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Abstract: Serine, threonine-derived $#oxazolidine-4-carboxylic acid, and cysteine-derive®)(hiazolidinecar-

boxylic acid, denoted pseudo-proline (Xd&]-Rzpro]), serve as structure disrupting, solubilizing building blocks in
peptide synthesis. Variation of the 2-C substituents within the heterocyclic system results in different physicochemical
and conformational properties. NMR studies of a series of pseudo-praHifed)-containing peptides reveal a
pronounced effect of the 2-C substituents upondisdo trans ratio of the adjacent amide bond in solution. 2-C
unsubstituted systems show a preference similar to that of the proline residue foariedorm, whereas 2,2-
dimethylated derivatives adopt tlees amide conformation in high content. For 2-monosubstitdteRio, thecis—
transdistribution depends on the 2-C chirality. For the-diasterecisomer, both forms are similarly populated in
solution, whereas the RJ-epimer adopts preferentially thensform. The results are supported by conformational
energy calculations and suggest that, by tailoring the degree of substitution, pseudo-prolines may serve as a temporary

proline mimetic or as a hinge in peptide backbones.

Introduction

The proline residue plays a peculiar role in peptide and protein

secondary structure formatibh and thereby represents an

important means in nature to switch and direct peptide chains

into favorable topologies. The cyclic nature of the proline

residue confers unique conformational properties to the peptide
or protein backbone when compared to the common proteino-
genic amino acids. For instance, on the one hand, the proline

ring serves to intrinsically restrict it$ dihedral angle around
—60° 4+ 15, while on the other hand, the imidic bond formed
with the preceding residue (Xaa-Pro) is readily subjectiso-
transisomerization. Accordingly, proline residues are usually
encountered in loop or tukd motifs with the utmost preference
at thei + 1 position forg-turn type | or type 1l when the Xaa
Pro imide bond igrans (w; = 18C) or at thei + 2 position of
turn type VI @i+1 = 0°) in the cis form.134 In addition, the
characteristic low activation barrier for isomerization combined
with the small free energy differentbetween the two Xaa

Pro peptide bond isomers provides a rationale for the putative

role of proline in the limiting steps of the protein folding
pathway® This is supported by the discovery of the ubiquitously
occurring family of prolyl-peptidykis—transisomerases such
as cyclophiling and FKBP§& which catalyze thecis—trans
isomerization of peptidytprolyl bondsin »izo® andin vitro.”:8

The prevalence of proline residues in biological processes such
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as protein folding and protein recognitfoff has led to the
development of numerous mimetiédland substituted-proline
analogue®13 intended to constrain and control the peptide
backbone in reverse turn motifs or to alter the imaie-trans
ratio1* For example, substitution witB-alkyl proline'? results

in a ¥ angle constrained by theyns substituent around°0
while (9-a-methyl-substituted prolidé (PV¢) induces prefer-
entially thetransform of the Xaa-Pro bond due to unfavorable
steric interaction between the methyl group and dhproton

of Xaa in thecis form.

Recently we reported that Ser- or Thr-derived 2-substituted
oxazolidine-4§)-carboxylic acid and Cys-derived 2-substituted
thiazolidine-4R)-carboxylic acid, denoted as pseudo-prolines
(¥Pro’s) (XaaPReRepro], Figure 1), exert a pronounced effect
upon the peptide backbone, preventing peptide aggregation and
self-association during solid phase conditions, thus improving
the efficacy of peptide synthesis:® Such building blocks are
readily accessible by cyclocondensation of Ser, Thr, or Cys with
aldehydes or keton&gFigure 1) and represent useful protecting
techniques for the parent amino acids. Furthermore, variation
of the substituents Rand R at position 2 affects the ring
stability, resulting in pseudo-proline{Pro) of differential
chemical stabilityt’

In this paper, we describe the imidés—trans distribution
upon variation of the 2-C substituents 1(RR;) by NMR
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Pseudo-Prolines as a Molecular Hinge

Figure 1. Reaction of Ser, Thr, or Cys (Xaa&ontaining peptidd

with carbonyl compounds resulting in the formation of pseudo-prolines
(Xaa[®RrRepro]) exhibiting acis (wi-1 = 0°, Il') or trans ;-1 = 18C,

Ill') amide bond, depending on the nature aféRd R. Cleavage of
the cyclic system with acid (H transforms the constrained peptide
backbone to a regulall-trans amide conformation.

J. Am. Chem. Soc., Vol. 119, No. 5, Pa97

Table 1. cisto trans Ratio of Peptides
Ac-Ala-Xaa[WRrRepro]-NH-Me 1—-6 and
succinyl-Val-XaafPRvRepro]-Phe-NH-pNA7—10

compd R R2 Xaa X cis (%)?
1 Me Me Ser O ~100
2 Me Me Thr o] ~100
3 Me Me Cys S ~100
4 H H Ser o ~33
5 Pro CH ~18
6 biphenyl H Ser (0] ~63
7 H H Ser O ~15
8 Me Me Ser O > 95
9 H PMP Ser (¢} ~10
10 PMP H Ser O ~50

a Determined by*H NMR in DMSO at 300 K.° PMP: p-methoxy-
phenyl.

data. Complete proton resonance assignments were made using (DQF)
COSY experiments, HMQC was used to assign unambiguously the
carbon resonancesl coupling constants were directly measured from
high-resolutiontH—D spectra £0.1 Hz) or simulated for complex or
overlapped systems. Prochiral assignments for#ro 5 and Me
protons were achieved, in some cases, on the basis of relative interproton
ROE intensities and coupling constant values.

Computational Methods. All the simulations were carried olirt
vacuousing the CVFF* force field as implemented in Discov&The
calculations used a value of 1 for the macroscopic dielectric constant

spectroscopy. This distribution is essentially driven by the and an infinite cutoff for nonbonded interactions. Structure minimiza-
number and steric requirements of the 2-C substituents whichtjons for each isomer were carried out using the NewtBaphson

destabilize one of the two rotamers. We demonstrate that algorithm until the gradient was less than 0.001 kcal/mol. Ramachan-
variation of these substituents at the position 2 of the ring systemdran plot$® were obtained by mapping the energy of the structure upon

provides an efficient synthetic tool to tailor thés to transratio
of the Xaa-;—Xaa[PRRpro] amide bond in peptides.

Methods

Peptides Synthesis.The WPro-containing peptides were synthesized
according to methodologi€s®described earlier. UnsubstitutdéPro’s
4 and7 (Figure 1) were obtained by cyclocondensation with formal-
dehyde on the corresponding free amino acid. 2-Alkylai&éro’s

were obtained by cyclocondensation with the corresponding ketal (2,2-

dimethoxypropane for 2,2-dimeth{#iPro compoundé—3 and8, 2,2-
dimethoxyanisaldehyde for compourland10) at the dipeptide stage
according the post-insertion meti®dnd subsequent peptide chain
prolongation.

NMR Spectroscopy Spectra were recorded at 400 MHz using a
Bruker ARX spectrometer at 300 K. Samples of around 25 mg were
dissolved in 0.40.5 mL of DMSO#ds. Chemical shifts were calibrated
with reference to the residual DMSO sign&H( 2.49 ppm;*°C, 39.5
ppm). 2D experiments were typically acquired using 2K 512

incrementation of th&/W dihedral angles of alanine. Contour levels
are plotted with an interval of 10 kcal/mol.

Results

In order to evaluate the effects exerted by the substituents in
position 2 within the heterocycle dPPro on thecis—trans
isomerization of the peptide bond, we prepared a number of
peptide derivatives1(—6, Table 1) of the types Ac-Ala;-
Xaa[W¥RrRepro]-NHMe(Figurel)andsuccinyl-Viak-Xag[ ¥ReRe-
pro]-Phe-NH-pNA (compoundg—10). Both N and C peptide
termini were capped to minimize intramolecular electronic
interactions, which have been shown to alterdise-transratio
of the Xaa-Pro bond* As relevant spectral parameters on
thiazolidine are available in literature, we focused mainly on
the 2-substituted oxazolidine-g¢carboxylic acid derivatives.

The conformational preference of the Xaa-Xag[WRwvRe-
pro] imide bond was investigated B4 NMR and3C NMR

matrices over a 4000 Hz sweep width in both dimensions. Quadrature Spectroscopy. Examination of the 1D spectra in DMSO of
detection in the indirect dimension was achieved by using the TPPI model compound$—10immediately reveals two spectroscopic

proceduré? Scalar connectivities were recovered from 2D double
quantum filtration (DQF) COSY experimerits.Dipolar connectivities
were obtained by either the conventional NOESY sequérarethe
ROESY sequenég with mixing times from 150 to 200 ms. A
randomization of the mixing length46%) was introduced in the

NOESY experiments in order to minimize coherence transfer. The spin
lock mixing interval of the ROESY sequence was applied by coherent

CW irradiation atyB,/27 = 2 KHz. Experimental data processing was
performed using the Felix software pack&geThe standard sinebell

characteristics: 2,2-dimethy#tPro derivatives 1—3 and 8)
exhibit a predominant set of resonances forlseconformer,
while for the monosubstitued compoun@ls9, 10, the unsub-
stituted compounds4 and 7, and the proline containing
compoundsb, two sets of resonances were obtained due to a
comparable amount afis and trans conformers in solution.
Table 1 summarizes thes—transratios of the Xaa-WPro bond
measured byH NMR for different 2-C substituents of the five-

squared routine was employed for apodization with a shift range of membered ring. For the proline analoghiehe occurrence of

60—90° and zero filling in both dimensions before 2D transformations
were applied to end up with square matrices of RK2K real point
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both isomers in solution is readily confirmed BC NMR on
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Table 2. WPro Relevant Spectral Parameters for Compouné$0 in DMSO-ds?

entry compd o (3J aH-BH)° B (3 BH-BH)P 2-H(Me) @Iun)
1 Ser{@MeMeprq) 4.44 (6.8°R—) 4.17/4.08°R(8.8) 1.52/1.48°S
2 Thr(WMeMepro) 4.03 (5.7) 4.12/1.29 1.52/1 %05
3 Cys(WMeMepro) 5.34 (6.8°F—) 3.62P0R/3.20 (11.8) 1.93/1.8%S
4 Ser@H"Hpro) 4.31 4.09/3.83 5.17/4.96 (3)
4 (cis) Ser@®*Hpro) 4.48 4.18/4.03 4.88
7 Ser@"Hpro) 4.485 (7.3°R/5.0) 4.174°R/3.818 (8.7) 5.289 (3.7)/4.95
8 Ser(l MeMeprg) 4.64 (6.5°R/1.9) 4.102R4.00 (9.1) 1.43
9 (trang) 2-(R)-Ser@+-PMPpro) 4.65 (7.4°R/5.6) 4.1227)/4.005 (8.9) 6.396
10 (trans) 2-(9-Ser@PMPHoro) 4.704 (7.2°R/3.1) 3.979°R/3.864 (9.3) 6.32
10(cis) 2-(9-Ser@ PMPHoro) 4.853 (6.3°F1.9) 4.29°R4.02 (8.9) 6.17

a Chemical shifts ¢ in ppm; +0.01).? o stands for the 4-Hg for the 5-H,J (in Hz & 0.2).
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Figure 2. Expanded region of th&D 'H NMR ROESY spectrum at 49 48 47 46 45 44 43 42 41 40 39 38

400 MHz (m = 200 ms) ofl, in DMSO at 300 K. The boxed peaks  Figure 3. Expanded region of th&D 'H NMR ROESY spectrum of
indicate theoHi—1—aH; andﬁHi_ﬁl—aHi (right) connectlyltles between 10 showing the assignment of thués andtransisomer (400 MHzzn,
Alai—; and Xag¥MeMepro] typically observed for theis conformer. = 200 ms, in DMSO at 300 K). Theis andtransisomers are denoted

and*3C NMR spectra of peptidel—3 upon varying both solvent by a small superscript letter (c or t_) in te NMR spectrum; exchange
(H,0/D,0, CDCh, or DMSO-ds) and temperature is consistent R’_OE cross peaks are labeled with an e on the map (same phase as
h . . . diagonal).
with the presence of a major conformation in solution. From
2D H NMR ROESY experiments we observe the typical
patterri® expected for &is amide bond (Figure 2, boxed peak),
i.e. aHi—1—aH; and SHi—;—aH; ROE cross-peaks between
Ala;_; or Vali_; and XagW¥VeMepro] reflecting the spatial
proximity of the corresponding protons in thés form. For
peptide8, a set of minor resonances is also detected (less than
5% as estimated by 1D integrals) and is assigned to a minor
conformation in slow exchange with the major one on NMR
time scale. However, neither chemical shifts criteriédé
suprg nor ROE measurements allow for the assignment of the
latter minor species to theansform (vide suprg. Stereospe-
cific assignment is realized for tREPro-protons on the basis
of their relative ROE cross-peak intensities with ¥€ro a
proton and theirdJ aH-BH values (Table 2). Theoro-R
pB-protons @anti to the carboxyl group, Figure 1,3R= H) are
shifted downfield (except fot) and exhibit a greater coupling
constant (Table 2) with the-proton compared to that of the
pro-S -proton gynto the carboxyl group). On the basis of
the latter assignment, the upfield 2-methyl grosgn(to the
carboxyl, Figure 1, R= H) is assigned tpro-R by the presence
of a ROE cross-peak with thgro-S s-proton. Interestingly,
upon substitution of Ala for Gly ob-Ala in peptide2, no
significant effect on the backbone conformation is observed by " - 4 7 i e
NMR (data not shown), indicating a pronounced preference of signals €is andtrans) is nearly identical, while in the second

thecis conformer in the 2,2-dimethyEPro-containing peptides ~ C2S€: @ ratio of 90:10 is measured (Figure 4).
1-3. Stereospecific assignments of ##ro S-protons (Table 2)

were performed as exemplified above for the 2-dimethyl

2-C Unsubstituted WPro-Containing Peptides. For pep-
tides4 and?7, the occurrence of exchange cross peaks in ROESY
experiments between each observed set of resonances and their
coalescence upon warming points to the presenceisoand
transconformers in slow exchange is similar to that of proline-
containing peptide€827 and thiazolidine derivative®¥3! The
more abundantransisomer is characterized byceH;—1—2-H;
andpH-;—2-H; ROE cross-peak between Alaor Vali—; and
2-H; in analogy to the shorttH;—1—dH; distance typically
observed intransproline peptided® The cis isomer is only
characterized by awni—a; exchange cross-peak, tle and
[B-protons being broadened and deshielded compared to those
of the trans form, while the protons at position 2 are found
upfield in agreement with previous reports on related thiazolidine
derivatives?!

2-C Monosubstituted WPro-Containing Peptides. The
presence of the two conformers in solution is confirmed by the
same type of ROE cross peaks (Figure 3) as mentioned for the
2,2-dimethyl and unsubstituted compoundgl¢ infra).

A striking difference between the two diastereoisomers with
respect to theis—transpopulation is observed in the 1D spectra.
For the 2-§ epimer gide suprg, the distribution of the 2-H

(27) Kessler, HAngew. Chem., Int. Ed. Engl982 21, 512-523. For

the proline containing peptidg, the IH and13C NMR spectra display the (29) Goodman, M.; Niu, G. C.-C.; Su, K.-@. Am. Chem. S0d.970Q
two sets of resonances expected for tiie and trans conformers in 92, 5219-5220, 5526-5222.
equilibrium. This is confirmed by th&C chemical shift difference measured (30) Samanen, J.; Zuber, G.; Bean, J.; Eggleston, D.; Romoff, T.; Kopple,
betweeny- and 5-carbons of proline and also by ROESY experiments. K.; Saunders, M.; Regoli, Ont. J. Pept. Protein Re4.99Q 35, 501—-509.
(28) Withrich, K. NMR of Proteins and Nucleic Aciddohn Wiley & (31) Borremans, F. A. M.; Nachtergaele, W. A.; Budesinsky, M.;

Sons, Inc.: New York, 1986; pp 1+725. Anteunis, M. J. OBull. Soc. Chim. Belgl198Q 89, 749-758.
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(transin that case) is much less pronounced. Interestingly, for
compound6, the two rotameric forms have nearby the same

2-(S) 10 energy values along the contour plot for ti8-€épimer (Figure
& cis 5, top) while differing by up to 3 kcal/mol for theRj-form
(Figure 5, bottom).

Discussion

In general, steric interactions between the&)Jgyrrolidine
and the preceding residue provide some rational forctee
k k transratio found in proline-containing peptides and protéths.

The trans peptide bond introduces steric interactions between

W«IPJ S the 6-CH, in Pro and the preceding residue resulting in an
/ \\_ 2R)9 ——» ,:\.Cfs increase of the net free energy di_ff_erence betweerp'mand
e g » trans conformers. InWPro-containing model peptides, the
P A R A A A substituents at the 2:©f the cyclic system interact severely
850 500 ppm with the side chain R; or the peptide backbone of the preceding
Figure 4. Expanded region of théD NMR of 9 (bottom) and10 residue (Figure 1]I1) in the trans form, whereas in theis
showing the 2-H signal of therans (left downfield) andcis (right conformer, the corresponding interactions stem from the car-
upfield). bonyl group of residué — 1. Consequently, in compounds
Table 3. Amide Geometry anis—trans Energy Calculated for 1-3ands, the two 2-C methyl groupp(o-R andpro-S) result
Compoundsl, 4, 5, and6 (R/S) in more severe steric restriction in tiransconformer compared
peptide energyt(ans/cig (kcalimol) to the ci; These findings are confirmed by comparing the
energy differences between the two rotamers along the Ram-
‘11 _421322;13.89 achandran pl_ot. Starting from a given value of te(P, V)
5 27.5/29.9 angles, rotation of 180around wi-; results in thetrans
6(9 124.7/126.6 conformer with up to 15 kcal/mol higher in energy. This is
6 (R 120.4/123.6 consistent with the substitution of Ala for Gly or for b-Ala

which did not result in detectable amounts of tlrans

compounds. The stereochemistry of the 2-C position inferred conformer. Furthermore, substitution of Ala for Gly also

for 9 and 10 is on the basis of ROE cross peaks between the indicates that not only the side chain but also the peptide
2-C substituents, namely thatho protons of thep-methox- backbone accounts for steric interactions with the 2-C substit-

) . uents of#Pro. Despite the strong thermodynamic preference
@Sfonyll:g;'}flzza%::%u?hgrzt;gpizmll’r \E\gfgutrﬁ_prgfﬁwg the for the cis in 2,2-dimethyl-containingVPro derivatives, the
= H) is set by the FéOE cross peaks betweén the 2-H' and thePresence of a small amount tvhns conformer cannot be ruled

pro-Sj-proton gisrelationship) while a ROE between the PMP out by NMR measurementside _|nfra). Preliminary experi-
ortho protons and thero-S S-proton is of diagnostic value for ments based on th_e chymotrypsin-coupled assays o_leveloped by
the 2-R) epimer. For compouns, the 2-§) center can also Fischef show that in compound about 8% of theéransisomer

; : ) o is present in aqueous solution. A similar preferencefehas
lF){eOESS(!?;sid ;)en at(heir? aﬁ ;rﬁ{):;e vsit;' ?r? g A ;(?;3 Sd apt);otgp the been observed for a compound basedeatimethyl-substitued

compounc? Figure 3 shows the assignment of all ttieand proline3® Notably, strong preference for thés conformation

transprotons of compound0. The chemical shift values show " solution has been reported for N-acetylated 2,2-methyl-

thata- andgB-protons are shifted downfield while the 2-H proton thialzolg?e((:)n ti:e"basis ﬁf créerpical Str;]ift critiriatagdd;D-Nt%E
is upfield in the cis form, supporting the corresponding analysis: rystalographic data on the protected dipeptide

observations for the unsubstituted compouddand 7. Dif- fm?r::-Ala-?ﬁs(I;MEM;prcl\)ﬂ)-Or ":Vﬁlal also theis geo;nti;tﬁj
ferences in théJ aH-BH values are also indicative: thgo-S or the peptide bond. - VIost notably, an INversion o
B-protons range from 2 Hz in theis to 3—6 Hz in thetrans trans preference has been reported féformyl-2,2-methyl-
form, whereas for thero-R 8-protons a constant value of-§ thiazolidine3® supporting the findings that steric hindrance is
Hz regardless of the nature of the isomer is observed. the major d”?"”g_fo’ce for adaptlng_ a higfis contgnt. ,
Conformational Energy Calculations. Table 3 summarizes Beside a significant amount of thes conformer in solution
the conformational energies found after minimization of com- (Table 1), the unsubstituted peptideadopts a preference for
poundsl, 4, 5, and6 (both 2-C epimers) in theis or trans thetrans conform{itlon with a va}lue of abou'g 05 kcal_/m_ol for
form. While in general these values do not perfectly match the free energy difference of thes—trans equilibrium similar
the experimental data found in solution, they still reflect the t© that of the proline-containing peptide Similarly, unsub-
general tendencies of thes andtrans forms. stituted 2-thiazolidine-4-carboxylic acid analogues also display

Although the same dihedral angle values are found qualita- & Strong preference for titeansform and have been usged asa
tively along the contour lines in the Ramachandran A¥ape proline surrogate into biological peptidésnd polymerg? The

analysis of the energy difference corresponding to a given COUID|e.structural _similarity of compound with prpline is also observed
of (@, W) for wi_; = 0 andwi_, = 18C° is instructive. For in the solid state as delineated by their X-ray structtfes.

compoundl, the preference fo_tms amou_nt_ed toa yalue up to (33) Magaard, V. W.. Sanchez, R. M., Bean, J. W.; Moore, M. L.
15 kcal/mol, whereas for proline-containing peptéand for Tetrahedron Lett1993 34, 381—383.
the unsubstituted derivativ the preference for one conformer (34) Savrda, Peptides: Chemistry and BiolopgSCOM: Leiden, The
Netherlands, 1976; pp 65%56.

(32) Evaluation of the rate constant and thermodynamic parameters of  (35) Nefzi, A.; Schenk, K.; Mutter, MProtein Pept. Lett1994 1, 66—
the cis—trans equilibrium in compound€—7, 9, and 10 as well as the 69.
solid state conformation for the peptidés6 will be subject of a separate (36) Toppet, S.; Claes, P.; HoogmartedsOrg. Magn. Res1974 6,
publication. 48-52.
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Figure 5. Ramachandran plot of compoungéigbottom) and10 calculated for each rotameric form.

The presence of a single substituent leadstetransratios
depending on the 2-C chirality. As for the 2,2-dimetMyPRro,

The isomer weighted sum results in 9.2 Hz for compo@fd
and 13 Hz for compoun® (Table 2), resulting according to

the contour levels in the Ramachandran plot (Figure 5) reveal the above rule in theSj and R) stereochemistry assignments
that steric factors determine the preferential geometry of the for the 2-C center in agreement with our NMR assignments.

imide bond. When the substituentaiati to the carboxyl group
(2-(9), Figure 1, R = H), the two forms have nearly the same
free energy AG°—. ~ 0), whereas a difference in energy of
about 1.3 kcal/mol is found for the R) epimer by NMR. The
anti andsyndiastereoisomers dfi-acetyl-5-methylproline\'-
methylamide are reportétito display a similarcis to trans
distribution in solution which again can be rationalized invoking

Thus, the 2-C chirality of the®?Pro compounds can be
determined directly byH NMR using the coupling constant
values and theisto transdistribution. Thecisandtransisomer
can be easily assigned B9 NMR on the basis of their chemical
shift differences and coupling constant.

The differences in coupling constant values in both epimers
also provide information on the puckering of the heterocytle.

steric effect of the 5-substituents. Such a dependency on thetaple 2 shows that th&d aH—AH values are conserved within

chirality at the 2-C position is reported in the literature for

each isomeric form irrespective of the nature of substitution.

thiazolidine congeners, but no unequivocal assignments of the|py the ¢is conformation, the sum of th& aH—BH coupling

cis or thetransform have been provided so f&.1t is important

constants is always less than 9 Hz (Table 2), corresponding to

to note that the chirality is usually inferred by the sum of the 5 staggered conformation along the-€C8 bond. A greater

coupling constants between the- and S-protons of the

sum is only consistent with a conformation where ¢hproton

thiazolidine ring. This sum is calculated for temperatures above j5 gacheto the pro-R -proton while thepro-S S-proton is

the coalescence of the two isomers on the basis c@2H¢MR

pseudo-axial. On the basis of X-ray d®t# and similar

spectrum in order to simplify the corresponding spectra and {0 ¢qncjysjond! established for thiazolidine, these arrangements

overcome the problems of resonance overlappit§. A sum
less than 10 Hz is of diagnostic value for ti8-€pimeric center,
whereas for values exceeding 10 Hz, tRy-form is inferred.

(37) Kiso, Y. Biopolymers (Pept. Sci1996 40, 235-244. Samanen,
J.; Narindray, D; Cash, T.; Brandeis, E; Adams, W., Jr.; Yellin, T.;
Eggleston, D.; DeBrosse, C.; Regoli, D. Med. Chem1989 32, 466—
472,

(38) Delaney, N. G.; Madison, Mnt. J. Pept. Protein Resl992 19,
543-548.

(39) Szilagyi, L.; Gyegydeak, Z.J. Am. Chem. Sod979 101, 427—
432

(40) Benedeti, F.; Ferrario, F.; Sala, A.; Sala, L.; Soresinetti, Rl.R.
Heterocyclic Chem1994 31, 1343-1347.

lead to thecis form with a preferentialf-exo envelope
conformation. The fact that one arrangement of the substiuent
corresponds to one isomer form may reflect an influence of the
puckering for thecis—trans ratio. Although the puckering
contribution alone cannot be easily decoupled and evaluated
from the steric effect® it still may explain the observed
difference betweef and10. In the 2-§) diastereoisomer, steric
hindrance between PMP and the preceding Val does not
destabilize the pseudo-equatoriais| form relative to the
pseudo-axial positiontans) form whereas the PMP group in

a pseudo-equatorial position destabilizes ¢iein the 2-R)
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isomer. In the same vein, the spatial arrangement of the Mass spectra were obtained by electron spray ionization (ESI-MS) on
substituents should also have a subtle effect in 2-monosubstituteck Finnigan LC710 or by chemical ionization (CI-MS) on a Nermag
compound on thanti and syntransitiorf! state by decreasing ~ R10-10C. *H-NMR spectra were obtained on a Bruker-WH250 or
one state relative to the other as found for 5-methyl-substitued Bruker DPX-400 with trimethylsilane as the internal standard for
proline derivative$® The determination of the corresponding intermediate compounds. Infrared spectra were recorded on a Perkin-

kinetic parameters are currentl nder investigation in our Elmer 1430 spectrometer using the KBr disc method. Elemental
Inetic p S u y u investigat ! u analysis £0.4%, C, H, N) has been performed at the Mikroanalytisches

laboratory?? Laboratorium (Kronach, Germany). Melting points are uncorrected
Due to the described structural properties, the incorporation values measured with a“Boni 510 point apparatus.
of a WPro residue into peptide backbone provides also a  General Procedure for the Preparation of WPro-Containing
powerful means to overcome some fundamental problems of Dipeptide. Fmoc-Ala®!Pro-OH was obtained by reacting Ser, Thr,
peptide synthesi¥. For example, WPro residues have been or Cys with formaldehyde to give the unsubstituted compounds or by
shown to disrupj3-sheet structure formation during stepwise reacting Ser- or Thr-containing dipeptides with the corresponding ketal
peptide synthesis, resulting in increased solvation of the peptideaccording to published procedures of the post-insertion methiéth
chain. Thecis—trans isomerization process described here the latter case, the reaction was carried out in the presence_of catalytic
provides a rational for these experimental findings. Etee- amounts of pyridyltoluene-4-sulfonate (PPTS) and 2,2-dimethoxy-
transisomerization induced bWPro results in a kink confor- propane (DMP) in THF.

; . . Ac-Ala-Ser(WMeMepro)-NHMe (1). Z-Ala-Ser@MeMepro)-OH”
mation of the peptide backbone, thus preventing the onset 0f(1.35 g, 4.0 mmol) was dissolved in 30 mL of THF/DCM (1:1: v/v)

peptide self-aggregationt¥’Pro therefore may act as a molecular 4 reacted with 1.14 g (5.54 mmol) of DCC and 1.05 g (6.65 mmol)

hinge within the peptide chain. of HOBt at room temperature. After the suspension was stirred for 20
_ min, 1.0 mL of a 8.02 M solution of methylamine in ethanol was added.
Conclusion The mixture was stirred for 10 min at’@ and further 30 min at room

. . . . ., temperature before filtering off the unsoluble solid and evaporating
Incorporation of a pseudo-proline residue into the peptide e solvent. The resulting material was taken up in 100 mL of ethyl
backbone results in variabtes—transratios of the preceding  acetate, washed [with a 5% aqueous sodium carbonate solutien (3
amide bond depending on the nature of the 2-C substituents 0f50 mL), a 5% aqueous solution of citric acid 350 mL), and brine
the ring system. The conformational preference is essentially (3 x 50 mL)], and dried over magnesium sulfate. The solvent was
driven by the number and steric requirements of the 2-C evaporated and the residue purified on silica gel (flash, eluent HCI
substituents which destabilize one of the two conformers. Due MeOH, 100:4), resulting in 1.29 g (89%) of Z-Ala-S&f{*"<pro)-
to the comparable structural properties with proline and their NHMe as a white powder. {6H25N30s (363.41). Mp 134-136°C.
high chemical stabilities, unsubstituted Ser-, Thr-, and Cys- R (CHCK/MeOH, 20:1) 0.29. t = 17.5 min (26-80% B, 30 min,
derivedWPro's represent useful proline surrogates. In contrast, 18- C"MS (NHy): 364 (1, [M -+ 1]), 305 (23, [M — acetone]),
the unusually higltis amide content of 2-C disubstitut&dPro 206 (8), 143 (), 127 (11), 91 (100). Pd (98 mg) on charcoal was
; ; h . added to a solution of 980 mg of Z-Ala-S&f{'eMepro)-NHMe in 30
offers a simple and attractive means to constrain selectively | o methanol under batmosphere. After complete disappearance
peptide bonds,e. to induce ecisamide in the peptide backbone  of the starting material, the mixture was filtered through Celite and
especially for the temporary insertion®fturns into polypeptide  the solvents were removed under reduced pressure. The acetylation
chains. Most notably, type \j-turns with 2,2-methy¥’Pro was performed in 10 mL of acetic anhydride/water (1:1; v/v) within 2
residue at position+ 2 can be inducet? Ring opening under  h at room temperature. The solvents were removed under reduced
acidic conditions allows to reconstitute the reguddi-trans pressure, and the crude product was purified by column chromatography
peptide. More subtle effects on the imide bond geometry are (eluent EtOAc/MeOH, 10:1) to give 630 mg (98%) of Ac-Ala-Ser-
observed for 2-C monosubstitutdéPro. In this context¥Pro (WeMepro)-NHMe as a colorless solid. 1&421N:0, (271.32). Mp

. . . . . . © = i 0 i - .
represent a versatile tool for investigating the influence of ring 2(7);7(2 [CM JtrR 1]+)14é11£“('23(5[_|30f’a?ét§2e?)'n'lgg)'(s)c : 1“;? ((1'\)"";)"13

substitution upon the isomerizqtion of the imide_ bond. On the (16), 127 (20), 114 (43, [ACAId], 91 (100), 86 (60). IR (KBr): 3274
basis of these results and their ready synthetic ac¢EBso (m), 3059 (w), 2988 (W), 2942 (W), 1641 (vs), 1552 (s), 1424 (s), 1383
can be used as a molecular hinge to explore and control the(m), 1340 (m), 1306 (m), 1253 (m), 1232 (m), 1203 (w), 1145 (s),
peptide backbone conformation. Thus, pseudo-prolines offer 1093 (w), 1057 (s), 1008 (w), 954 (w). Anal. {1Ns0s) C, H, N.

a wide range of applications as in peptide-based drug and Ac-Ala-Thr( WMeMepro)-NHMe (2). The compound was synthe-
prodrug design, molecular recognition studies, or protein folding sized starting from Z-Ala-OSu andthreonine by following the above

and self-aggregation processes. procedure for Ac-Ala-SeW™eMepro)-NHMe: G3H2aN304 (285.34).
Mp 47-50 °C. tg = 15.6 min (5-50% B, 30 min, Gg). CI-MS
Experimenta| Section (NH3): 286 (86, [M+ l]+), 228 (70, [M— acetone‘]), 199 (10), 141

(11), 114 (100), 99 (13), 86 (30). IR (KBr): 3312 (m), 3084 (w),
Materials. All protected amino acids were purchased from Cal- 2985 (w), 2939 (w), 1640 (vs), 1551 (s), 1420 (s), 1376 (s), 1250 (m),
biochem-Novabiochem AG (Ldelfingen, Switzerland); reagents and 1216 (w), 1170 (s), 1113 (m), 1094 (m), 989 (m), 954 (m). Anal.
solvents were purchased from Fluka (Buchs, Switzerland) and used(C;3H23N304) C, H, N.

without further purification. HPLC was performed on Waters equip- Ac-Ala-Cys(¥MeMepro)-NHMe (3). Fmoc-Ala-Cys@MeMepro)-

ment using columns packed with Vydac Nucleosil 300 Ar Cis OHY7 (100 mg, 220umol) was reacted with a solution of dimethyl-
particles unless otherwise stated. The analytical column {2306 formamide (DMF) containing 30% diethylamine for 60 min. After
mm) was operated at 1 mL/min and the preparative column (220 the completeness of the reaction (TLC), the solvent was removed and

mm) at 18 mL/min, with UV monitoring at 214 nm. Solvent A the residue treated with CHEind then filtered to afford 32 mg (63%)
consisted of 0.09% TFA and solvent B of 0.09% TFA in 90% of a white solid. Subsequent acetylation was performed witfOAC

acetonitrile. TLC was performed on silica gel plates Merck-@54, (12.3uL) in DMF in the presence ol,N-diisopropylethylamine (24
visualized by UV or 5% vanillin in concentr_a_ted sulfuric acid. Flash ;1) to provide 35 mg of the desired acetylated compound. Subse-
chromatography was performed on Merck silica gel 60-(@8 mesh). quently, the compound was reacted with 80 mg of pyBOP in a saturated

solution of methylamine in DMF (3 mL) for 1 h. The solvents were
116 11931-11937 removed under reduced pressure, and the crude product was purified
(42) Ryan, D. E.; Dumy, P; Eggleston, I. M.; Mutter, Nhnovation by column chromatography (eluent CH®GleOH/AcOH, 92:6:2) to

and Perspecties in Solid Phase SynthesBpton, R., Ed.; Mayflower give 30 mg (98%) of Ac-Ala-Cy3pMeMepro)-NHMe as a colorless
Worldwide Ltd.: Birmingham, U.K., in press. solid.

(41) Fischer, S.; Dunbrack, Jr.; Karplus, Nl. Am. Chem. Sod.994
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Ac-Ala-Ser(WHHpro)-NHMe (4). To a solution of 5.0 g (12.2 (d,J=7.0, H5-Clai). CI-MS (NHs): 326 (0.2), 266 (0.5),178 (100).
mmol) of Fmoc-Ala-SeM'"Hpro)-OH!” were added 1.44 g (12.2 IR (KBr): 3312 (m), 2980 (m), 1718 (vs), 1639 (vs), 1528 (m), 1450
mmol) of N-hydroxysuccinimide, 70 mL of dioxane/ethyl acetate (6:1, (s), 1247 (s), 1074 (m), 741 (s). The transformation of 3.20 g (7.83
v/v), and 2.76 g (13.4 mmol) of DCC at . The suspension was  mmol) of Fmoc-Ala-Pro-OH to Ac-Ala-Pro-NHMe was performed by
stirred overnight at room temperature. After filtration the solvent was following the procedure for the synthesis of Ac-Ala-SE"Pro)-
evaporated. The residue was dissolved in 150 mL of ethyl acetate andNHMe. The final product was crystallized from DCM/cyclohexane
washed with a 5% solution of sodium carbonate«(80 mL) and brine to yield 840 mg (3.48 mmol) of pure Ac-Ala-Pro-NHMe. 1£119N303
(2 x 80 mL). The combined organic phases were dried over (241.29). Mp 176-172°C. R;(CHCl/MeOH, 85:15) 0.44.tr = 20.5
magnesium sulfate and evaporated. The crude product was purifiedmin (0—15% B, 30 min, Gg). CI-MS (NHz): 242 (2, [M+ 1]%), 210
by precipitation from dichloromethane (DCM)/hexane to yield 4.76 g (1), 183 (3,[M— HNCOMel'), 155 (2), 129 (19), 114 (51), 86 (9), 72
(9.37 mmol, 78%) of Fmoc-Ala-Sei"pro)-OSu as a white powder.  (100). IR (KBr): 3329 (vs), 2987 (s), 1653 (vs), 1544 (vs), 1418 (s),
Fmoc-Ala-SefP"Hpro)-OSu: GgH2sN3Os (507.50). Mp 98-100°C. 1309 (s), 1256 (m), 1199 (m), 972 (m). Anal. 1{B10N3z03) C, H, N.

Rf (CHCl/MeOH/ACcOH, 100:1:1) 0.18tgr = 14.6 min (46-100% B, Ac-Ala-Ser(W@9Birhe Hprg)-NHMe (6). The compound was syn-
30 min, Gg). 'H-NMR (250 MHz, DMSO#és, 49 mM): 7.96-7.29 thesized starting from Z-Ala-OSu aneserine by following the above
(m, 8 arom. H), 7.83d, %)= 7.1, HN), 5.13 (br., 2 H, K#C(2)), 5.00 procedure for Ac-Ala-SeMeMepro)-NHMe and using biphenyl-4-

(dd, 3 = 3.4,3) = 7.3, H-C(4)), 4.384.11 (m, 6 H, H-Gmoo Ha- carboxaldehyde dimethyl acetal instead of 2,2-methoxypropane (DMP)
Crmoa H-C*aia, H2-C(5)), 2.80 (s, 4 H, #Csy), 1.20 (d,J = 7.0, K- in the acid-catalyzed acetalization step. After chromatography purifica-
Cla). CI-MS (NHg): 508 (0.7, [M+ 1]%), 392 (1, [M+ HOSu}), tion and crystallization, the pureSfisomer was obtained. The 2-C

279 (3), 178 (100). A 0.80 M solution of methylamine in ethanol (14.7 chirality is inferred on the basis of X-ray data obtained on the precursor
mL, 9.31 mmol) was added dropwise over a period of 45 min 4 0 Z-Ala-Ser{PP@98irheHyro)-OH 32 CpHpsN3O4 (395.46). Mp> 180°C

to a solution of 4.50 g (8.87 mmol) of Fmoc-Ala-S&#"Pro)-OSu (dec). R (EtOAc/MeOH 17:3) 0.33.tg = 17.9 min (26-80% B, 30

in 30 mL of chloroform. The mixture was stirred for another 20 min - min, Cg). CI-MS (NHg): 396 (1, [M + 1]%), 214 (27, [M —

at room temperature, diluted with 90 mL of chloroform and washed biphenylcarboxaldehydg], 310 (28), 281 (35), 224 (31), 152 (13).
with 60 mL of a 5% solution of sodium carbonate, 60 mL of a 0.1 M Synthesis of Suc-Val-Sef"Hpro)-Phe-pNA (7). Fmoc-Val-

of hydrochloric acid, and brine (% 60 mL). The combined organic Ser@"HPro)-OH (0.35 g, 0.8 mmol) was dissolved in DCM (10 mL)
phases were dried over magnesium sulfate, and the solvent wasand isobutyl chloroformate (1.05 equiv, 120) and NEM (1.05 equiv,
evaporated. The resulting material was purified by column chroma- 78 ;1) added to give a white suspension which was stirred for 30 min
tography on silica gel (eluent EtOAc/AcOH, 50:1) to give 3.27 g (87%) under nitrogen at-10°C. H-Phe-pNA (1.05 equiv, 239 mg) dissolved

of pure Fmoc-Ala-Sef"+pro)-NHMe: GgH2sN3Os (423.47). Mp in DCM (2 mL) was added to give a clear solution which was stirred
122°C. R (EtOAc/AcOH, 50:1) 0.21.tz = 10.7 min (40-100% B, for 4 h togive Fmoc-Val-SeM"Hpro)-Phe-pNA in 60% yield. DCM

30 min, Gg). 'H-NMR (250 MHz, DMSOds, 59 mM, two conform- was evaporated and the residual substance taken up in DMF/morpholine
ers: major (75%) minor (25%)): 7.89-7.28 (m, 10 H, 8 arom. H,2 (13 mL of a 5.4% solution). The already slightly yellow solution was
HN), 5.19/4.88 (br., AB, 2-H)5.12/4.93(AB, J = 3.4,Av = 46, 2-H), stirred under nitrogen for 16 h to give a deep yellow solution. DMF
4.50-4.07 (M, 6 H, H-Gmoo Hz-Crmoe H-C(4), H-C(5)), 3.82 (quint., was removed and replaced by ethyl acetate to give a white precipitate,
J = 4.3, H-C'p), 2.57 (d,J = 4.6, H-CNH), 1.20(d, J = 6.9, Hs- 210 mg (54%) of the white substance (H-Val-SE¥(ipro)-Phe-pNA:
Chan), 1.13 (br., H-CPaw). CI-MS (NHy): 424 (3, [M + 1]*), 279 ESI-MS 484.5 [M+ 1]*). The free amino compound (100 mg) was
(3), 202 (2, [M— Fmoc}"), 178 (100). Purified Fmoc-Ala-Sey"- dissolved with DMF (3 mL) before adding succinic anhydride (2 equiv,

pro)-NHMe (2.09 g, 4.94 mmol) was dissolved in 50 mL of piperidine/ 42 mg) andN-ethylmorpholine (NEM) (2 equiv, 42 mg) and stirred
DMF, 1:4 (v/v), and stirred for 15 min at room temperature. After for 12 h. The desired product was then purified by a preparatiye C
evaporation of the solvent, the yellow residue was purified by column Sep-Pak column (isocratic 30% A) to give Suc-Val-S&t'pro)-Phe-
chromatography on silica gel (eluent CH®MeOH, 10:1, and CHGI pNA. Mp 124-125°C. ESI-MS: 584.2 [M+ 1]*. tr = 9.59 min
MeOH/triethylamine, 50:50:1) to yield 915 mg (92%) of crude H-Ala- (40—100% B, 15 min, @). Anal (CgH3:NsOo) C, H, N.
Ser@HHpro)-NHMe. Quantitative acetylation was performed by Synthesis of Suc-Val-SeMgFMeMepro)-Phe-pNA (8). Fmoc-Val-
treatment with acetic anhydride/water (1:1, v/v, 12 mlr)Zd atroom Ser-OBzl (0.7 g, 1.36 mmol), PPTS (100 mg, 0.3 equiv), and DMP in
temperature. The solvent was evaporated and the crude product purifiedo),ene/DMF (46 mL/4 mL) under nitrogen atmosphere were heated
by chromatography on silica gel (eluent CH®eOH, 10:1) and under reflux during 15 h to give a slightly yellow solution. After
crystallized from DCMi/cyclohexane to afford 863 mg (78%) of eyaporation of the solvent, the remaining yellow oil was taken up in
crystalline Ac-Ala-Sei¢'"*"pro)-NHMe. = GoH1/N3O4 (243.26). Mp CHCIly/MeOH/HOAC (100:3:1, 3 mL) and passed through a silica
148-150°C. R (CHCI/MeOH, 10:1) 0.26.tr = 17.8 min (0-15% column using the same eluent to give 370 mg (49%) of Fmoc-Val-
B, 30 min, Gg). CI-MS (NHy): 244 (18, [M+ 1]*), 185 (3, [M — Ser@MeMepro)-OBzl. ESI-MS 557.7 [Mt 1]*. tr = 20.43 min (46-
HNCOMel"), 159 (8), 131 (42), 114 (51), 86 (100), 72 (32). Anal. 1009 B, 15 min). The dipeptide was dissolved in methanol (20 mL)
(C1oH17N304) C, H, N. The carbon combustion analysis was found to gng hydrogenated with Pd/C dugii2 h togive Fmoc-SeigMeMepro)-
be higher than the expected value; this is supported by the X-ray datagy in quantitative yield. The product was purified by preparative
which show that the above compound cocrystallized with molecules {p| c (Cig) to give 260 mg (0.56 mmol) of the expected compound.
of CH,Cl; in the solid state. The activation of the carboxyl group was achieved with cyanuric
Ac-Ala-Pro-NHMe (5). L-Proline (9.43 g, 81.9 mmol) was added  fluoride (600 mg) in DCM (10 mL) in the presence of pyridine (44
to 10 mL of an aqueous solution and the pH adjusted to 9 by adding mg, 0.56 mmol) by heating the solution under reflux for 2 h. To the
~0.1 g of NaCQOs;. A 1 M solution of Fmoc-Ala-Cl (4.50 g, 13.7 yellowish solution was added water (10 mL) dropwise while keeping
mmol) in acetone was added dropwise over a period of 90 min while the temperature at 6C. The organic layer was dried over MggO
periodically adjusting the pH to-89 with sodium carbonate~2 g). and the solvent filled up to 10 mL with DCM. H-Phe-pNA (160 mg,
The reaction mixture was then cooled t¢© and 3 N hydrochloric 1 equiv), and DIEA (145 mg, 1 equiv) was added and stirred for 1 h.
acid (30 mL) added to adjust the pH to 2. The aqueous suspensionThe solvent was removed and replaced by with a solution of DBU in
was extracted with ethyl acetate £3100 mL), and the organic phases DCM (20%) to immediately turn to a deep yellow solution which was
were combined, washed with brine (2 50 mL), and dried over stirred for 30 min. After removal of the solvent, the brown oil was
magnesium sulfate. Purification by column chromatography on silica purified by preparative HPLC to give 219.3 mg (76%) of H-Val-Ser-
gel (eluent EtOAc/MeOH/AcOH, 100:2:2) resulted in 4.11 g (74%) of (WMeMepro)-Phe-pNA (ESI-MS: 512 [M+ 1]7). The free amine

pure Fmoc-Ala-Pro-OH. £H.4N-Os (408.45). Mp 102105 °C containing product (88 mg), succinic anhydride (18.1 mg, 1.05 equiv)
(Iyophilized material). R (CHCls/MeOH/AcOH, 100:5:1) 0.29.tg = and NMM (18 mg, 19uL, 1 equiv) were stirred for 30 min to give
11.3 min (46-100% B, 30 min, G). H-NMR (250 MHz, DMSO- Suc-Val-SePMeMepro)-Phe-pNA quantitatively. The product was
ds, 65 mM): 7.89-7.28 (m, 8 arom. H), 7.61 (d = 7.5, HN), 4.35- purified by preparative HPLC (20100% B, 30 min) with 20% yield
4.16 (M, 5 H, H-Cia, H-C16, H-Crmoo Hz2-Crmod, 3.62-3.46 (m, H- (68 mg). Mp 186-189°C. ESI-MS: 612.5 [M+ 1]*. tr = 11.71

Cépro), 2.10 (m, H-@pm), 1.94-1.78 (m, 3 H, H-@pro, Hz-Cme), 1.19 min (40_100% B, 15 min, %) Anal. (030H37N509) C, H, N.
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Synthesis of Suc-Val-Self¢/@RHPMPpro)-Phe-pNA (9) and Suc- succinic anhydride (100 mg, 1.1 equiv) in DCM (10 mL) in the presence
Val-Ser(W?9PMPHpro)-Phe-pNA (10). Fmoc-Val-Ser-OBzl (0.5 g, of NMM (35 uL, 1.1 equiv) gave the desired Suc-Val-SHfEUPH
0.968 mmol), PPTS (73 mg, 0.3 eq), and anisaldehyde dimethyl acetalpro)-Phe-pNA as an epimeric mixture. Purification by preparative
(880 mg, 5 equiv) in THF (dry, 30 mL) were heated under reflux for HPLC (20-100% B, 30 min) gave the minor R (compoundd) and
2 h. The THF was evaporated and replaced with methanol (30 mL) the major (&) (compoundl0) epimers separately with 30% and 70%
before a stream of hydrogen {Hvas bubbled through the solution in  yjeld respectively. Mp 214216 °C. ESI-MS: 690.7 [M+ 1]*. tr
the presence of Pd/C catalyst (10%) until full deprotection of the = 12.77 min (compound0) andtg = 13.3 min (compoun®) (40—
carboxyl was reached (2 h). The black suspension was filtered on Celite 1009 B, 15 min, G). Anal. (CssHasNsO10) C, H, N.
and the solvent evaporated (ESI-MS 515.3 fML]*"). The coupling
with phenylalanine-4-nitroanilide (H-Phe-pNA; 276 mg, 1.05 equiv)
was carried out in DCM (25 mL) according the mixed anhydride method
(—10 °C, 30 min) usingtert-butylchloroformate (126uL) in the
presence oN-methylmorpholine (NMM) (106:L) to give Fmoc-Val-
Ser@PVPHoro)-Phe-pNA (89%). Deprotection of the Fmoc protection Supporting Information Available: 'H and3C NMR tables
group was achieved without further workup using DBU (209 in and Ramachandran maps of the pseudo-proline-containing
DCM (10 mL) within 30 min. After evaporation of the solvent and  peptides (13 pages). See any current masthead page for ordering
the DBU, the yellow oil was taken up in 5 mL of acetonitrile/water 5nd |nternet access instructions.

(2:1) and purified by preparative HPLC{g to give the two epimers
of H-Val-Ser-@PMPHoro)-Phe-pNA. Acetylation of the mixture with ~ JA962780A
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