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Abstract: This paper describes an orthogonal and stereospecific method for ligating free peptide segments to
form a monosubstituted pseudoproline bond with a hydroxymethyl moiety at the C2 carbon. The pseudoproline
ligation, comprising both the oxaproline and thiaproline ligations, initially involves an imine capture of a
peptidyl glycoaldehyde ester with an N-terminal cysteine, serine, or threonine peptide segment and then two
spontaneous cyclization reactions. The thiazolidine or oxazolidine ester formed in the first cyclization undergoes
an O,N-acyl transfer to form an pseudoproline bond. The thiaproline ligation can be carried out exclusively
with unprotected peptide segments in both aqueous and nonaqueous pyaicktie acid conditions. However,

the oxaproline ligation is best performed in a nonaqueous pyriginetic acid mixture with unprotected peptide
segments except for those containing N-terminal nucleophilic amino acids such as Cys, His, and Trp.
Pseudoproline ligation is not only regioselective but also stereospecifiédH2ZRMR studies of dipeptide
models,Z-Xaa+yPro-OMe, indicate that the newly created C2 stereocenter of the pseudoproline ring affords
only an R-epimer and the C2-hydroxymethyl-substituted pseudoproline exhibits high preferencés for
conformation. Three of the model peptides have more than &8%omers. Finally, this novel method has

been used successfully in ligating two segments of 24 and 35 amino acids under mild conditions to synthesize
three analogues of bactenecin 7, an antimicrobial peptide containing 59 amino acid residues.

Introduction amino acid) in peptides and proteins has beenwell documénitéd,
) . . . . and proline has a relatively high ability to impart ttisisomer.
Proline, an imino acid, plays a unique role in the structures orengg et at? have shown the occurrence otis Pro bond in
and folding pathways of peptides and proteifsStructurally, 70 out of 205 Pro-containing proteins in a nonredundant
it often serves as a hinge amino acid because of its frequentyaiahase of 214 protein structures. In bovine pancreatic ribo-

occurrence in the locale where peptide chains turn and reverse, clease A. two of the four Xaa-Pro bonds are found to be
directions. Indeed, Pro has been found with a strong preferenceggqiq14 Furthermore, theis—trans isomerization of Xaa-Pro

in turns occupying the i + 1 (types | and I1)i + 2 (type IV), bonds in proteins is a slow conformational interconversion

i iti 3-5 i i L. . .
ori + 3 (type VIII) position="* Pro-rich sequences also exist ,cess that has been shown to be the rate-limiting step in their
as extended helices in tandemly repetitive occurrences as foun efolding pathway35.16

in collagens and antimicrobial peptides.in peptides and The combined effect of the structural peculiarity of Pro and
peptidomimetics, the effect of Pro is believed to confer bioactive 4 cis—trans isomerization of an Xaa-Pro bond has led the
conformation or recognition or to increase bioavailability development of various mimetics and analogues that are
because of the increased lipophilicity and protgase-resstancqmended to produce Pro-like reverse turns and gain better control
of the imide bond over the secondary amide bdnd. of the cis—trans ratio}7-24 Toward this end, pseudoprolines

The cis—trans isomerization of Xaa-Pro bonds (Xaaany (yPro) derived from Cys, Ser, and Thr as thiazolidine-4-
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Figure 1. Structures of pseudoprolineg®ro), 4-Thz and 4-Oxa,
derivatized respectively from Cys and Ser/Thr, exhibitaig—trans
isomerization of the XagPro bond. In this study, monosubstituted
wPro with a hydroxymethyl moiety at C2 are denotedaashiaproline
(SPro), X='S, Ry = H; b, oxaproline OPro), X= 0, Rs = H; c,
5-methyloxaproline QPrd“¢), X = O, Ry = CHs.

carboxylic acid (4-Thz) and oxazolidine-4-carboxylic acid (4-
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Figure 2. General scheme afPro ligation of an acyl segmettwith
an amine segmei@a—c to form a thiaproline bon8aand an oxaproline

Oxa) have been developed as Pro surrogates (Figure 1). Thes®ond5b or 5c.
surrogates can be accessed by various carbonyl derivatives to

afford the corresponding mono- and disubstituted derivatives
at the C2 carbon to modulate tbis—transisomers of the imidic
Xaa-Pro bond?2* Model dipeptides based on Xa&ro
showed that monosubstitution at C2 generally stabiliziss
conformation while substitution at C4 decreasé&sisomers.
Disubstitution at C2, such as dimethyl-4-Thz, produe@&5%
cis isomer?2.23

Thus far, incorporation of an unsubstituted or monosubstituted

Over the past six years, we have explored orthogonal ligations
of free peptides to form amide bonds in aqueous solutions, which
afford products without further need for a deprotection Stef?.
Thiaproline ligation is perhaps the first example that validates
the principle of orthogonal ligation to produce spontaneously
an amide bond by ligating two unprotected peptide segments
(Figure 2)34 It utilizes an acyl peptide segment bearing a
glycoaldehyde ester (peptideyl-O@EHO) 1 to capture an

yPro has been used in small peptides. The 4-Thz derivativesN-terminal nucleophile (Ntn)-Cys segmets, through an imine
have been found in the synthesis of small bioactive peptides 3@ which rapidly tautomerizes to a thiazolidine ester The

such as somatostatihangiotensin 1E® oxytocinZ” and various
protease inhibitord®2° In contrast, 4-Oxa and its substituted
analogues are rarely us@cecause of synthetic difficulties.

O-ester is then rearranged through @nN-acyl shift to a
monosubstituted thiaprolineSiPro) bond5a containing a hy-
droxymethyl moiety at C2 of the thiaproline ring. However,

Although several methods have been developed based on eithethe stereochemistry of the newly created chiral center at C2
the acid or metal-catalyzed condensation of aldehydes or ketoned1as not been determined. T&ero bond formed at the ligation

to form yPro2133 these methods are conducted with small

site is a proline mimetic that retains the amide backbone

protected peptides and generally under conditions which are notstructure**4°We envision that similar chemistry may be feasible

suitable for the synthesis of larggPro-containing peptides.
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for obtaining the analogous oxaprolin®Fro) with the Ntn-
Ser2b or Ntn-Thr2c segment, thus providing another pathway
to pseudoprolines based on imine capture, ring-chain tautomer-
ization, andO,N-acyl migration3—5 (Figure 2). However, under
similar conditions, oxaproline ligation using Ntn-Ser or Thr
segment2b,c has not been successful in aqueous buffers at
pH 4 to 6.

The chemistry to obtain oxazolidine and thiazolidine through
a 1,2-dinucleophile of an amino alcohol or amino thiol and a
carbonyl is one of the best known reactiting* and ring-chain
tautomerization of both thiazolidine and oxazolidine has been
extensively studied®*® The capture step in the oxaproline
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Stereospecific Pseudoproline Ligation

ligation is also the formation of an imine. As opposed to the
thiaproline ligation, the step fror@b,c to 4b,c is not favored in
aqueous conditions, which is in accord with precedents in the
literature?>-48 Oxazolidine ring-chain tautomerization generally
prefers the open imine form, and the oxazolidine has been found
to be 10 times less stable than the analogous thiazoliéfine.
Furthermore, the ring closure of the imine to oxazolidine is a
disfavored process in accordance to the Baldwin rule 1,5-endo-
trigonal addition’®® These factors account for the difficulty in
achieving oxazolidine ligation in aqueous conditions. However,
this difficulty can be viewed as an opportunity for site-specific
orthogonal ligation between an Ntn-Cys and an Ntn-Ser or Ntn-
Thr peptide to yield a thiaproline or oxaproline bond of multiple
segments in a specific order without protecting groups.

The goals of this paper focus on the development of an
orthogonal ligation method to afford a pseudoproline, particu-
larly an oxaproline, at the ligation site, the regiospecificity of
pseudoproline ligation, the stereochemistry of the newly created
C2 carbon with the hydroxymethyl substitution, as well as the
application of this newly developed chemistry to two-segment
ligation to yield large peptides.

Results

Synthesis of Acyl and Amine Peptide SegmentsJnpro-
tected peptide building blocks consisting of an acyl segment
bearing a glycoaldehyde at its C terminus and an amine segmen
carrying the Ntn-amino acid such as Ser, Thr, or Cys were
prepared by stepwise solid-phase method.

Several methods for preparing the acyl segment bearing a
C-terminal glycoaldehyde have been developed, including an
indirect method using an + 1 strategy that either chemically
or enzymatically couples a single amino acid derivative as an
acetal with an unprotected peptide ester or thio€4t& more
convenient method for obtaining the peptidyl glycoaldeh@de
from a peptide glyceryl ester precurs@r has also been
developed using an acetal regin(Figure 3)%° This method
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11-14 (Tables 3,4)

Figure 3. Synthetic scheme of peptide glycoaldehyde es8srsd
from an acetal resin suppdt(left) and amine segmeniDa—| from
an MBHA resin9 (right).

conditions of 90% DMSO and 10% aqueous buffers but at a
very slow raté! Since unprotected peptide building blocks were
used for the oxaproline ligation, more desirable and compatible
bolar solvents such as pyridine, acetic acid, and low-molecular-
weight alcohol were studied. Similar to the analogous thiaproline
ligation, the initial step of oxaproline ligation is known to be
imine formation, which is both acid- and base-catalyzed, with
the optimal pH in the range of 4 to%.Pyridine—acetic acid
mixtures would provide the desired pH range and are known
to be excellent solvent combinations for dissolving unprotected
peptide segments. Furthermore, both solvents are volatile and
can be removed by lyophilization. Based on this rationale, we
explored the rates of oxaproline ligation between Leu-lle-Leu-
Asn-Gly-OCHCHO 8aand Ser-Phe-Lys-lle-amidéain seven

requires Fmoc/tBu chemistry because the acetal is unstable tog, tions ranging from O to 100% pyridine in acetic acid (data

a strong acid such as anhydrous TFA which is used for
deprotection in the tBoc/Bzl strategy for peptide synthesis. After
the TFA-mediated cleavage of the peptidyl ester from the acetal
resinG, the unprotected glyceryl ester segmeéwcarrying a 1,2-
diol moiety was then transformed into aldehy&iby periodate

not shown). A mixture of pyridineacetic acid at a 1:1 molar
ratio was found to be suitable to mediate oxaproline ligation in
78% vyield after 45 h at 20C. Under similar conditions, other
mixtures with a 2:3, 2:1, 1:2 and 4:1 molar ratio of pyridine
acetic acid also resulted in acceptable yields of 74, 71, 69 and

oxidation under aqueous conditions at pH 2to_7._This two-step 62%, respectively. However, pyridine alone gave only 49%
conversion scheme has the advantage of avoiding exposure o{e|q while no observable product was found with acetic acid

the sensitive aldehyde moiety to anhydrous TFA and the
subsequent purification steps. All acyl segmedasd bearing
a glycoaldehyde were prepared by the two-step method.

The amine segmentda—I, including those containing Ser
10a Thr 10b, and CyslOcat the N termini, were achieved by
tBoc/Bzl chemistry to afford completely free peptides after
cleavage by HF from thg-methylbenzhydrylamine resi@
(Figure 3). All unprotected building blocks, the acyl segments
8a—d and amine segmeni®a—I|, were purified by HPLC and
confirmed by TOF-MALDI mass spectrometry and amino acid
analysis.

Conditions for Oxaproline Ligation. Previously, we found
that oxaproline ligation could be achieved in nearly anhydrous

(47) Valters, R. E.; Fidp, F.; Korbonits, D.Advances In Heterocyclic
Chemistry Academic Press: New York, 1995; Vol. 64, pp 25321.

(48) Flop, F.; Marttinen, J.; Pihlaja, KTetrahedron199Q 46, 6545~
6552.

(49) (a) Baldwin, J. EJ. Chem. Soc., Chem. Comm@A76 734-736.
(b) Baldwin, J. E.Tetrahedron1982 38, 2939-2947.

alone. The ligation productlacontaining an oxaproline with

a hydroxymethyl substitution at C2 carbon was identified by
both chemical and spectroscopic methods and will be discussed
later in detail.

We then studied this pyridireacetic acid mixture (1:1, mol/
mol) under various conditions including temperature and
cosolvent mixture to accelerate the ligation betw8aand10a
(Table 1). Elevating the temperature from 2G to 40 °C
accelerated the reaction about2fold. Polar cosolvents such
as TFE accelerated the reaction2fold and> 70% of ligation
was achieved at 6.5 h in 50% TFE and 50% pyrieiaeetic
acid (1:1, mol/mol). Aprotic polar solvents such as DMF slightly
retarded the ligation rate as compared to pyrieiaeetic acid
(1:1, mol/mol) alone, while the aqueous environment of 50%
H,0 was strongly inhibitory.

We also investigated the effects of other amine bases in acetic
acid on the ligation between Asp-Ser-Phe-Gly-QCHO 8b

(50) Botti, P.; Pallin, D. P.; Tam, J. B. Am. Chem. Sod.996 118
10018-10024.

(51) Tam, J. P,; Rao, C.; Liu, C. F.; Shao|ldt. J. Pept. Protein Res
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Table 1. Solvent Effect on the Oxaproline Ligation betwega
and10&

yield (%)
solvent 25h 6.5h 20 h 45 h
pyridine/HOAc 42.1 50.5 69.2 75.6
TFE 59.8 76.6 83.1 83.7
DMF 10.5 28.4 49.6 55.9
H.O 8.7 7.6 3.1 2.1

a50% solvent in 50% pyridineHOAc (1:1, mol/mol). TFE,
trifluoroethanol; DMF,N,N-dimethylformide; HOAc, acetic acid.

Table 2. Effect of Base on the Oxaproline Ligation between
Asp-Ser-Phe-Gly-OCHCHO, 8b, and Ser-Phe-Lys-Ile-amidé&0a,
in 50% TFE and 50% Base/Acetic Acid (1:1, mol/nfol)

yield (%)

base pKa 6h 10.5h 24 h
pyridine 5.25 63.8 70.6 71.8
DMAP 66.8 67.4 69.8
imidazole 6.95 79.4 82.2 83.6
NMIm 6.95 80.4 85.2 88.4
DIEA 10.60 38.1 49.5 66.1
piperidine 11.32 8.9 154 16.8

a DMAP, 4-(dimethylamino)pyridine; NMImN-methyl imidazole;
DIEA, N,N-diiospropylethylamine.

Table 3. Regiospecificity of N-Terminal Amino Acid in the
Ligation between the Acyl Segment L-I-L-N-G-OGEHO 8a and
Different Amine Segments X-F-K-l-amid&0a—k in
Pyridine—Acetic Acid (1:1, mol/mol)

8a + 10a-l — H-L-I-L-N-G-[yP]-F-K-I-NH, 11a-f

[wP]in product segmenX = yield (%) 36 h  relative rate
[OP] 11a S10a 79.6 1
[OPMe] 11b T 10b 74.2 0.95
[SP] 11c C10c 95.3 >1000
11d W 10d 77.9 1.2
1le H 10e 73.3 1.1
11f N 10f 44.4 0.3

K 10g <1
R 10h <1
A 10i <1
M 10j <1
D 10k <1
Y 10l <1

a[OP], 2-hydroxymethyl-oxaproline; @PVe], 2-hydroxymethyl,
5-methyl-oxaproline;$P], 2-hydroxymethyl-thiaproline; two isomeric
products forlld and three isomeric products fédeand one ofl1f
were obtained; for their possible structures, see ref°Rate for
thiazolidine ester formationt{ = 31.9 min), but the rate for amide
product (r = 29.9 min) throughO,N-acyl transfer is 0.9 relative to
1la

and 10a (Table 2). Weak bases such as imidazdlemeth-
ylimidazole (NMIm) or 4-(dimethylamino)pyridine (DMAP) in
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Met 10j, and Tyr10k as well as with those Ntn-amine segments
bearing acidic side chains such as AHp. Ntn-Lys 10g and
Ntn-Arg 10h were also found to be excluded from the ligation
reaction, probably because of the low(pof the pyridine-
acetic acid condition and the protonated state of the strongly
basic side chains of lysine and arginine. However, ligation
reactions were observed with those Ntn-segmaf@ts-f. Rate
analysis showed that ligation occurred almost spontaneously
with Ntn-Cys segmentOc rapidly with those Ntn-amino acid
segments such as SEdDa, Thr 10b, Trp 10d, and His10e but
very slowly with Asn10f.

The Ntn-Serl0a Ntn-Thr 10b, or Ntn-Asn 10f segment
provided a predominant single ligation product. However, Ntn-
Trp 10d segment gave two, while Ntn-Hik0e yielded three
major isomeric products. The stereochemistries of these isomeric
products from10d,e have not been characterized at this time.
However, these results also show that imine ligation is fairly
general and Ntn amino acids containing other weak base
nucleophiles could participate in ligation similar to Ntn-Cys,
-Ser, and -Thr.

It should be noted that there are taeeamines and ag-amine
in the reactants o8a and10a—I. Thus, a number of products
could be obtained including oligomers, cyclized products, or
cyclodimerizations through intramolecular ligation &d, and
side-chain acylation oé-amine of lysine. On the basis of the
combined use of HPLC and MS analysis, no detectable side
products stemming from oligmerization or cyclizatiorBafwere
found. End group analysis was used to determine the regiospeci-
ficity betweena- ande-amines inlla—c. The results revealed
that the ligation occurred exclusively on the N-termiaagmines
of 10a—c. These results suggest that the reaction of pseudopro-
line ligation is highly regiospecific with an Ntn-amino acid.
However, minor side products, usualy10%, were detected.
These include hydrolysis of the glycolaldehy@a to the
corresponding to free carboxylic acid and transesterification to
the TFE ester when TFE was used as a cosolvent.

Competitive experiments were employed to establish the
orthogonality between thiaproline ligation and oxaproline liga-
tion. Under aqueous conditions at pH 4 to 6, thiaproline ligation
productZ-Ala-SPro-OMel7f was exclusively obtained between
Z-Ala-OCH,CHO 15aand Cys-OMel6cin the presence of Ser-
OMe 16aand Thr-OMel6b. Similarly, when an acyl segment
15a and three amine segmenifa—c were mixed in an
equimolar ratio in pyridineacetic acid (1:1, mol/mol), only
the thiaproline ligation betweetbaand16cto afford 17f was
observed. However, in the absence Difc the oxaproline
ligation betweenl5aand16ab went smoothly in pyridine
acetic acid. Under the condition of aqueous buffers or pyridine
acetic acid mixture (1:1, mol/mol), competitive experiments
using unprotected peptide segments Leu-lle-Leu-Asn-Gly-

a 1:1 molar ratio with acetic acid gave results similar to pyridine, OCH.CHO 8a, Ser-Phe-Lys-lle-Nbi10a Thr-Phe-Lys-lle-NH

while strong bases such as the tertiary and secondary alkylaminelOb, and Cys-Phe-Lys-lle-Nk{10cgave similar results. These
were not effective. These results are consistent with the results are consistent with the literattfre! that the formation

importance of using a proper solvent mixture to achieve imine of thiazolidine4ais >1000-fold faster than that of oxazolidine

capture for oxaproline ligation.
Regiospecificity, Orthogonality, and Steric Factors.To

determine the regiospecificity of oxaproline ligation in the

pyridine—acetic acid mixture, the acyl segme3d bearing an

4b,c. Thus, thiaproline and oxazoproline ligations are semi-
orthogonal, i.e., thiaproline ligation can be performed in the
presence of Ntn-Ser/Thr or other N-terminal amino acid-
containing peptide segments under either aqueous conditions

glycoaldehyde ester was chosen to react with various amine©r pyridine-acetic acid mixture (1:1, mol/mol). However,

segmentd 0a—I| bearing either Ntn- or non-Ntn-amino acids to

regioselective oxaproline ligation can be carried out in the

form 11a-| (Table 3). In the amine segments, an internal lysine Pyridine—acetic acid conditions in the absence of Ntn-Cys, -His,
residue is present to serve as a side-chain amine to test theand -Trp peptide segments.

regiospecifity of theyPro ligation. No ligation products were

observed with non Ntn-amine segmefh@—I such as AlalOi,

Finally, the steric influence of the C-terminal amino acids of
the acyl segments on oxaproline ligation was also studied (Table
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Table 4. Effect of C-Terminal Amino Acids of Different Acyl Table 5. Stereochemistry of Model Dipeptid&sXaa+yPro-OMe
Segments8a—d on the Oxaproline Ligation with Amine Segments 17a—e?

10aand10bin 50% TFE and 50% PyridireAcetic Acid (1:1, Ry 4 H Hx_R2
mol/mol) for 30 h R + -
. . Z-HN)\I(O\AO N Ny OMe
yield relative o o)
product ligating segments  (%)P rate 15a,b 16a-c
LILN G-[OP]-FKI lla 8a+ 10a 804 1 H H
- Me]. HOH, 5| R, HOHG | S8L-R;
LILN G-[OPMe]-FKI 11b 8a+ 10b 76.2 095 ‘52 170 )2¢x4 [
DSFG-[OP]-FKI 12a  8b+10a 83.7 1 N7 4" ome "L 1 OMe
DSFG-[OPVe]-FKI 12b  8b+10b 811  0.95 20 <o - ZH;&-;“ cis
rans -
LIL A-[OP]-FKI 13a 8c+ 10a 66.9 0.8 17a-e
LIL A-[OP"]-FKI 13b 8c+ 10b 653 075 compd structure X R Ry C2 cigtrans
IAYGGFL-[OPJ-FKI l4a 8d+ 10a 548 055 17a  Z-A[OP-OMe O Me H R 6832
IAYGGFL-[OPMe]-FKI  14b 8d+ 10b 51.9 0.50 17b  Z—V-[OP]-OMe O Pr H R 56:44
— A Me]._. .
aC-terminal amino acids of the acyl segme8ts-d are bold and gg %_C_%gEMe}_gmg 8 il\P/Ire mg E iggs
underlined; DP] and [OPV¢] see Table 3° Yield was calculated from 17e Z—V-[SP]-OMe S Pr H R 40:60

HPLC.

2153 R; = Me; 15b, R; = 'Pr; 16a X = O, R, = H; 16b, X = O,
4). We have found previously significant steric effect of the Re:=Me;16¢ X =S, R = H; [OP], [OP"]] and [SP] see Table 3.
C-terminal (CT) amino acids in thiaproline ligation that

undergoes a 5,5-bicyclic intermediate duri@g\-acyl migra- products from oxaproline ligation were obtained. Furthermore,
tion 34 The acyl segment8a and8b with nonhindered CT-Gly ~ only theR epimer at C2 was found.
gave higher yields thafic with CT-Ala and8d with CT-Leu. Racemization was a concern because of the prolonged period

Furthermore, kinetic study showed that the ligation rate of Ser- for pseudoproline ligationN“-(2,4-Dinitro-5-fluorophenyl)--
OMe 16awith Z-Val-OCH,CHO 15b was found to be 6-fold ~ Valinamide (Marfey’s reager¥) was used for evaluating the
slower than that witlZ-Ala-OCH,CHO 153, and 10-fold slower racemization because it can distinguish the-diastereomers
than that withZ-Gly-OCH,CHO 15c in the selected pseudoproline ligation produt®&c. HPLC
Product Characterization and the Absence of Ester ~ analysis showed thal7a gave 0.3%p-Ala and 3.9%p-Ser,

Intermediates in Oxaproline Ligation. A striking difference and 1_7C gave 0'4% D'Ala_ and .5'4% o-Thr. _The control_
was observed between the oxaproline and thiaproline Iigations.EXper:ments n _vyh|ch-am|no gmo_ls were subjefcte’d to acid-
In thiaproline ligation, two stablR,Sepimers of the thiazolidine ydrolytic conditions and derivatiztion by Marfey’s reagent

esters4a were observed. The two estersRE epimers at the similar too 17?’(: showed that Ala, S_er, and Thr gave 0.4, 5.3,
C2 stereocenter then underweédN-acyl migration to form a and 5.8/oD-(_JI|ast_ere_om§rs, respe_ct_lvely. 'I_'hesg res_,ults suggest
single amide producka (detected by HPLC). In oxaproline that oxaproline ligation in the pyrl_o!lﬁeacetlc ac_ld mixture (1:
ligation, no oxazolidine estedh,c as stable intermediates were 1, mol/mol) does not cause significant racemization.

detected by HPLC in various pyridir@cetic acid ratios (1:0 Stereochemistry at C2 Carbon ofyPro Ring and cis—
to 0:1, mol/mol, data not shown). Chemical and spectroscopic fans Conformational Ratio of Xaa-yPro Bond. To determine

analyses were employed to determine the ligation products, sinceNe Stéreochemistry of the newly created C2-stereocenter of

the isomeric ester and amide were unable to be distinguishedoxapm"ne and theis—trans conformational preference of the
by MS analysis oxaproline containing peptides, five dipeptidéga—e were

. . . examined by the 2BH NMR studies at 20C. For each sample,
Esters are generally susceptible to aminolysis by concentrated,[WO sets of independent NMR data were obtained based on the

hydroxyamine or basic hydrol_y_sis, while amides are usua_lly assignment of the 2D (DQF) COSY, indicating only teis—
stable under the same conditions. Treatment of oxaprollnetransisomers with theR epimer at the C2 carbon was found in

ligation productsllab and 12ab and thiaproline ligation each com - :

X ; . pound. Table 5 summaries the C2 stereochemistry of
productllqwnh 1 M hydroxylgmlne_at PH 9 or 0':." M LiOH the oxaproline ring and theis—trans ratios of the XaapPro
for 20 h failed to give the aminolysis or hydrolysis products. bonds in compounds7a—e

In contrast, thiazolidine e_stenzg_in Figure 2) inFermediate of The C2 stereochemistry of the oxaproline ring was determined
11cgave the expected aminolysis and hydrolysis products. More by the NOE cross-peak between the-@2and C4-H of the

: : 1
|mport§ ntly, r(ljo festertrt]) onlngltla?ak n trt]e rafn 96@1_72809[ cm oxaproline ring?>235356 |n 17a—e, a comparatively strong NOE
was observed from the FT-IR spectra of th@ro-containing cross-peak between the € and C4-H was observed in both

peptidesl1a-cand12ab. In addition, freatment a-Ala-yPro- cisandtransisomers. In contrast, no such a cross-peak between
OMe 17a—e (see Table 5), which were ligation products of ' ' P

15ab and 16a—c, under different aqueous alkaline buffers at (52) (a) Marfey, P.; Ottesen, Marlsberg Res. Commuh984 49, 585-
pH 9.1 to 10.8 for 72 h, afforded only the hydrolyzed product 592- (b) Sz&én, G.; MeZq G.; Hudecz, FJ. Chromatogr1988 444, 115-

of the methyl ester. Finallyl, 7a—e were confjrmed to be amide (53) Seebach, D.; Lamatsch, B.; Amstutz, R.; Beck, A. K. Dobloer, M.;
rather than ester products Byt NMR studies. For example,  Egli, M.; Fitzi, R.; Gautschi, M.; Herradg B.; Hidber, P.; Irwin, J. J.;
the 1DH NMR of the thiazolidine ester intermediate dfe Locher, R.; Maestro, M.; Maetzke, T.; MoudpA.; Pfammatter, E.; Plattner,

PRT D. A.; Schickli, C.; Schweizer, W. B.; Seiler, P.; Stucky, Belv. Chim.
showed a peak at 8.12 ppm indicating the azomethyl proton of Acta 1992 75, 913-934.

the open imine form resulting from the tautomerization of the (54) Szifayi, L.; Gyergyde, Z. J. Am. Chem. Sod.979 101, 427—
thiazolidine?¢*8None of the oxaproline ligation product¥a—d 432.
or the amide bond produdi7e of thiaproline ligation showed (55) Parthasarathy, R.; Korrytnyk, W. Am. Chem. Sot976 98, 6634~

any peak at the region 8:®.0 ppm in their 1D'H NMR ) (56) Wirthrich, K. NMR of Proteins and Nucleic Acifohn Wiley and
spectra. Thus, these results confirmed that only the amide Sons: New York, 1986; pp 117125.
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Figure 4. Expanded regions of the 2D 1H NMR NOESY spectruml@tl showing the assignment of C2 stereocenter andcthend trans
isomers. The NOE cross-peaks are labeled Wjthis, andtransfor the C2R-epimer,cis andtrans conformers, respectively andb in Figure 4A
indicate the NOE cross-peaks between C2 and C2-hydroxymethyl protons.

C4—H and C2-hydroxymethyl protons was found. These results
indicate that the C2 stereocenter isRarather than ais epimer.

Other observable NOE cross-peaks also support that C2 centers

in 17a—e are R epimers. These include the NOE cross-peaks
between the C2-hydroxymethyl protons and théal C5—H
but no NOE peaks between the €8 and C2-H.

The cis—trans isomer ratios of the Xag®Pro bond was
measured by conventional NOE experimeéit®. A typical
patter’® of the aHi—C2—H;1; (i = Xaa,i + 1 = yPro) NOE
cross-peak was observedlida—e (Figure 4). This pattern, i.e.,
theaH;—dHi+1 in a proline containing peptide, is characteristic
of the trans Xaa+yPro bond??-2456 The cis isomer in each

compound is characterized by the NOE cross-peak between the

BH; and C4-Hiy; (Figure 4)2356n 17b, 17d, and17¢ NOE
cross-peaks between €83 andfH—Val or CH;—Val were
also observed to confirm the assignmentigfisomers (Figure
4). In addition, the NOE cross-peaks betweencthieand C241-
hydroxymethyl protons were observedcis isomers. However,
the cis—transratios vary depending on the side chains around
the pseudoproline bond%.24 For example, Val at theposition
has an unfavorable effect ans conformation because of the
steric hindrance between its large side chain ane-g:41.
Synthesis of Bactenecin 7 Analogues by Two-Segment
Ligation. Bac 7 is a highly cationic antimicrobial peptide
isolated from the large granules of bovine neutropHilst

Sequence of Bac 7 2‘425

RRIRPRPPRLPRPRPRPLPFPRPGYPRPIP
RPLPFPRPGPRPIPRPLPFPRPGPRPIPRP

R1 P25 P59
Bac 7
R1 G24-X + Z25 P59
18 l Pyridine- 19a-¢
acetic acid
R1 [\UP]ZS P59
20a-c

X = OCH2CHO; Z = Ser (19a), Thr (19b), Cys (19¢);

20a, [wP] = [OP]; 20b, [ywP] = [OP™]; 20¢, [yP] = [SP]

Figure 5. Orthogonal ligation of Bac 7 analogu28a 20b, and20c
at Gly?*-Pro®indicated by an arrow between acyl segniand amine
segmentd9a 19b, and19c

in Figure 3. Three 35-amino acid-containing-segments with Ntn-
Ser 19a, -Thr 19b, and -Cys 19c¢ were synthesized by tBoc/Bzl
chemistry. Peptide segmerit8 19a 19b, and19cwere purified

by HPLC and identified by TOF-MALDI MS and amino acid
analysis. The purified peptide segments were readily soluble in
the pyridine-acetic acid mixture suggesting that this condition
is a suitable solvent. The oxaproline ligations were carried out
in pyridine—acetic acid mixtures (1:1, mol/mol), and in each

contains 59 amino acid residues with molecular weight about 7 case, the amine segmetfiaor 19bwas used in slight excess.

kD, characterized by a high content of proline (47%) and
arginine (29%) and three tandem repeats of a tetradecdmer.
This exceptional Arg-rich peptide can also provide a test for
oxaproline ligation in pyridine-acetic acid because the guani-

dine side chain is susceptible to side reaction with aldehydes.

The ligation reaction was relatively slow and require@5 h

for completion. However, HPLC monitoring showed that the
reaction proceeded cleanly and predominantly gave a single
product together with the unreacted starting materials and
hydrolyzed acyl segmerit8 as observable byproducts (Figure

Furthermore, it is known that proline-rich sequences such as6A, B). The thiaproline ligations betweet8 and 19c were

Bac 7 are difficult to obtain by stepwise synthesis due to the
propensity of the proline residue to cleave off as a cyclic
dipeptide. To obtain synthetic analogues for studying the
mechanism of antimicrobial activity of Bac 7 which is not
known yet, we undertook the synthesis of Bac 7 analog@0es
20b, and20c by a two-segment ligation strategy.

performed in both pyridineacetic acid (1:1, mol/mol) and
aqueous conditions with the acyl segmé8stslight excess. In
contrast to oxaproline ligation, the HPLC patterns of thiaproline
ligations (Figure 6C, D) were complicated by the presence of
the R,Sester intermediate80d,e which converted to a single
amide produc®0c after 20 h in aqueous buffer at pH 6.2 or

The ligation site was at Pro25 where the Gly-Pro sequence after 40 h in more acidic condition of pyridir@cetic acid (1:

offers the least steric hindrance (Figure 5). A 24-amino acid-
containing acyl segmeri8 with a glycoaldehyde ester at the
C terminus was synthesized on an acetal résas described

(57) Gennaro, P.; Skerlavaj, B.; Romeo, Dfect. Immun.1989 57,
3142-3146.

(58) Frank, R. W.; Gennaro, R.; Schneider, K.; Przybylski, M.; Romeo,
D. J. Biol. Chem.199Q 265 18871-18874.

1, mol/mol).

The ligation sites oR0a—c were shown to be amide bond
due to the absence of the ester peaks at +27@0 cnt! in
their FT-IR spectroscopies. They were further confirmed by the
treatment with 1.0 M BENOH at pH 9.1 and 0.1 M LiOH for
10 h. Under these conditions, no hydrolysis or aminolysis
product was detected by HPLC. Furthermore, no evidence of
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Figure 6. HPLC profiles of oxaproline and thiaproline ligations. A
and B, oxaproline ligations df8 with 19aand19bin pyridine—acetic
acid (1:1, mol/mol) to fornR0aand20b. C, thiaproline ligation between
18and19cin pyridine—acetic acid (1:1, mol/mol). First, two intermedi-
ates as thiazolidine estePfd,e were formed, ther20d,e transferred
to the amide bond produ20cunder the same condition. D, thiaproline
ligation betweerl8 and19cin aqueous buffers, first at pH 5.2 for 10
h to form thiazolidine ester0d,e, and then th@®,N-acyl transfer was
carried out at pH 6.6 for 20 h to form the amide bond prodfit *,
impurities from pyridineh, hydrolysis product 018. i, possible imine
intermediate 3c in Figure 2).

Table 6. Summary of the Synthesis of Bac 7 Analog@8z, 20b,
and20c

product segments ligation site/PP] yield (%)
20a 19a+ 18 [OP]% 82.4
20b 19b+ 18 [OPMe)25 83.0
20c 19c+ 18 [SP]® 84.1

Arg modification by the glycoaldehyde as a branched peptide
was found. Both the oxaproline and thiaproline ligations gave
excellent yields ranging from 82 to 85% after 40 h (Table 6).
Furthermore, to examine the Pro surrogates derived from
pseudoproline ligation on the antimicrobial activity of Bac 7,
Bac 7 and three analogu28a—c were assayed against a Gram

positive (Staphylococcus aureus) and a Gram negative (Es-

cherichia coli) species using the radial diffusion methbd@ihe
results (Table 7) showed very close activities between Bac 7
and its three analogu@9a—c. The detailed results of structure
activity studies will be published elsewhere.

Discussion

The 1,2-amino alcohol of an N-terminal serine and threonine

J. Am. Chem. Soc., Vol. 121, No. 39, 2099

Table 7. Comparison of Antimicrobial Activity of Bac 7 and
ThreeyPro Analoguef0a—c from Pseudoproline Ligation

MIC (uM)2
peptide E. coli S. aureus
Bac 7 0.24 0.23
20a 0.31 0.29
20b 0.23 0.22
20c 0.27 0.28

aMIC, minimal inhibition concentration, obtained by radial diffusion
assay with underlay gel containing 1% agarose in 10 mM phosphate
buffer.

react selectively with aldehydes under very mild conditions to
afford oxazolidines or thiazolidines, a criterion important for
the orthogonal ligation of free peptide segmetitShis paper
confirms that the Ntn-Cys and Ntn-Ser/-Thr can be exploited
successfully for regiospecific oxaproline and thiaproline ligation
to afford monosubstitutedyPro at the ligation site using
unprotected peptides.

Although the thiaproline ligation proceeds smoothly in
aqueous solutions at pH 4 to 6, no reaction is observed for
oxazolidine ligation of Ntn-Ser or Ntn-Thr peptides under the
same conditions. In contrast, oxaproline ligation requires the
use of nearly anhydrous conditiofisWe have found that
pyridine—acetic acid mixtures for oxaproline ligation can
achieve reasonable rates, minimize side reactions and solubilize
free peptide segments.

Thiaproline and oxaproline ligations are semi-orthogonal, i.e.,
the former ligation of an Ntn-Cys peptide can be performed in
the presence of an Ntn-Ser or Ntn-Thr peptide. Such orthogo-
nality may be useful for assembling multiple free peptide
segments based on the regioselectivity of different Ntn-amino
acids without the need for a protection scheme.

Thiaproline ligation in pyridine-acetic acid conditions or
aqueous buffers proceeds in a two-step-reaction scheme with
the isolatedR,S epimers of the thiazolidine esters as stable
intermediates (Figures 2 and 5). In the first step, imine capture
and ring-chain tautomerization are fast. The subsequent step of
O,N-acyl transfer of the thiazolidine esters to form the amide
SPro bonds is the slow step which can proceed smoothly under
acidic conditions because of the lou4(6.24) of thiazolidine!!

This step is also pH dependent and is significantly accelerated
in more basic conditions as shown in the thiaproline ligation of
18and19c However, in oxaproline ligation no oxazolidine ester
intermediate was detected by HPLC. A plausible explanation
is that the oxazolidine ester is unstabtel(* fold less stable
than its analogous thiazolidine estérand transfers into the
stable amideOPro bond or equilibrates back to the starting
materials.

In pseudoproline ligation, the stereochemistry of the newly
created stereocenter at C2 of BBro ring is a concern. Using
Z-Xaa+Pro(R)-OMe 17a—e as models, only one epimer
(>95%) was detected by HPLC and NMR. In each compound,
the single C2 epimer of the oxaproline was assignedRan
configuration by 2D NOESY (Table 5). Thus, the oxaproline
ligation under our described conditions is not only regiospecific
but also stereospecific and does not produce diastereomers
during synthesis.

Two plausible mechanisms can be advanced to account for
the stereospecific nature of the oxazolidine ligation. First, the

as well as the 1,2-amino thiol of an N-terminal cysteine represent oxazolidine formation is stereospecific, which results in only

unique combinations of dinucleophiles which are not found

the C2R epimer. This single epimer undergoes gN-acyl

elsewhere in a free peptide. Furthermore, they are known to migration to give diastereomeric selectivity to the ligation

(59) Turner, J.; Cho, Y.; Dinh, N.; Waring, A. J.; Lehrer, RAhtimicrob.
Agents Chemothefl998 42 2206-2214.

reaction. The second mechanism is that the oxazolidine forma-
tion is not stereospecific but th®,N-acyl migration is ste-
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reospecific because the GRepimer proceeds at a faster rate Experimental Section

than th.ffbczt.s e‘?[lmer' .Tthe ud;rga(;ted Cﬁtﬁplmer: underlg_g_es General. 1D *H NMR was obtained on Bruker AC 400 instrument.
gn equi '_ ration to a.ml).( ure dx, eplmgrs roug OvaO.I ine Analytical HPLC was run on a Shimadzu 10A system using Vydac
ring-chain tautomerization. Our experiments as well as I|teratqre C18 column (4.6x 250 mm, 5um) with a flow rate of 1.0 mL/min,
precedents generally support the second proposed mechanisinonitored at 225 nm. Preparative HPLC was performed on a Waters
Condensation reactions between a nonchiral aldehyde com-600 equipment with a Vydac C18 column (22250 mm). All HPLC
ponent and chiral 1,2-amino alcohols or 1,2-amino thiols such Was carried out with reversed phase linear gradient of buffer A, 0.05%
’ " : TFA in H,0, and buffer B, 60% CECN in H,O with 0.04% TFA.
as Ser, Thr, or Cys generally produce a mixture of epimers at 2= ' 2= 0
. ys g .y P - . P - Low-resolution mass spectra (LRMS) were obtained by MALDI-TOF
the C2 atom in N-unsubstituted oxazolidine or thiazolidine

L . . method on a PerSeptive Biosystems Voyager Elite 2 instrument and
derivatives. However, upon acylation or methoxylcarbonylation, jgn_resolution mass spectrometries (HRMS) were determined by ESI

a single C2 diastereomeis to the C4-configuration of Ser,  Fourier transform ion cyclotron resonance method (ESI-FT-/&)
Thr, or Cys has been found to be the only observed prod- a PerSeptive Biosystems Mariner instrument. FT-IR spectra were
uct345580|t has been reported that Cys derivatives react with recorded on an ATl Mattson Genesis Series FTIR spectrometer with
benzaldehydes ar@tolualdehyde to produce a mixture of C2 the sample filmed on Cafsurface.

thiazolidine epimers. Upon acetylation by acetic anhydride in 2D NMR Spectroscopy Spectra were recorded at 500.13 MHz using
pyridine at 25°C, however, only a single diastereomer is Bruker DRX 500 instrument. Chemical shifts were calibrated by the

obtainec To account for this observation, it is proposed that residual CHQ signal as referenct_e at 7.26 ppm. Phase sensitiye NOESY
. A, ' . spectra used for resonance assignments were recorded using the TPPI

Fhe epimerization of the C2 atom occurs at the S?h'ff base procedure with mixing time of 400 ms. In tilg dimension, 1024 real

intermediate and the acetylation of tRe(C2)-epimer is fast  gata points were collected using 16 acquisitions per FID with a 1.5 s
compared with thes-(C2) epimer. A similar mechanism for  rejaxation delay; 2048 real data points were obtained in dhe

stereospecific control can be invoked for both oxaproline and dimension. Scalar connectivities were recorded from 2D double
thiaproline ligations, i.e., the first step of ester formation quantum filtration (DQF) COSY experiments. Complete proton reso-
produces a mixture of epimers at C2 and@#kacyl migration nance assignments were fulfilled with the (DQF) COSY experiments,

of the R-epimer is fast compared with tf&epimer. in some cases, with the aid #i—3C HSQC experiments. All NMR

. . . data were transferred to Indigo Il workstation and processed using
The pseudoprolines obtained in our syntheses are monosub+g| |x software.

stituted with a hydroxymethyl side chain at the C2 carbon. The  gqjig-phase Peptide Synthesidhe amine peptide segmenitSa—
C2-substitution enhances tlogs isomer content of the Xaa- | 193 19b, and 19c were synthesized on resin using Boc/Bzl and
wPro bonds. Monosubstitution at C2 with a methyl group HBTU/HOB! strategy’? The peptides were cleaved from the resin by
increases theis isomer to 38% compared with 18% obtained anhydrous HFanisole (95:5, v/v), and then purified by HPLC. The
from the unsubstitutedyPro surrogates derived from Cys or amino acid analysis and MS gave the desired resliia, Ser-Phe-
Ser?324 However, substitution at the C5 decreases ¢ie  LYS-le-NHz, tz = 11.2 min (26-60% B), HRMSnve 493.3147 (M+
isomer22 as shown in our study, from 68% ivato 60% in H", CoaHaiNeOs requires 493.3138)10b, Thr-Phe-Lys-lle-NH, tr =

. - . 13.4 min, HRMS nv/z 507.3291 (M + H", CusHisNeOs requires
17cand 56% inl7bto 43% in17d. The trend showing that the 507.3295):10¢, Cys-Phe-Lys-lle-Nb} tx = 13.1 min, HRMSm/z

monosubstitutedyPro in our series ranges from 40% to 68% 5092923 (M+ H*, C,HaNsO4S requires 509.2910%0d, Trp-Phe-
is consistent with the literatuf@. 24 The slight increase in our  Lys-lle-NH,, tr = 21.2 min, HRMS mz 592.3628 (M + H,
observed result could be due to the nature of the C2 substitutionCs,H4sN;O4 requires 592.3611)t0e His-Phe-Lys-lle-NH, tz = 11.5
which may form a hydrogen bond in tleés Xaa+pPro isomer min, HRMSm/z 543.3429 (M+ H*, Cy7H4aNsO, requires 543.3407);
in CDC|3 used in the NMR experimentsl 10f, Asn-Phe-Lys-IIe-NH, tr = 11.3 min, HRMSm/z 520.3260 (NH‘

. H*, CusH42N7Os requires 520.324710g Lys-Phe-Lys-lle-NH, tr =
In general, we have found that replacing Pro w##ro and 11.1 min, HRMS Mz 534.3768 (M + H*, CoHuN:Os requires

OPro based on ligation scheme does not result in significant 534.3774):10h, Arg-Phe-Lys-lle-NH, tx = 11.9 min, HRMSmz
changes in biological activity, as demonstrated in the synthesissg2 3822 (M+ H*, C,/H4gNsO4 requires 562.3829)0i, Ala-Phe-Lys-
of threeyPro analogue20a—c which exhibit identical anti- lle-NH,, tr = 14.4 min, HRMSm/z 477.3191 (M+ H*, CH1NOs
bacterial activities as the native peptide Bac7. Similar results requires 477.3189)0j, Met-Phe-Lys-lle-NH, tr = 17.2 min, HRMS

have been observed in the synthesis of HIV-1 protes® m/z 537.3236 (M+ H™, CpeHasNeO4S requires 537.3223)0k, Tyr-
analogues’® Phe-Lys-lle-NH, tr = 15.6 min, HRMSm/z 569.3463 (M+ H*,
. CsoHasN6Os requires 569.3451%0, Asp-Phe-Lys-lle-NH, tr = 12.5

The C2-hydroxymethyDPro andSPro derivatives are also min, HRMSmz 521.3070 (M H*, CosHaiNeOs requires 521.3088);

amino acid chimeras of proline anghydroxyl amino acid. 193, Ser-Arg-Pro-lle-Pro-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly-Pro-
These types of amino acids have recently been explored by Arg-Pro-lle-Pro-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly-Pro-Arg-Pro-
Marshall et al. in the synthesis of peptide hormone mimetics of lle-Pro-Arg-Pro-OH,tr = 22.4 min, LRMSm/z 3980.71 (M+ H*,
the “bioactive form” of angiotensin A7 Furthermore, the use  3980.83 calcd for @gHaoNs9O37); 19b, Thr-Arg-Pro-lle-Pro-Arg-Pro-
of different acyl segments bearing other aldehydes and ketoned-eu-Pro-Phe-Pro-Arg-Pro-Gly-Pro-Arg-Pro-lle-Pro-Arg-Pro-Leu-Pro-
may yield other substitutegtPro at the ligation site to control ~ Phe-Pro-Arg-Pro-Gly-Pro-Arg-Pro-lle-Pro-Arg-Pro-O= 22.5 min,
thecis—transisomers. Although we have focused our attention LRMS m/z3994.49 (M+ H", 3994.86 calcd for GeHaoNseOs); 196

. . . s . Cys-Arg-Pro-lle-Pro-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly-Pro-Arg-
to pept!de synthgss, Vfa”ous appllcat!ons ‘hm‘ﬂgh non'pept'desPro-lIe-Pro-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-GIy-Pro-Arg-Pro-IIe-
or peptide mimetics suitable for combinatorial library syntheses pro_arg-Pro-OHiz = 22.9 min, LRMSm/z3995.27 (M+ H*, 3996.90
can also be envisioned. In conclusion, pseudoproline ligation calcd for GggHaoNseO26S). Peptide glycoaldehyd&a—d were syn-
provides a convenient approach to the synthesis gfPao- thesized on the acetal reséiusing Fmoc/tBu strategy (Figure 3).
containing peptide using a 1,2-dinucleophile with a glycoalde- Sequential coupling was accomplished by the HBTU/HOBt méthod
hyde ester under mild conditions and holds promise for other With 2.5 equiv of amino acids, and the Fmoc group was deprotected
applications for the synthesis of peptide mimetics using the by 20% piperidine in DMF. Final cleavage of peptides from the resin
orthogonal approach. (61) Marsh, A. J.; Henrickson, C. L.; Jackson, G.Mass Spectrom.

Rev. 1998 17, 1-35.
(60) Seebach, D.; Aebi, J. Oietrahdron Lett 1984 25, 2545-2548. (62) Dourtoglou, V.; Gross, BSynthesid984 572-574.




Stereospecific Pseudoproline Ligation

was performed with TFAglycerol-anisole-thioanisole (90:4:3:3, 40

mL/g resin) for 3 h. The residue was dissolved in buffer B and
lyophilized to dryness after removal of the TFA and resin. The produced

peptidyl glyceryl esterga-d were oxidized by sodium periodate<(8

equiv) in aqueous buffers at pH 2 to 6 for 10 min. Preparative HPLC

gave the purified peptide glycoaldehyd=s-d (50—70% yield) which
were characterized by amino acid analysis and BE.Leu-lle-Leu-
Asn-Gly-OCHCHO, tr = 12.8 min (20-60% B), HRMSm/z571.3466
(M + H*, CoHa7N6Os requires 571.34558b, Asp-Ser-Phe-Gly-OCH
CHO, tr = 12.6 min, HRMSm/z 467.1788 (M+ H+, C20H27N409
requires 467.17788c, Leu-lle-Leu-Ala-OCHCHO, tg = 15.7 min,
HRMS m/z 471.3169 (M+ H*, Cy3H43N4Og requires 471.3182)8d,
lle-Ala-Tyr-Gly-Gly-Phe-Leu-OCHCHO, tg = 25.5 min, HRMSm/z
782.4091 (M+ H*, CsgHseN7O10 requires 782.4089). Similarly, acyl
segmentl8, Arg-Arg-lle-Arg-Pro-Arg-Pro-Pro-Arg-Leu-Pro-Arg-Pro-
Arg-Pro-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly-O&EHO, was pre-
pared in 74.4% yield¢r = 17.4 min, LRMSm/z 2980.18 (M+ H™,
2980.60 calcd for €35H227N51025).

Optimization of Ligation Condition. a. Pyridine —Acetic Acid
Ratios. A mixture of peptide glycoaldehyd@a (7.2 mg, 12.7umol)
and peptidelOa (6.3 mg, 12.8umol) was divided into seven equal

portions. Pyridine-acetic acid (30@L) was added to each part to bring

the final concentration to 6.2 10-3 M with pyridine—acetic acid molar

ratios of 1.0, 4:1, 2:1, 1:1, 2:3, 1:2, and 0:1, respectively. The reactions

were followed by HPLC.

b. Solvents.Peptide glycoaldehyda (3.8 mg, 6umol) and peptide
10a(2.96 mg, 6.Qumol) were dissolved in 600L of pyridine—acetic
acid (1:1, mol/mol), divided into four equal portions, and 280 of

TFE, DMF, K0, and pyridine-acetic acid (1:1,mol/mol) were added
to each. The reaction was followed by HPLC, and the results were

shown in Table 1.
c. BasesPeptide glycoaldehydgb (5.6 mg, 1Zmol) and peptide
10a(5.9 mg, 12ul) were dissolved in 60@L of TFE and 12QuL of

acetic acid. After being divided into six equal portions, TFE and a

different base were added to bring the final concentration 0183

M with an acetic acie-tbase molar ratios of 1:1. The reaction was

followed by HPLC and summarized in Table 2.
Regiospecific Ligation. a. Competitive ReactionZ-Alanine gly-

coaldehydel5a (100 mg, 0.40 mmol) was dissolved in 3 mL of TFE
and 3 mL of pyridine-acetic acid (1:1, mol/mol), and then H-Ser-

OMe HCI 16a (65 mg, 0.42 mmol), H-Thr-OMe HCL7b (70 mg,
0.41 mmol), and H-Cys-OMe HAl6¢ (70 mg, 0.41 mmol) were added.

The reaction was monitored by HPLC. First, the ester bond product

Z-Ala-OCH,-Thz-COOMe {gr = 27.7 min, 26-70% B, 30 min) formed

betweenl5a and 16c was observed. Then, the ester bond product

rearranged into the amide prodaela-SPro-OMel7f (tr = 20.5 min,
20—70% B, 30 min) with half timet;, = 17 h.

b. Regiospecificy of N-Terminal Amino Acid.Peptide glycoalde-
hyde8a (8.6 mg, 15umol) was dissolved in 600L of acetic acid and

divided into 10 equal portions. To each portion, an N-terminal segment
(10a—I, 1.5umol) in 240uL of pyridine was added. The mixture was

shaken for 45 h at room temperature, and the reaction was followed (d, 6H,
by HPLC. The ligation products were confirmed by chemical analysis

and MS, and the yields were shown Tablel3a, tr = 27.6 min (20~
50% B in 30 min, then 5690% B in 15 min) LRMSnvz 1045.0 (M
+ HT, 1045.3 calcd for 6HgsN12012); 11b, tr = 28.2 min, LRMS
m/z 1058.7 (M+ H™, 1059.3 calcd for §HseN12012); 116 tr = 29.9
min, LRMS nv/z 1060.8 (M+ H*, 1061.4 calcd for §HgiN12011S);
11d, tr = 32.6, 33.6 min, LRMS1n/z 1143.9 (M+ H*, 1144.3 calcd
for CsgHgaN13011); 116 tgr = 23.3, 24,7, 33.6 min, LRM$&vz 1095.9
(M + H*, 1096.4 calcd for €Hg7/N14011);. 11f, tr = 27.5 min, LRMS
m/z 1071.8 (M+ H*, 1072.3 calcd for §HgeN13012);

Steric Effect of C-Terminal Amino Acids at the Acyl Segments.
Peptide glycoaldehyd&a (0.95 mg, 1.5umol) and Ntn-serine peptide
10a(0.74 mg, 1.5umol) were dissolved in a solution of 15Q. TFE,
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50-90% B in 15 min) LRMSm/z 1045.0 (M+ H*, 1045.3 calcd for
CsoHsaN12012); 11b, tr = 28.2 min, LRMSm/z 1058.7 (M+ H*, 1059.3
calcd for GiHgeN12012); 123 tr = 23.0 min, HRMSmM/z 941.4758 (M
+ HT, C4sHesN10013 requires 941.4732112b, tr = 23.2 min, HRMS
m/z 955.4878 (M+ H*, CysHs7N1¢O13 requires 955.4889113a tr =
25.9 min, HRMSm/z 945.6127 (M+ H*, C4HsiN1¢O10 requires
945.6136);13b, tr = 26.4 min, HRMSm/z 945.6127 (M+ HT,
C47Hs1N10010 requires 945.6136)4a tr = 34.6 min, LRMSnvz 1256.0
(M + H*, 1256.5 calcd for @HoaN13014); 14b, tr = 35.8 min, LRMS
m/z 1270.0 (M+ H*, 1270.5 calcd for gHoaN13014).

Model Dipeptide Synthesis for Stereochemistry StudyZ-Alanine
glycoaldehyde 153 53 mg, 0.20 mmol) synthesized according to an
earlier described proceddtavas dissolved in 2 mL of TFE and 2 mL
of pyridine—acetic acid (1:1,mol/mol), and then H-Ser-OM&§ 65

mg, 0.42 mmol) was added. The mixture was stirred at room

temperature for 36 h. The produ@-Ala-OPro-OMe (738 was
characterized by HPLC, MS, aritH NMR. Similarly, Z-Val-OPro-
OMe (17b) from Z-Val-OCH,CHO 15b and16a, Z-Ala-OPrd"¢-OMe
(17c)from 15aand Thr-OMel6b, Z-Val-OPrd"e-OMe (17d) from 15b
and16b andZ-Val-SPro-OMe17efrom 10b and Cys-OMel6c were
obtained.

17a tg = 17.4 min (26-70% B, 30 min), yield 89.3% based on
15a HRMS m/z 367.1512 (M+ H*, C17H23N07 requires 367.1505).
H NMR (500 MHz, 298 K, CDCJ, 10 mg/mL):

C2, R; cis (68%, by NH-Ala): 7.31-7.36 (m, 5H, GHs-Z), 5.60
(d, 1H,J = 7.5, NH-Ala), 5.49 (m, 1H, H-C2), 5.02-5.14 (m, 2H,
CHx-2), 4.52 (t, 1H,J = 7, H—C4), 4.43 (t, 1HJ = 7, axial H—C5),
4.33 (t, 1H,J = 7, equatorialH—C5), 4.31 (m, 1HaH—Ala), 3.86
(dd, 1H,J = 3.5, =9, CH,—C2), 3.82 (dd, 1HJ = 3.5, =9,
CH,—C2), 3.76 (s, 3H, OMe), 1.37 (d, 3H,= 7, CH;—Ala). NOE:
H(C4)—H(C2), R; H(C4)-x—CH,(C2), R; CH(Ala)—H(C4), R-cis;
aH(Ala)—CH,(C2), R-cis; CHs(Ala)—H(C2), R-cis; axial H(C5)—
H(C2) andequatorial H(C5)—x— H(C2), one epimer.

C2, R; trans (32%): 7.31-7.36 (m, 5H, GHs-Z), 5.49 (m, 1H,
H—C2), 5.39 (d, 1HJ = 7.5, NH-Ala), 5.02-5.14 (m, 2H, CH-Z),
4.68 (d, 1HJ = 5.5, H-C4), 4.50 (m, 1HpH—Ala), 4.38 (dd, 1HJ
=7,J=9.5,axial H—C5), 4.15 (dd, 1HJ = 7.5,J = 9.5, equatorial
H—C5), 3.97 (dd, 1HJ = 4, J = 13, CH—C2), 3.89 (dd, 1HJ =
45,3 =13, CH—C2), 3.75 (s, 3H, OMe), 1.41 (d, 3H,= 7, CHs—
Ala). NOE: H(C4)-H(C2), R; aH(Ala)—CH(C2), Rtrans axial
H(C5)—H(C2) andequatorial H(C5)—x —H(C2), one epimer.

17b: tr = 17.7 min (35-80% B, 30 min), yield 77.3% based on
15b. HRMS m/z 395.1827 (M+ H*, CigH27NO7 requires 395.1818).
H NMR (500 MHz, 298 K, CDCJ, 10 mg/mL):

C2,R, cis(56%, by CHs—Val): 7.36-7.29 (m, 5H, GHs-Z), 5.55~
5.50 (m, 1H, NH-Val), 5.55-5.50 (m, 1H,H-C2), 5.0+-5.12 (m, 2H,
CHy-2), 4.43 (t, 1H,J = 7, H—C4), 4.41 (d, 2HJ = 7.5, H-C5),
4.28 (d, 2H,J = 8.5, H-C5), 4.09 (dd, 1HJ = 7,3 = 9, aH—Val),
4.01 (dd, 2HJ = 3.5,J = 13, CH—C2), 3.90 (dd, 2HJ = 3.5, =
13, CH—C2), 3.68 (s, 3H, OMe), 2.372.03 (m, 1HAH—Val), 1.12
J =17, 2CH—Val), 1.02 (d, 6H,J = 7, 2CH—Val). NOE:
H(C4)—H(C2), R; fH(Val)—H(C4), R-cis; aH(Val)—CH,(C2), R-cis;
axial H(C5)—H(C2) andequatorial H({C5)— x —H(C2), one epimer;

C2, R; trans (44%): 7.36-7.29 (m, 5H, GHs-Z), 5.55-5.50 (m,
1H, NH-Val), 5.55-5.50 (m, 1H, H-C2), 5.0+-5.12 (m, 2H, CH-
Z), 4.64 (t, 1HJ = 9, H-C4), 4.62 (d, 2HJ = 7.5, H-C5), 4.17 (t,
1H,J = 7.5, aH—Val), 4.12 (dd, 2HJ = 1.5,J = 9, H—C5), 3.82
(dd, 2H,J = 4,J = 18, CH—C2), 3.75 (s, 3H, OMe), 1.991.92 (m,
1H, pH—Val), 0.97 (d, 6HJ = 6.5, 2CH—Val), 0.93 (d, 6HJ = 6.5,
2CH;—Val). NOE: H(C4)—H(C2), R;aH(Val)—H(C2), R-trans CHz-
(Val)—axial H(C5), R-trans axial H(C5)—H(C2) and equatorial
H(C5)—x—H(C2), one epimer.

17c tr = 21.9 min (26-70% B, 30 min), yield 78.4% based on
15a HRMS mVz 381.1662 (M+ H*, CigH2sN0; requires 381.1652).
IH NMR (500 MHz, 298 K, CDC, 10 mg/mL):

90uL of pyridine and 6@L of acetic acid. The ligation reaction was
carried out at room temperature for 45 h, and the process was monitored C2, R, cis (60%, by NH—Ala): 7.33-7.31 (m, 5H, GHs-2), 5.57
by HPLC. Ligations betweeBb—d and10a,bwere performed under (d, 1H,J = 7 Hz, NH—Ala), 5.42 (s, 1H, H-C2), 453 (d, 1IHJ =7
the same conditions. The results are shown in Table 4. The ligation Hz, aH—Ala), 4.24 (d, 1HJ = 11, HC4), 4.18-4.15 (m, 1H, H-C5),
products were confirmed by chemical analysis and MS, and the yields 4.11 (d, 2H,J = 14, CH—C2), 3.95 (d, 2H,J = 13, CH, —C2), 3.75
are shown Table 4113, tr = 27.6 min (26-50% B in 30 min, then (d, 3H,J =7, OMe), 1.471.43 (m, 3H, CH—-C5), 1.371.34 (m,
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3H, CHs—Ala). NOE: H(C4)—H(C2), R, H(C5)—x—H(C2), R; aH-
(Ala)—CHx(C2), R-cis.

C2, R; trans (40%): 7.33-7.31 (m, 5H, GHs-2), 5.64 (d, 1HJ =
8, NH—-Ala), 5.28 (d, 1HJ = 3, H—C2), 5.13-4.99 (m, 2H, CH-2),
4.50 (d, 1H,J = 7, H—C4), 4.35-4.31 (m, 1H, H-C5), 4.23 (d, 1H,
J = 13,aH—Ala), 4.05 (d, 2H,J = 13, CH—C2), 3.86 (d, 2HJ =
13, CH—C2), 3.77 (d, 3HJ = 5.5, OMe), 1.471.43 (m, 3H, CH—
C5), 1.37-1.34 (m, 3H, CH—Ala). NOE: H(C4)—H(C2),R; H(C5)—
x —H(C2), R; CHz(Ala)—CH,(C2) R-trans, aH(Ala)—H(C2), R-trans.

17d: tr = 21.9 min (35-80% B, 30 min), yield 73.3% based on
15b. HRMS m/z 409.1959 (M+ H™, CyoH29N2O; requires 409.1975).
I1H NMR (500 MHz, 298 K, CDJ, 10 mg/mL):

C2,R; cis(43%, by CH3—Thr): 7.34-7.29 (m, 5H, GHs-Z), 5.52
(d, 1H,J = 9, NH—Val), 5.46 (s, 1H, H-C2), 5.12-5.00 (m, 2H,
CHy-2), 4.25 (d, 1H,J = 8.5, H-C4), 4.24 (d, 1HJ = 7, aH—Val),
4.22 (m, 1H, H-C5), 4.08 (dd, 2HJ = 2.5,J = 15, CH—C2), 3.87
(dd, 2H,J = 2.5,J = 15, CH, —C2), 3.75 (s, 3H, OMe), 2.051.98
(m, 1H,fH—Val), 1.42 (d, 3HJ = 6, CH;—C5), 1.05 (d, 6HJ = 7,
2, CH;—Val), 0.99 (d, 6HJ = 6.5, 2CH—Val). NOE: H(C4)—H(C2),
R; H(C5)—CHx(C2), R; aH(Val)—H(C2), R-trans

C2,R, trans (57%): 7.34-7.29 (m, 5H, GHs-2), 5.52 (d, 1HJ =
9, NH—-Val), 5.29 (d, 1HJ = 5, H—C2), 5.12-5.00 (m, 2H, CH-2),
4.16 (d, 1H,J =9, H—C4), 4.174.14 (m, 1H, H-C5), 3.98 (d, 1H,
J=8,aH-Val), 3.95 (d, 2HJ = 13, CH—C2), 3.77 (dd, 2H) = 5,
J=17,CH —C2), 3.71 (s, 3H, OMe), 1.981.92 (m, 1H,fH—Val),
1.46 (d, 3H,J = 6, CH;—C5), 0.98 (d, 6HJ = 7, 2CH;—Val), 0.92
(d, 6H,J =7, 2CH—Val). NOE: H(C4)—H(C2), R; H(C5)—CH,(C2),
R; BH(Val)—H(C4), R-cis; CHs(Val)—H(C4), R-cis.

17e tr = 23.4 min (35-80% B, 30 min), yield 83.6% based on
15b. HRMSm/z411.1599 (M+ H*, Ci9H27N206S requires 411.1590).
H NMR (500 MHz, 298 K, CDCJ, 10 mg/mL):

C2, R, cis (60%, by CHs—Val): 7.35-7.30 (m, 5H, GHs-2), 5.55
(d, 1H,J = 8.5, NH-Val), 5.42 (t, 1H,J = 9.5, HO-CHy), 5.19 (t,
1H,J = 12, H—C2), 5.12-5.01 (m, 2H, CH-Z), 4.59 (dd, 1HJ =
6.5,J = 15, aH—Val), 3.90 (dd, 2HJ = 6,J = 18, CH—C2), 3.73
(s, 3H, OMe), 3.49 (m, 1H, HC4), 3.08 (d, 2H,J = 13, H-C5),
2.14-2.07 (m, 1H,fH-Val), 1.27 (d, 6H,J = 7, 2CH—Val), 0.96
(d, 6H,J =7, 2CH—Val). NOE: fH(Val)—H(C2), R<is; CHs(Val)—
H(C2), Rcis CHs(Val)—H(C4), R<is.

C2,R; trans (40%): 7.35-7.30 (m, 5H, GHs-2), 5.62 (d, 1HJ =
9, NH—Val), 5.42 (t, 1HJ = 9.5, HO-CH,), 5.12-5.01 (m, 2H, CH-
Z), 492 (dd, 1HJ = 6,J = 21, H-C2), 4.16 (dd, 1HJ = 6,J =
15.5,aH—Val), 3.77 (dd, 2HJ = 6,J = 17.5, CH —C2), 3.65 (s,
3H, OCH3), 3.49 (m, 1H, HC4), 3.34 (d, 2H, H-C5), 1.95-1.89
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(m, 1H,5H—Val), 0.95 (d, 6HJ = 6.5, 2CH—Val), 0.91 (d, 6HJ =
6.5, 2CH—Val). NOE: H(C4)—H(C2), R, aH(Val)—H(C2), Rtrans

Evaluation of Racemization. The peptide samplet7a,cas well
as reference amino aicids,Ser,L-Thr, andL-Ala, were treated by the
following procedure: (1) hydrolysisi6 M HCI aqueous solution at
110°C for 24 h, (2) reaction of about mmol of the sample with 200
uL of 1% N-(2,4-dinitro-5-fluorophenytyL-valinamide in acetone and
40 uL of 1.0 M sodium bicarbonate in4® at 40°C for 1 h, (3) HPLC
analysis on a Vydac C18 column (46250 mm) using a linear gradient
(35—65% B, in 40 min, at 340 nm), (4) comparison with the HPLC of
standard singl®- or L-amino acid derivative to distinguish the,L-
diastereomers. The HPLC analysis of referemeBer gave 94.7%
L-diastereomert¢ = 16.0 min) and 5.3%p-diastereomert¢ = 16.8
min, racemization from hydrolysis). Similarly, the results of HPLC
showed that referenae Thr: 94.2%.-diastereomert¢ = 17.4 min)
and 5.8%o-diastereomert¢ = 17.8 min, racemization from hydrolysis);
The reference-Ala: 99.6%L-diastereomertg = 22.5 min) and 0.4%
D- diastereomertg = 24.9 min, racemization from hydrolysisgj:Ala-
OPro-OMel7a 96.1%L- and 3.9%b-Ser diastereomers as well as
99.7% L- and 0.3%Db-Ala diastereomersZ-Ala-OPrd"e-OMe 17c
94.6%L- and 5.4%D-Thr diastereomers as well as 99.6%and 0.4%
p-Ala diastereomers.

Synthesis of Bac 7 Analogues by Two-Segment Ligatioithe Bac
7 analogue<0a, 20k and 20c were synthesized by a two-segment
ligation strategy between acyl segmé@and amine segmenifa—
c. 18, 18.0 mg in 3 mL pyridine-acetic acid mixture (1:1, mol/mol)
was divided into three equal portions, and ti&a (8.0 mg),19b (8.1
mg), and19c (8.2 mg) were added to each portion, respectively. The
well dissolved solutions stood at room temperature for 35 h, and the
reactions were monitored by HPLC (Figure 6, Table 6). The ligation
products were confirmed by chemical analysis and R(®, tr = 25.7
min (20-55% B in 30 min), LRMS1/z6940.9 (M+ H*, 6942.4 calcd
for CsagHs26N110062); 20b, tr = 25.8 min, LRMSnvz 6955.9 (M +
H*, 6956.4 calcd for @4Hs2dN110062); 20¢ tr = 26.3 min, LRMSm/z
6958.1 (M+ H*, 6958.5 calcd for €3Hs26N110062S).
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