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Abstract: We describe a general method for the preparation of cyclic peptides by intramolecular thiazolidine formation
from linear, unprotected peptide precursors. The precursors contain a protected 1,2-aminothiol from an N-terminal
cysteine and a 1,2-amino alcohol or 1,2-diol as a masked aldehyde. Thiazolidine formation was effected by oxidation
of the 1,2-amino alcohol or 1,2-diol by sodium periodate to give an aldehyde, followed by deprotection of the masked
1,2-aminothiol. The cyclization could be effected at concentrations as high as 20 mM and was free from any
polymerized side products. Such high efficiency of macrocyclization may be attributed to the ring-chain” tautomerism
of the open chain amino-aldehyde precursor that favors a macrocyclic thiazolidine ring. Thiazolidine formation was
further exploited as a capture device to position the N and C termini covalently close together and then to allow a
proximity-driven O to N acyl transfer through a novel tricyclic ring contraction to yield an all amide, end-to-end
cyclic lactam. These macrocyclization methods have been applied to the synthesis of cyclic peptides containing 5

to 26 amino acids.

Introduction

Cyclic peptides have been extensively employed as a method

of conformational constraint to achieve increased biological
activity, selectivity, and metabolic stability® Cyclic scaffolds

and templates have been used to assemble various spatially

defined functional groups for molecular recognititemd cyclic

peptide librarieshave been investigated to combine structural
constraints with molecular diversity. In most cases cyclization
has been achieved by either cyclic lactam or disulfide formation.
Cyclic lactam formation requires the protection of selected
functional groups and is usually performed in an organic

solventS either at high dilutio? or using pseudo-dilution on a
solid supporf? Disulfide formation proceeds in aqueous
conditions at very dilute to moderately high concentrations.
However, its limitation is that the disulfide bridges are not
always metabolically stable vivo.

These two major methods also provide fundamentally dif-
ferent cyclization processes. In lactam cyclization, the acylating
moiety is highly enthalpically activated and is susceptible to
nucleophilic attack. This procedure requires protecting groups
to mask the peptide side chains and high dilution to prevent
polymerization. In contrast, disulfide cyclization is an equili-
brating process that can be performed with unprotected peptides
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T Abbreviations: BOP, benzotriazole-1-yloxytris(dimethylamino)phos-

phonium hexafluorophosphate; DBU, 1,8-diazabicyclo[5.4.0.Jundec-7-ene-

(1,5-5); DCC N,N'-dicyclohexylcarbodiimide; DCM, dichloromethane;
DCU, N,N'-dicyclohexylurea; Dde, 1-(4,4-dimethyl-2,6-dioxocyclohexyl-
idene)ethyl; DIEAN,N-diisopropylethylamine; DMAP, 4-(dimethylamino)-
pyridine; DME, ethylene glycol dimethyl ether; DMF, dimethylformamide;
DMSO, dimethyl sulfoxide; Fmoc, 9-fluorenylmethoxycarbonyl; HOBt,
N-hydroxybenzotriazole; MALDI-MS, matrix-assisted laser desorption mass

spectrometry; RP-HPLC, reversed-phase high-performance liquid chroma-

tography; SPro, thiaproline; StBig-tert-butylsulfenyl; TLC, thin layer
chromatography; TFA, trifluoroacetic acid; TCEP, tris(2-carboxyethyl)-
phosphine; TIS, triisopropylsilane.
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that permit disulfide exchang@to favor intermolecular disulfide
formation. Thus, it would be highly desirable to develop a
cyclization method of unprotected peptides in aqueous solution
that has the advantages of disulfide formation but forms a
nondisulfide bond.

Recent advances in the orthogonal coupling of unprotected
peptide segments have provided approaches that utilize a weakly
activated acyl moiety coupled with proximity-driven amide
formation1%1! In such an approach, addition to the weak acyl
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to be an important antigenic determinant recognized by neutral-

X= COCHO OH . . . . ; . .
Y=H s izing antibodies derived from different HIV-1 isolates and is
of interest in the design of a peptide-based vaccine. This
N . . .

Hs i H sequence adopts a multipheturn conformatio®® which may
mcoo.\( < End-to-Side Chain Cyclic Peptide be stabilized by various forms of cyclization, and it is also
HN il o known to mediate the membrane fusion events that determine

H viral infectivity.16 Any cyclic peptide analogs that interfere with
X=H . 2 .
Y = CH,CHO viral entry into host cells may provide useful leads for

v therapeutic agents.
End-to-End Cyclic Peptide

Figure 1. A general scheme for the preparation of cyclic peptides from
a linear precursor bearing either (i) a side-chain aldehyde=(X
COCHO) to give end-to-side chain cyclization or (ii) a C-terminal
glycoaldehyde (Y= COOCHCHO) to give end-to-end all amide
backbone cyclization.

Results

Synthetic Strategy To Generate a 1,2-Aminothiol and an
Aldehyde on Unprotected Peptides.Our scheme requires a
mild method for introducing a 1,2-aminothiol and an aldehyde
onto an unprotected peptide for subsequent thiazolidine forma-
moiety is the first step of covalent bond formation, which is tion. A 1,2-aminothiol is available from an unprotected cysteine
usually reversible under agueous conditions. A case in point residue positioned at the N-terminus or attached to tharhine
is amine-aldehyde intramolecular ligation by the condensation of lysine. Aldehydes do not occur naturally in amino acids and
of two peptide segments containing 1,2-aminothiol on one must be incorporated in the peptide chain in a masked form.
segment and an aldehyde on the other, which forms a thiazo- Two different strategies were examined to obtain a 1,2-
lidine ring under aqueous acidic conditions. The thiazolidine aminothiol and an aldehyde on unprotected peptides. In the
ligation method might also provide intramolecular cyclization one-step strategy, both the 1,2-aminothiol and the aldehyde were
when both 1,2-aminothiol and aldehyde are present on a singlegenerated during the final cleavage step that removes both the
chain. The reversibility of the amine-aldehyde condensation side chain protecting groups and the peptide from the resin
also makes “ring-chain tautomerism” possible, favoring in- support. In the sequential strategy, the 1,2-aminothiol and the
tramolecular cyclization to a rintf:'® Ring-chain tautomerisms  aldehyde were masked during the cleavage step to produce an
have been well documented in small to macrocyclic member unprotected linear precursor. These functional groups were then
rings but have not been applied to macrocyclization of peptides. sequentially unmasked for the cyclization reaction.
Nevertheless, if such a mechanism is feasible, it would offer  Model studies in our laboratory showed that alkyl aldehydes,
the advantage of preventing random polymerization of unpro- introduced as protected acetals, were generally unstable to the
tected peptide segments and would avoid the necessity of highstrong acid used to cleave the peptide from the resin. For
dilution conditions during cyclization. example, 5,5-dimethoxyvaleric acid introduced onto the side

In this paper, we report a general method for the preparation chain of a lysine residue did not yield appreciable amounts of
of cyclic peptides under the influence of “ring-chain” tautom- aldehyde following TFA cleavage from the resin support. A
erism through thiazolidine formation from linear, unprotected major side reaction was the conversion of the aldehyde to a
aldehyde peptide precursors. Two types of thiazolidine bond mono ester by TFA? Resin-linkers that yielded C-terminal
formations are described. In the first type (Figure 1, path i), a aldehydes directly after TFA or HF cleavage of the peptide also
thiazolidine ring is formed from a glyoxylaldehyde and a 1,2- failed to yield significant amounts of aldehyde product. In these
aminothiol to generate an end-to-side chain cyclized product. cases, the major side reaction was the hydrolysis of the
In this study, the glyoxyaldehyde is generated from NalO glycoaldehyde ester to the free carboxylic acid in a strong acid.
mediated oxidation of a serine linked to the side chain lysine, Based on these limited preliminary results, we concluded that
whereas the 1,2-amino-thiol is derived from the cysteine placed aldehydes were not sufficiently stable to the peptide-resin
at the amino terminus. Obviously, there is flexibility in placing cleavage conditions to allow their practical use in a one-step
two functional groups at different points in the peptide chain strategy. Thus, our attention turned to a sequential strategy in
to generate different cyclic peptides. In the second type, the which both the thiol and the aldehyde moieties are masked
initial thiazolidine ring formation is an intermediate step that during the final resin cleavage step. This method offers the
leads to a cyclic lactam as a final product (Figure 1, path ii). advantages of stability, ease of purification, and reduced side
The mutually reactive functional groups, a C-terminal glycoal- products for the synthesis of end-to-side chain and end-to-end
dehyde generated from Naj@nediated oxidation of a diol cyclized peptides.
precursor and an N-terminal 1,2-aminothiol, initially form a A Sequential Strategy for End-to-Side Chain Cyclization
thiazolidine ring. This ring is used as a capture device to hold by Thiazolidine Bond Formation. A general scheme for end-
covalently the N- and C-termini close together, thus allowing a to-side chain cyclization is depicted in Figure 2. In this scheme,
proximity driven O to N-acyl transfer that generates an end- a cysteinyl 1,2-aminothiol moiety was placed at the N-terminus
to-end cyclized final product. The transfer proceeds through a and an unprotected serine on the side chain of an internal lysine.
tricyclic intermediate to give a thiaproline bond and provides a (14) (a) Emini, E. A Nara, P. L. Schieif, W. A Lewis, J. A Davide,
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: Nature 1992 355 728-730.
The model peptides used throughout our study ranged from (15) Ghiara, J. B.: Stura, E. A.; Stanfield, R. L.; Profy, A. T.. Wilson,
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ciency virus (HIV-1)* A conserved tip of the V3 loop
containing the Gly-Pro-Gly-Arg-Ala-Phe-Tyr sequence is known
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H—C)I(s—ﬂ:>—Lys—ﬂAla—O-CH2 Resin

StBu Boc-Ser(tBu) 1
_0_ H—CysDLys-BAla-OH I II I b
StBu H-Ser 2

(ii)
B ey >-tys-pam-on
ajlc
étBu OYLO 3 ___,_.JL»—— ,_,_Jmh’_’_
U U 1'0

H 0 20 30 20 3 10 20 30
{iii) Time (min)
ys=pAla-OH Figure 3. RP-HPLC analysis of the side chain to N-terminal cyclized

SXLO 4 peptide4: panel I, linear starting peptide (see Figure 2); panel I,

N purified peptide-aldehydg; panel Il crude product after thiazolidine

H formation, peaka uncyclized peptide-aldehyde, thiol deprotected; peak
Figure 2. Side chain to N-terminal cyclization by thiazolidine b desired cyclic productl, peakc StBu protected peptid8. See
formation of the linear peptid2 C(StBu)GIGPGRAFGK(SerpAla: Experimental Section for HPLC conditions.
(i) CFsCOOH, (ii) NalQ, pH 6.8, (iii) tris(carboxyethyl)phosphine, pH

slow at acidic pH. Thus, the cyclization required 72 h to achieve
95% completion with 2% of the StBu moiety unremoved and
2% of resulting aminothiol uncyclized (Figure 3). No polymeric
product from the thiazolidine formation was observed in
analytical RP-HPLC. When the second step was performed in
neutral or slightly basic conditions (pH 8.0), the StBu group
was removed more quickly, and the cyclization was complete
within 48 h. However, the cyclic peptidewas isolated in only

4.2.

The 1,2-amino alcohol of the serine is an aldehyde precursor
and is easily converted to a glyoxylaldehyde by oxidation with
sodium periodaté® A tert-butylsulfenyl group was used to
protect the cysteinyl thiol during the oxidation of the 1,2-
aminoalcohol to the aldehyde. The thiol was easily deprotected
by a trlalkylphos_phlne der|va_t|ve under acidic conditighto 70% vyield due to deleterious side reactions at the higher pH.
effect the th|azoI|gI|ne formation. . When the end-to-side chain cyclization 2fvas performed at
The linear peptide precursdrwas synthesized on a Wang 7, 0.7, and 7 mM concentrations in aqueous sodium acetate
resin using standard Fmoc/tBu methodology. For the introduc- y ffer at pH 4.5, no polymerization was observed, and the
tion of the Boc-Ser(tBu) on the side chain of the resin-bound eaction was 95% complete after 96, 72, and 72 h, respectively.
lysine, a nortert-butyl derived protecting group compatible with  hterestingly, cyclizations at higher concentrations of 0.7 and 7
the Fmoc chemistry is required. We found that the Dde-Lys- 1\ were slightly faster than at 0.07 mM, possibly due to the
(Fmoc)-OI—?O derivative of lysine was su!table after incorporat- higher concentration of phosphine derivative present in each
ing Dde-Lys(Fmoc)-OH onto the peptide bound resin. The reaction and consequently higher rate of thiol deprotection. A
Fmoc group was selectively removed using 1% BBid DMF tryptic digest, hydrolyzing the Arg-Ala bond, and the subsequent
and Boc-Ser(tBu)-OH was coupled to the unprotected resin- \1g analysis of the fragments produced, demonstrated that the
bound lysyl side chain as an amide. The-Dide group was  product was cyclic. The cyclic peptide gave the expected
then removed with 1% hydrazine hydrate in DMRnd the  jinear thiazolidine, while the linear precurs@ gave two

rest of the peptide assembled from the-&mine in the usual  hroqycts confirmed as the expected C and N terminal fragments.
manner. Treatment of the assembled peptide-resiith TFA End-to-End Cyclization by Thiaproline Formation. A

cleaved the peptide from the resin support and released the lineag;mijar synthetic strategy using a StBu protecting group for

peptide precursa? in solution. At this point, the thiol moiety  cysteine and an aldehyde precursor was used for the synthesis
of the N-terminal cysteine was still protected as the StBU of end-to-end cyclized peptides (Figure 4). However, a C-

derivative, but the rest of the peptide did not contain any terminal glycoaldehyde is required to obtain an end-to-end cyclic
protecting groups. peptide with an all-amide backbone. In our strategy, the peptide-

Oxidation of the 1,2-amino alcohol of the serine 2nby glycoaldehyde is obtained from a glyceric ester precubsere
NalQ, at pH 6.8 for 2 min gave the desired glyoxylaldehyle  derived from a novel peptide-resin following TFA cleavage.
in quantitative yield. Purification of aldehydeby RP-HPLC The diol of the glyceric esterSa—e were converted to the

was necessary due to the presence of formaldehyde generateglycoaldehydesa—e by oxidation with NalQ for 30 min at

as a byproduct in the Nalnediated oxidation. Removal of pH 5. The rate of the diol oxidation increased as the pH
the StBu protecting group & to yield a free cysteine and the  decreased below 5. Thus, at pH 2.0 the oxidation was complete
subsequent cyclizations were carried out concomitantly using within 1 min. At pH 6-7 the rate of oxidation was slow, and

5 equiv of a water-soluble trialkylphosphine, tris(2-carboxy- at pH 7.0 was complete only after 2 h. It should be noted that
ethyl)phosphin€ (TCEP). Although thiazolidine formationis  when the oxidation was performed below pH 5, Met was
fast at pH 4-6, TCEP-mediated deprotection was found to be oxidized8to Met(O), even in the presence of large excesses of
methionine as a scavenger. This side reaction could be avoided

(18) Geoghegan, K. F.; Stroh, J. Bioconjugate Cherml992 3, 138—

148. at neutral pH. Again, purification of the aldehyde by RP-HPLC
(19) Atherton, E.; Sheppard, R. C.; Ward JPCChem Soc, Perkin Trans was required to remove the generated formaldehyde. Removal
1 1985 2065-2073. of the StBu group from the cysteirga—e and concomitant

(20) Bycroft, B. W.; Chan, W. C.; Chhabra, S. R.; Teesdale-Spittle, P.

H.. Hardy, P. M.J. Chem Sot, Chem Commun 1993 776 777. cychzanqn were pe.rformed at pH 5_.5 tq give a cycl_lc peptide
(21) Wade, J. D.; Bedford, J.; Sheppard, R. C.; Tregear, GPépt with a thiazolidine linkag8a—e. Thiazolidine formation was
Res 1991, 4, 194. complete within 36 h for cyclic peptides containing 5, 6, 12,

(22) (a) Rauhut, M. M.; Hechembleikner, I.; Currier, H. A.; Shaeffer, F.
C.; Wystrach, V. PJ. Am Chem Soc 1959 81, 1103-7. (b) Levison, M.
E.; Josephson, A. S.; Kirschenbaum, D. Bkperiential 969 25(2), 126—

7.

and 26 amino acid residues (Table 1).
The intramolecular O to N-acyl transfer to the cyclic peptides
9a—e with an amide backbone occurred after the pH of the
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o OH 5 In the second method a more general approach was adopted
H-cslfs—ll:';>—«o _):OH in which the benzylic cyclic acetdl2 was first formed on the
StBu resin by refluxing the benzaldehyde redihwith glycerol and
0 o o 6 a catalytic amount op-toluenesulfonic acid in DME. The
- ”‘cll’s_“::>‘40_)'\,.. reaction was complete in 24 h as monitored by the disappearance
StBu of the IR absorption of the aldehyde carbonyl. Fmoc-Gly-OH

o was then coupled to the glyceric acetal-redig via the
symmetrical anhydride in the presence of 0.05 equiv of DMAP.
ﬂ»H-Cys—":>—Qo_)?\ UL (40 Using this method, the final loading of the resiB was 0.5
7 0—""H H\N;) 8 mmol/g, a>95% vyield with about 1% of the double insertion
H of glycerineg® to give the Fmoc-Gly-Gly-glyceric ester. No
evidence of unreacted aldehyde was detected by FT-IR. Treat-
o

(iv) _ o ment of the Fmoc-Gly-resih3 with 90% TFA and a combina-
— —_— N OH tion of scavengers (thioanisole, water, anisole) gave the Fmoc-
H 7‘"’ 9 Gly-glyceric esterl(, indicating that the glyceric-ester bond
S

was generally stable to the TFA cleavage conditions. No
Figure 4. End to end cyclization by thiazolidine formation followed  formation of Fmoc-Gly-OH was observed after 1 h, but after

by an intramolecular acyl transfer: (i) NaJGpH 5; (ii) BuPs, pH 5.5; 2.5 and 12 h, 2%, and 20% hydrolysis had occurred, respec-
(i) pH 5.9. Peptide sequeneeCGRAG;b CGRAFG;c CGRAFVTIG; tively

d CGRAFVTIGKIG; e CNNNTRKRIRIQRGPGRAFVTIGKIG; num- | the fi hod of linki h f dal .
bers refers to different molecules forms. Thus, the compound number In general, the first met 0 _0 Inking the preforme gyce_rlc_
6d represents the peptide sequersecontaining the structure of ~ €ster of an Fmoc-amino acid to the benzaldehyde resin is

compoundsé. unambiguous and avoids the possible racemization and double
insertion side reactions present in the second method.

buffer was adjusted to 5.9 but required more than 20 h for .
completion at 22C (Figure 5). Increasing the temperature to Discussion

52 °C increased the reaction rate-3-fold. This O to N-acyl  Tnere are four aspects of our work that should be emphasized.
transfer reaction passes through a highly strained tricyclic rirst we have developed the use of thiazolidine ring formation
mterm(_adla_te when undergc_)lng ring contraction. The Fmazohdlne as a general method to give cyclic peptides from unprotected
formation introduces a chiral center at the C-5 position of the peptide precursors. This method is general because the cysteine
Fhlazolldl_ne ring. This is at a ring junction of the tricyclic  5nd the masked aldehyde can be placed anywhere on the peptide
intermediate, an_d consequently the mtramolecular_acyl transfer .pain. We have shown that very efficient end-to-side chain
proceeds at a different rate for each of the two dlastereomerscycnzation is ensured when they are placed at the N-terminus
(Table 1). and on the side chain of lysine. Varying the placement of these
To show that cyclization was concentration independent, the groups on the peptide side chains or at the N-terminus would
cyclization of 6d, a 12-residue peptide (see Figure 4 for vyield other types of cyclic peptides. For example, placement
explanation), was performed at 0.6, 6, and 20 mM concentrationsof both groups on the side chains of lysine residues would give
at pH 5.8 in the presence of £@20% isopropyl alcohol. The  side chain-to-side chain cyclic peptides.
cyclic thiazolidine formation t@d was complete within 0.5 h. Secondly, the thiazolidine ring formation is also exploited to
The greatly accelerated rate of cyclizationéafcompared t@ form an end-to-end cyclic peptide with an all-amide bond
could be attributed to the different chemical characteristics of backbone by utilizing a novel ring contraction via a tricyclic
the phosphines used, the higher pH, the presence of the organitntramolecular rearrangement. In general, cyclizations by amide
solvent, or the favorable conformation of the precursor. Again, or lactam formation are not accessible from unprotected linear
no polymerization was observed. peptide precursors due to the lack of regioselectivity at relative
Development of New Resins To Yield a C-Terminal sites. For the cyclization to occur by the formation of a covalent
Peptide Glyceric Ester. The benzaldehyde-polystyrene resin amide bond between the N-terminal amino acid and either the
11 developed by Frechet et @was used in our experimentto  C-terminus or a side chain moiety, all other functional groups
link an amino acid glyceric ester to the resin (Figure 6). Two in the peptide have to be protected. However, protecting groups
variations were developed to prepare the glyceric ester resincan be avoided if the appropriate N and C termini are in close
13, both starting from the benzaldehyde-regihprepared by  proximity and the amide bond is formed by entropic activatfon.
oxidizing a chloromethyl-polystyrene resin with DMSO/ The intramolecular O to N acyl transfer proceeds via a ring
NaHCGQ;. In the first method the preformed Fmoc-Gly-glyceric  contraction through a tricyclic intermediate. The rate of
esterlOwas attached to the resid by refluxing with a catalytic rearrangement is dependent on the number of amino acids in
amount ofp-toluenesulfonic acid in dioxane. Using this method the ring. The cyclic pentapeptides required heating téG2
the yield was in range of 43%, and the final loading of reidn rearrange to the desired amide product in 30% vyield after 100
was 0.25 mmol/g, as determined by elemental analysis and byh. Generally, the rate of the O, N acyl transfer reaction
quantitative analysis of the Fmoc protecting group released from increased with ring size, and with the 26-mer peptide, the
the resin support with piperidine. The unreacted aldehyde wasrearrangement was complete within 30 h.
presumably converted to the dipiperidine adduct during the Thirdly, based on our model peptides in acidic aqueous
Fmoc cleavage ste}d. With this resin, excess of HOBt was  conditions the cyclization by thiazolidine formation is efficiently
used in the coupling step to account for the presence of the

(25) Atherton, E.; Gaiy, M. J.; Sheppard, R. C.; Williams, B. J.

adduct. Bioorganic Chem1979 8, 351-370.
(26) (a) Kemp, D. S. IrPeptides: SynthesisStructure and Functian
(23) Frechet, M. J.; Schuerch, @.Am Chem Soc 1971, 93, 492-49. Rich, D., Gross, E., Eds.; Pierce Chemical Co.: Rockford, IL, 1981; pp

(24) Duhamel, L. InThe Chemistry of amino, nitroso and nitro  73—79. (b) Fotouhi, N.; Galakatos, N. G.; Kemp, D. $.0rg. Chem
compounds and their demtives Supplement FPatai, S. Ed.; Wiley: New 1989 54, 2803-2817. (c) Kemp, D. S.; Carey, R. Tetrahedron Lett
York, 1982; Part 2, pp 849907. 1991, 32(25), 2845-2848.
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Table 1. Conditions and Yields of End-to-End Cyclization and Intramolecular O to N-Acyl Transfer

time for 95% completion (h)

amide
Sequence no. of amino acids ester (22) 22°C 52°C yield® %
CGRAG 5a 5 0.1 >100 25
CGRAFG 5b 6 0.1 100 30 90
CGRAFVTIG 5c 9 2& 100 d 70
CGRAFVTIGKIG 5d 12 0.5 1000209 20(0.1y 96
CNNNTRKRIRIQRGPGRAFVTIGKIG 5e 26 6 36(10Y 14 75

aYield of the final product based on HPLC analysis for the reaction a&22Cyclization were effected by BB except otherwise stateti30%
completion in 100 h¢ Cyclization was effected by TCEP at pH 53ecomposet Rate of rearrangement of two isomers. The faster rate is in
parenthese$.35% of hydrolyzed product was found.

c of the amino-aldehyde peptide precursor. To avoid an inter-

molecular reaction, the conventional approaches of cyclization

I I to form a lactam use a highly activated acyl moiety and usually
t=1h t=10h require high dilution methods, typically in the micromolar

c a rangeZ2 In our scheme, the acyl moiety is weakly activated as

a glycoaldehyde ester amenable to the amine-aldehyde ring-
chain tautomerization, which has many precedents in the
literaturet®12
In the “ring-chain” tautomerism, the initial step is the addition
of a weak base at one end of the chain to a multiple polar bond
to such an aldehyde on the other end. In our case, it is likely
that the thiol nucleophile is involved in the first step and this
reaction is reversible under aqueous conditing.he revers-
) i , ibility of the reaction is further favored by thert-butylthiol
10 20 30 10 20 30 liberated during the cysteine deprotection. However, the second
step, which involves the thiazolidine formation and elimination
11 a v a of a water molecule to form a nonisomeric heterocycle, is slow
and rate determined, but it drives the reaction to completion to
=40h =90h favor the cyclic thiazolidine rather than polymeric products. We
have used concentrations as high as 20 mM, which is 1000-
fold higher than the conventional approach, and there were no
detectable polymerized products. Thus, cyclization via “ring-
chain” tautomerism of an amine-aldehyde precursor may provide
the explanation for the high yield of our observed results and

L.
T
-

J \..J © the avoidance of polymerization.
L_ Second, it is possible that our linear peptides, which are
10 20 30 10 20 30 derived from the looped region of thesVsequence, are
Figure 5. RP-HPLC analysis of the end-to-end cyclization of Conformationa}lly predisposed 1o fqrm cyclic structgres. The
CGRAFVTIGKIG 6d. Panel I, cyclization after 1 h: peaksand.c macrocyclization tendency of peptides has been dlscussgd by
are diastereomers 8f(see Figure 4). Panel ll, O,N-acyl transfer after Mutter?® He found that the presence of Gly, Pro, or D-amino

10 h; peaka desired cyclic peptid®@d. Panel I, O,N-acyl transfer ?Cid in Fhe peptide sequence fqvor§ macrocyclization. ThUS{ it
after 40 h. Panel IV, O,N-acyl transfer after 90 h. See Experimental iS possible that the concentration-independent nature of thia-

Section for HPLC conditions. zolidine cyclization is a direct result of the conformation
oH predisposition of the linear peptide precursor. However, it
Fimoo-Gly -0_L_OH remains to be determined whether thiazolidine cyclization is

concentration independent in other peptides. Nevertheless, our

o 10 o) results show that our approach to cyclization using weakly
H-&—@-R — Fmoc-Gly-O )—@R activated reactive moieties and “ring-chain” tautomerism is
" H 0 different from the conventional cycloamidation approaches using
\ y’ 13 highly activated acyl moieties and may significantly reduce the
risk of random polymerization.
Q The apparent concentration-independent nature of our cy-
HO\/EO>_©‘ R clization of unprotected peptides is noteworthy as an approach
to the self-assembly of cyclic peptide dendrimerSuch a self-
12

assembly process, must be error free since many open branches
Figure 6. Synthesis of the acetal resin: (i) glycerol and (ii) Fmoc- are simultaneously cyclized to form the desired dendritic
Gly, DCC/DMAP. cyclized structures. This is a difficult process to achieve by

conventional approaches, and thiazolidine cyclization through
accomplished in relatively high concentration. The cyclization ring-chain tautomerization may provide a useful solution.

yields are high and are based on the HPLC analysis. Further- Finally, for end-to-end cyclic peptides, the presence of a
more, analyses of crude product mixtures do not show evidencethiazolidine ring provides opportunities for the inclusion of

of polymeric products. We can offer two reasons for such & ~~(27) Tome, D.; Naulet, Nint. J. Pept Protein Res1981, 17, 501-507.
high efficiency. First it may be due to “ring-chain” tautomerism (28) Mutter, M.J. Am Chem Soc 1977, 99, 8307-8314.
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chimeric structural features and novel chemical modifications. Boc-Ser(tBu)-OH was coupled to the Lys side chain. The Dde group
In our previous study, we have found that the thiazolidine ring was then removed by treatment with 1% hydrazine hydrate in DMF,
as a thiaproline analog is stable in aqueous solution from pH 3 and the rest of the peptide assembled according to the standard Fmoc/
to 92° However, the thiaproline contains a new chiral center 1BU protocol. After the final removal of the N-terminal Fmoc group

at the hydroxy methyl at the C-5 position which results in a the peptide was cleaved from the resin using@BOH/TIS/thioanisole/

ixct f two diast . in the final duct. Si H,O (92.5/2.5/2.5/2.5) for 1 h. The resin was removed by filtration,
mixture o 0 diastereciSomers in the final product. SINCe o4 e fijtrate concentrated vacua Following precipitation by dry

proline often occurs at reverse tumns, the thiaproline side chain giher the peptide was taken up in 5% agueous acetic acid and then
substituent is unlikely to perturb the conformation of an all- |yophilized. The crude peptide was purified by semipreparative RP-
amide backbone, and a thiaproline analog is likely to adopt a HPLC and then lyophilized to give the title compound in 89% overall
similar conformation to a natural proline-containing peptide. vyield. Anal. MALDI-MS M+ (found) = 1308.2 (Calcd for GHos-
Recently, we have shown that replacement of thiazolidine for N1/015S,, 1308.724).

Proline-39 in three analogues of HIV-1 protease does not affect End-to-Side Chain Cyclization of 2. In the sequential strategy,
their folding, dimerization, and biological activitié%. Further- the amino terminal Ser was oxidized first and the removal of the StBu
more, such a thiaproline analog could be considered a chimericProtecting group and cyclization were carried out concomitantly.
amino acid with the structural constraint of a proline and the (1) Oxidation. To a solution of2 (1 mg, 0.76umol) in sodium
5-hydroxyl methyl substituent of a hydroxylic amino acid. phosphate buffer (0.01 M, pH 6.8, 1 mL) was added sodium periodate

Chi . i | h v f d ful (0.33 mg, 2 equiv) in water (3.bL). The mixture was shaken for 2
imeric proline analogs have recently found successtul nin gng then injected onto a semipreparative RP-HPLC column and

applications in the rational design of peptide hormones. pified. The product was lyophilized to gi&in quantitative yield.

Kolodzriej et al’! have found that replacement a 3 or 4 Anal. MALDI-MS M~ (found)= 1277.7 (Calcd for GHgeN1¢O1:Ss,

alkylthiaproline for the Met residue of a cholecystokinin (CCK) 1277.613).

tetrapeptide yields a highly potent and selective CCK-B agonist, (2) Cyclization. To a solution of3 (1.2 mg, 0.94:mol) in sodium

possibly because of the local constraint imposed by the proline acetate buffer (0.01M, pH 4.2, 1 mL) was added tris(2-carboxyethyl)-

analog that stabilizes a reverse turn, and because of the presendghosphine (2.3 mg, 9.8mol, 10 equiv) in the same buffer (2&.).

of the alkyl side chain mimicking the Met residue. In addition, The mixture was shaken, and the aliquot was removed every 12 h for

there are a wealth of synthetic routes derived from penicillin @"aysis by RP-HPLC (gradient 1). After 72 h the reaction was 90%

chemistry for the transformation of the thiazolidine ring into COMPIete, and the mixture was injected onto a semipreparative RP-
. . - HPLC and purified. The collected product was then lyophilized to

other functlonal groups. These gynthetlc routes will be usgful give cyclic peptided in 61% overall yield. Anal. MALDI-MS M

for. transforming the th|azol|d|ne ring into other.u.nusual amino  (found) = 1170.6 (Caled for GH7gN1c01S, 1170.560).

ac_lds fpr_ ana_log _studles. Furthermore, we anticipate that these characterization of End-to-Side Chain Cyclic Peptides. (1)

thiazolidine ligation methods are not only applicable to the Enzymatic Digestion of 2. To a solution of2 (0.5 mg, 0.3%:mmol)

intramolecular cyclization of peptide segments but can also bein Tris buffer (0.01 M, pH 7.8, 1 mL) was added trypsing§, w/w

used as a method to provide conformational constraints for a 0.01 equiv) in the same buffer (8). The mixture was shaken for 15

cyclic peptide library. min, then injected onto a semipreparative RP-HPLC, and purified. Two
products were isolated with retention times of 10.9 and 18.1 min.
Experimental Section MALDI-MS showed these to be the C-terminal and the N-terminal

fragments, respectively. Anal. MALDI-MS M (found) = 579.8

Materials and Methods. Analytical RP-HPLC (Shimadzu Inc.)was  (Calcd for GeHaiN;Os, 579.302), C-terminal fragment; Mfound) =
performed on Vydac G reverse phase columns (250.46 cm i.d.) 746.3 (Calcd for GoHs4N100sS, 746.357), N-terminal fragment.
with a flow rate of 1 mL/min, monitored at 225 nm. Peptides were (2) Enzymic Digestion of 4. Using the same conditions as above,
purified using Waters equipment on a Vydag verse phase column  one product was isolated with a retention time of 16.7 min. MALDI-
(25 x 1 cmi.d.) with a flow rate of 5 mL/min, monitoring at 225 nm.  MS confirmed the peptide as the linear thiazolidine. Anal. MALDI-
Eluent used were (A) 0.046% TFA in water, and (B) 0.039% TFAin  MS M* (found) = 1188.6 (Calcd for gHgiN1¢O15S, 1188.57).
60% acetonitrile. Gradients were (1) 1 min isocratic 10%B, 30 min Preparation of Benzaldehyde Resin 11.To a suspension of
10—-100%B (Figure 3); (2) 30 min 2670% B (Figure 5); (3) 30 min  chloromethylated polystyrene(1% divinylbenzene)-copolymer (0.76
5-50% B. Laser desorption mass spectra were obtained in positive mmol/g, 0.5 g) in DMSO (3 mL) was added sodium bicarbonate (0.2
ion mode on a Kratos MALDI-MS Il instrument. FT-IR spectrawere q). After stirring fa 7 h at 155°C the resin was washed with water,
obtained from KBr discs. Elemental analysis was performed by Atlantic methanol, DMF, DCM, and diethyl ether and then driedacua FT-
Microlab Inc. Trypsin was obtained from Sigma (T1005, DPCC |R analysis showed the typical carbonyl absorption at 1700.5'cm
treated). and microanalysis showed that the resin contained no chlorine. The

Peptides were all synthesized using standard Fmoc/tBu chemistryresin 11 was then treated with a large excess of hydroxylamine
using the stepwise solid phase method. Couplings were accomplishedhydrochloride in pyridine for 6 h at 95C, then washed, and drigd
using BOP/DIEA in DMF, unless otherwise specified. Yields were jacua FT-IR analysis showed no carbonyl absorbance at 17005 cm
determined by peak integration from the RP-HPLC trace. For the end- and microanalysis showed 0.82% nitrogen, which indicated a yield of
to-end cyclization the yields refer to the cyclization and acyl transfer 77% and a loading of the aldehyde at 0.59 mmol/g.
steps only. The absence of polymer formation was established by two  preparation of Fmoc-Gly Glyceric Ester 10. Fmoc-Gly-OH (10
lines of evidence. First MS analysis of crude products after cyclization mmol, 2.97 g) was dissolved in DMF/DCM (1:2, v/iv 30 mL) with DCC-
and acyl transfer showed no peaks corresponding to dimer or trimer. (11 mmol, 2.37 g)/HOBt (11 mmol, 1.68 g). After stirring for 20 min,
Second, there was absence of unexplained peaks from the HPLC tracethe insoluble DCU was filtered off, and the solution was added to
The major products after cyclization were shown to be isomers by MS glycerol (5.5 g, 60 mmol) in DMF (20 mL). After stirring overnight,
and amino acid analysis and were presumed to be diastereocisomersT|C analysis showed no Fmoc-Gly-OH was present. The mixture was

Synthesis of Peptide 2. (H-Cys(StBu)GlylleGlyProGlyArgAl- reduced to an oiln vacuoand was taken up in ethyl acetate, filtered,
aPheGlyLys(Serp-Ala-OH). Dde-Lys(Fmoc)-OH was coupled to a  washed with sodium carbonate solution (3%), and then with saturated
B-alanylp-(benzoyloxy)benzyl alcohol resip<alanyl-Wang resin). The NaCl solution. After drying over sodium sulfate the solution was
Fmoc group was removed by treatment with 1% DBU in DMF, and concentrateih vacuq and the product was crystallized from n-hexane/
ethyl acetate (yield 3.2 g, 85%). Anal. FAB-MS [M H] (found)

(29) Shao, J.; Tam, J. B. Am Chem Soc 1993 117, 3893-3899. = 372 (Calcd for GoHNOg, 371.4).
3190) Liu, C. F.; Rao, C.; Tam, J. B. Am Chem Soc 1996 118 307~ Preparation of the Cyclic Acetal Resin 12. The benzaldehyde resin

(31) Kolodziej, S. A.; Nikiforovich, G. V.; Skeean, R.; Lignon, M.-F.; 11 (0.59 mmol/g, 1.0 g) was suspended in anhydrous DME (10 mL)
Martinez, J.; Marshall, G. Rl. Med Chem 1995 38, 137—149. with glycerol (1 g) ando-toluenesulfonic acid (10 mg). After 24 h at
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90 °C the resin was washed with a 3% solution of sodium bicarbonate
and 1,4-dioxane (1:1, v/v), water, dioxane, DMF, methanol, DCM, and
diethyl ether and then drieth vacua FT-IR analysis showed the
disappearance of the carbonyl absorbance at 1700:%.cm
Preparation of Fmoc-Gly-O-CH,-Cyclic Acetal Resin 13. Method
A. The aldehyde resithl (0.59 mmol/g, 1.0 g) was suspended in 1,4-
dioxane (10 mL) and Fmoc-Gly-glyceric ested (1.16 mmol, 0.43 g)
and p-toluenesulfonic acid (8 mg) were added. After 24 h at 100
the resin was washed with a 3% solution of NaHG&@Dd 1,4-dioxane
(1:1, viv), water, dioxane, DMF, methanol, DCM, and diethyl ether
and then driedn vacua FT-IR analysis still showed an absorbance at
1700 cnT. Microanalysis indicated 0.32% of nitrogen found, corre-
sponding to a loading of 0.23 mmol/g. UV absorbance of the cleaved
Fmoc (301 nm,e = 7840) indicated a substitution of 0.3 mmol/g.
Method B. Fmoc-Gly-OH (5.58 mmol, 1.66 g), DCC (3 mmol, 0.62
g), DMAP (0.28 mmol, 35 mg), and HOBt (0.28 mmol, 44 mg) were
stirred for 20 min in DMF (10 mL). Insoluble DCU was removed,

Botti et al.

(b) Peptide-Glycoaldehyde 6ae. NalO, (30 umol) in sodium
phosphate buffer (0.01 M, pH 5, 3Q0) was added to the peptide-
glyceric estebd (12 mg, 7umol) dissolved in the same buffer (1 mL).
After 30 min RP-HPLC showed the reaction to be 90% complete, and
the mixture was then purified by preparative RP-HPLC.

(c) Cyclic Peptide Ester 8a-e. A typical procedure was as follows
(8d). Isopropyl alcohol/tributylphosphine (10:1 v/v, 1Qfol, 30uL)
was added to the purified peptide-glycoaldehgd&2 mg, 1.18:mol)
in sodium phosphate buffer (0.01 M, pH 5.5, 200). RP-HPLC
analysis showed that aftd h the starting material had formed two
major products (Figure 5), which were shown to be the diastereomers
of the cyclized peptid8d, obtained by preparative RP-HPLC: MALDI-
MS M* (found) = 1244.9 (peak 1), 1246.0 (peak 2) (Calcd for
CseHoaN16014S, 1245.5); peak 1 and 2 are diastereomers. Similarly,
other end-to-end cyclic peptides (ester) were obtained (Table 1).
MALDI-MS M * (found) = 8a486.7 (Calcd for GgHzoNsOsS, 486.2);
8b 633.6 (peak 1), 633.3 (peak 2) (Calcd foss59NqOS, 633.7);8¢

and the solution was added to a suspension of the glycerol-acetal-resir948 (peak 1 and 2) (Calcd fors&1seN12011S, 947.1);8e 2949 (Calcd

12 (1.0 g) in DMF (5 mL). After 18 h, the resin was washed with
dioxane, DMF, methanol, DCM, and diethyl ether and then dimed
vacua Microanalysis indicated 0.71% of nitrogen, corresponding to
a substitution of 0.5 mmol/g. UV absorbance of the cleaved Fmoc
(wavelength 301 nmg = 7840) indicated a substitution of 0.5 mmol/

for CiogH21N47033S 29505)

(d) O to N-Acyl Shift To Yield Cyclic Peptide Amide 9d. The
lyophilized8d was dissolved in sodium phosphate buffer (0.01 M, pH
6). After 20 h at 22°C one diastereomer had completely rearranged
to form the cyclic amide, while the other diastereomer required

g. RP-HPLC analysis of the cleavage mixture at 301 nm using gradient approximately 100 h for 95% amide formation. At 32 the reaction

2 (material and methods) indicated that about 1% of Fmoc-Gly-Gly-
glyceric ester had formed. Anal: FAB-MS [M H*] (found)= 428.9
(Calcd for GoH24N207, 428.4).

End-to-End Cyclization. Solid Phase Synthesis of Peptide
Glyceric Esters 5a-e. Peptides glyceric esteba and 5b were
synthesized by the Fmoc chemistry utilizing the cyclic acetal r&Sin
prepared with method A and peptides-e were prepared with method

When the resin method A was used, an additional equivalent of HOBt
was added to the acylating mixture during coupling to neutralize the
covalently linked piperidine adduct. In method B couplings were
observed to be slow in DMF. To overcome this problem, couplings
were conducted in a mixture 70% DMF 30% DCM (V/V) for 1 h.

(a) Cleavage of the Glyceric Esters from the Resin (5ae). After
removal of the Fmoc protecting group from the N-terminal Cys(StBu),
the resin was washed with DCM and then driecvacua The resin
(1.0 g) was stirred for TFA/water/thioanisole/anisole (91:3:3:3) for 2.5
h. Small scale trial cleavage indicated the best combination of

was complete within 24 h. MALDI-MS M (found)= 1245.5 (Calcd
for CseHoaN16014S, 1245.5). Similarly other end-to-end cyclic peptides
(amide) were obtained (Table 1). MALDI-MS Mfound)= 9a486.3
(CalCd for GgH3zoNgOeS, 4862),9b 634.5 (Calcd for GH39NgO;S,
633.7);9¢c 947 (Calcd for GHseN12011S, 947.1);9e 2952 (Calcd for
Ci26H21N47033S, 2950.5).

Enzymic Digestion of Cyclic Amide Peptide 9d. To a solution of
12-mer cyclic amide peptide (0.5 mg, 0.3fnol) in Tris buffer (0.01
M pH 7.8, 1 mL) was added trypsin (&g, w/w, 0.01 equiv) in the
same buffer (5:L). The mixture was shaken for 15 min, and then an
aliguot was taken for analytical RP-HPLC using gradient 3. As
expected, two products were isolated with retention times 9.4 and 22.1
min. MALDI-MS showed these to be the expected products Arg-Ala
and Lys-lle bond hydrolysis, respectively. Anal. MALDI-MSM
(found) = 548 (IG-SPro-GR seq. Calcd for,{E40NsO;S 548.6) for
peak at room temperature; 9.4 min, and 735 (AFVTIGK seq., Calcd
for CssHsgNsOg 734.9) for peak at 22.1 min.
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