 6.83 (d,%J=6.2 Hz, NH),
Asp: 8.24 (d,*J=9.1 Hz, NH), 3.07-2.89 (m,(€l,), C,H lies 5.09-5.02 (m, OH), 4.57—4.48 (m,K), 3.71-3.62 (m, (HH)
under the water sign@lu: 8.41 (d,2J=4.0 Hz, NH), 4.04-3.97 (second @H of Serine lies under water signdbd}Pro: 4.32—

(m, GH), 2.58-2.37 (m, (H,), 2.21-1.55 (m, (H,) Lys: 8.31
(d, 3J=7.5 Hz, NH), 7.53 (broad s, NB, 4.32-4.21 (m, @),
3.07-2.89 (M, 2H, #,), 2.21-1.55 (m, (H, and GH,), 1.54—
1.31 (m, GHy).

cyclo(Ser-D-Pro-Lys-Asp-Glu-Lys)x2TFA (3a)

Initial loading of 0.23 mmol/g, 19.9 mg crude protuesulted
in 8.6 mg (43%) purified peptiddH-NMR (water) &: Ser:

7.45 (d,3J=6.7 Hz, NH), 3.86-3.81 (m,48), C,H lies under
the water signaD-Pro: 4.43-4.38 (m, ¢H), 3.79-3.69 (m,
Cs;Hp), 2.33-2.21 (m, gHH), 2.21-2.07 (m, (H), 2.07-1.89

This journal is © The Royal Society of Chemistry 2014

4.25 (m, GH), 3.80-3.71 (m, §HH), 3.62-3.53 (m, (HH),
2.11-1.70 (m, ¢H, und CGH,) Lys (FB2): 8.51 (d,%J=8.2 Hz,
C,NH), 8.46 (t,%J=5.4 Hz, CNH), 7.90 (dd,3},,;;=8.8 Hz,
434=5.6 Hz, H-2,6 FBz), 7.28 (£J44=°3,,=8.8 Hz, H-3,5
FBz), 4.08-3.99 (m, ), 3.27-3.19 (m, #,), 2.11-1.70 (m,
CgH), 1.64-1.20 (m, (H, CsH,) Asp: 7.97 (d,%J=9.3 Hz,
NH), 4.80-4.71 (m, @), 3.10 (d,2J=17.1 Hz,3J=2.5 Hz,
CyHH), 2.87 (dd,?J=17.3 Hz,%=9.7 Hz, GHH) Glu: 8.19 (d,
%J=2.5 Hz, NH), 3.71-3.62 (m, ), 2.38-2.28 (m, (),
2.11-1.70 (m, gHy) Aly: 9.64 (s, CHO), 7.86 (d\J=8.8 Hz,
NH), 4.16-4.09 (m, @H), 2.45-2.38 (m, H,), 2.11-1.70 (m,
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CygHy), 1.64-1.20 (m, (,); *C-NMR (DM SO-dg) 8: 203.10, constants were measured frold NMR spectra and ROE
173.69, 172.41, 171.95, 171.87, 171.82, 171.41,.7170 intensities were collected manually.
168.66, 165.02, 163.73 (dJc=247.7 Hz, C—4 FBz), 131.14
(d, e =2.7 Hz, C-1 FBZz), 129.73 (dJ)c=9.0 Hz, C—2,6 ECD Spectroscopy
FBz), 115.09 (d,ZJC,,::21.6 Hz, C-3,5 FBz), 61.83, 59.96 Stock solutions of the peptid8s8, 9, and10 were prepared in
55.98, 52.96, 52.84, 52.74, 48.45, 47.39, 42.33738836.89, a concentration 0.5 mg/mL in 10 mM sodium phosphate
30.78, 30.17, 30.09, 28.72, 25.73, 24.81, 23.0738.one 7.4. The ECD spectra were measured in a quartztteuwgth
signal of a methylene group is missinE-NMR (DM SO-dg) an optical path length of 1 mm (Starna, USA) using-810
o: -109.95 (tt,3JF,H=8.8 Hz,4JF,H=5.2 Hz, FBz); ESI-MS (ESI+) spectropolarimeter (Jasco, Japan). The conditiofisheo
m/z calc. for GgH4gFN;O,5 [M+H]", 806.34, found 806.5. measurements were as follows: a spectral regic200f(180) -
400 nm, a scanning speed of 20 nm/min, a respimsedf 8 s,
Ac-Lys(FB2)-Asp-Glu-Lys-Ser-D-Pro-NH, (10) a resolution of 1 nm, a bandwidth of 1 nm and asisieity
Initial loading of 0.60 mmol/g (Rink-Amid resin);40.5 mg of 100 mdeg. The final spectrum was obtained aavanage of
crude product resulted in 103.1 mg (74%) purifiegpgde. RP- 5 accumulations. The spectra were corrected foraselme
HPLC analysis: g=12.9 min; mixture of D-Pro s-trans/s-cisy subtracting the spectra of the correspondingpeptide-free
isomers (ratio 7:3), NMR signals are only listed foe major solution. The ECD measurements were conducted @m ro
isomer:*H-NMR (DM SO-dg) 6: Lys (FBz): 8.46 (t,%=5.5 Hz, temperature.
C.NH), 8.09 (d,3J=6.9 Hz, GNH), 7.90 (dd,%},;;;=8.8 Hz,
43,=5.6 Hz, H-2,6 FBz), 7.28 (8], ,="),=8.8 Hz, H-3,5 'RandVCD Spectroscopy
FBz), 4.16-4.07 (m, #), 3.27-3.18 (m, ¢,), 1.94-1.80 (m, Solutions of peptide3, 8, 9, and10 were prepared in DMSO to
CHjy), 1.66-1.56 (m, gHH), 1.56-1.42 (m, fHH, G;H,), 1.41— a concentration of 20 mg/mL in a total volume 0010 each.
1.20 (m, GHy) Asp: 8.29 (d,%3=7.7 Hz, NH), 4.56-4.46 (m, The VCD and infrared absorption spectra in the 80C
C,H), 2.80-2.69 (m, gHH), 2.59-2.49 (m, gHH) Glu: 7.65 1400 cm' region were measured ona FTIR IFS 66/S
(d, 3J=8.1 Hz, NH), 4.34-4.16 (m, 8), 2.34-2.12 (m, (,), spectrometer equipped with a PMA 37 VCD/IRRAS medul
1.94-1.80 (m, gHH), 1.80-1.67 (m, gHH) Lys: 7.85 (d, (Bruker, Germany). The samples were placed in aodetable
3J=7.8 Hz, NH), 7.72-7.57 (broad s, MM 4.34-4.16 (m, cell (A145, Bruker, Germany) composed of Gakindows
C,H), 2.80-2.69 (m, (H,), 1.66-1.56 (m, (HH), 1.56-1.42 separated by a 23 um Teflon spacer. All of the V€jgctra
(m, GHH, GH), 1.41-1.20 (m, () Ser: 8.20 (d,33=6.8 Hz, were recorded at a spectral resolution of 8lcamd are the
NH), 4.56—4.46 (m, ¢(H), 3.67-3.55 (m, @HH), 3.53-3.43 (m, average of the 15 blocks of 3686 scans (20 minufEsg
CgHH) D-Pro: 7.05 (s, NHH), 6.91 (s, MH), 4.34-4.16 (m, OPUS 6.5 software (Bruker, Germany) was used ferMD
C,H), 3.75-3.67 (m, §HH), 3.67-3.55 (m, (HH), 2.08-1.95 spectra calculations. The VCD spectra were cordedte a
(m, GHH), 1.94-1.80 (m, gHH, C/H)); BC-NMR (DM SO- baseline, which was obtained as the VCD spectrunthef
de) 6: 174.06, 173.59, 172.16, 171.97, 171.55, 170.60,4117 polypeptide-free  solution measured under the sanwe
170.02, 169.11, 165.06, 163.74 fdcv,::248.l Hz, C-4 FBz), experimental conditions.
158.08 (q2Jc =34.7 Hz, CO TFA), 131.10 (4Jc =2.9 Hz, C- - , , . .
1 FBz), 129.73 (d,S\]QpZQ-O Hz, C-2,6 FBz), 115.11 (d,Stablllty studiesfor trypsin-mediated degradation
2Jc,,::21.7 Hz, C-3,5 FBz), 61.06, 59.63, 53.15, 53.a385, A solution of trypsin from bovine pancregServa 37290,
51.78, 49.55, 46.79, 38.75, 35.58, 31.31, 29.992&8928.84, lyophilised powder, 4 U/mgyas freshly prepared i0.3 M
27.22, 26.56, 23.99, 22.86, 22.40, 21.84, signal doe Tris-HCI pH 7.5 at a concentration of 1 mM and keptice.
methylene group is missing’F-NMR (DM SO-ds) &: -74.93 Stock solutions oB and10 (2 mM each) were prepared in 0.3
(s, CR TFA-Anion), -110.28 (tt,%J-,=8.8 Hz, *}y=5.6 Hz, M Tris-HCI pH 7.5. The peptide stock solutions welituted
FBz); ESI-MS (ESI+)m/z calc. for GgHs;FNgO,3, [M+H]*, with the trypsin solution and 0.3 M Tris-HCI to oéaa final
866.41, found 866.1. peptide concentration of 500 uM and enzyme conagatrs of
0.1, 1.0, and 500 pM in a total volume of 100 [fLnécessary,
the enzyme stock solution was prediluted with 0.37N&-HCI
The compounds8, 8, 9 and 10 were dissolved in 600 pL of pH 7.5. The reaction mixtures were incubated af@7or 30
DMSO-dg. Additionally, compounds 3 and 3a were dissolved min. After this, an aliquot of 50 uL was withdravand added
600 pL of HO. In this case, an capillary insert containingdD to 5 pL of 6 M HCI, vortexed and centrifuged at Q@ for 30
was placed into the sample tube to allow shiminge HO s. 40 uL of the supernatant was analysed by RP-HBKC
peak was suppressed by water presaturation. Thenil2D'H  specified above.
NMR experiments (COSY, TOCSY (mixing time/spin-lock )
time 120 ms), and ROESY (mixing time 300 ms)) werd"ucturecalculations
acquired on a Varian 400 MHz or an Agilent Techgi#s 400 Distance restraints used in calculating a solusimacture for3,
MR spectrometer spectrometer at 298 K. VT-NMR ekpents 8, and9 in DMSO-d; were derived from ROESY spectra. ROE
were performed to monitor amide exchange ratesasyig cross-peak volumes were classified manually asgt(opper
temperatures up to 318 K in 5 K intervaldyucne coupling distance constrait 2.7 A), medium< 3.5 A), weak £ 5.0 A)

NM R spectr oscopy
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and very weak € 6.0 A). Standard pseudoatom distancé99SB force field, and missed parameters werertdkem the
corrections were applied for non-stereospecificallysigned General Amber Force Field (GAFF).RESP charges were
protons’’ Conformational averaging was tackled by classgyinderived at the HF/6-31G* calculation leV8f! Trajectories
the intensities conservatively. Only upper distatiogts were were visualised with VMD? They were evaluated in terms of
included in the calculations to allow the largestsgible RMSD, distances, dihedral angles, and intramoleddtaonds
number of conformers to fit the experimental dath,, ., Using the PTRAJ and CPPTRAJ modules implemented ‘n
coupling constants measured frobh NMR were used to apply AMBER. Data analysis and graphical representatioerew
backbone dihedral angle restraints as folloysvas restrained carried out with the R-packad@.

to =120+ 30° for J,,,.,,, = 8 Hz and to —-6% 30" for J, ., <

6 Hz. Starting structures with randomisgedind {4 angles and Acknowledgements

extended side chains were generated usingahninitio
simulated annealing protocBl. The calculations were
performed using the standard force field paramesedr and
topology file included in Xplor-NIH 2.34 packalje’® within
house modifications to generate the backbone codiomec
between the N-terminus of residue 1 and the C-taumiof
residue 6 as well as the unnatural amino acidsRB=E), Hnl,
and Aly. The final energy minimisation included BOsteps of
the conjugate gradient Powell algorithm and enemngyimised
using CHARMmM force field® Final structures were visualise
with PyMOL* andhad no distance (> 0.2 A) or angle (> 2.4"?;
violations.
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