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Abstract: Spectroscopic and crystallographic data are presented for a series of tetrapeptides and analogous
depsipeptides that can form a minim@hairpin (two intramolecular hydrogen bonds). These model compounds
have been used to test the hypothesis that “mirror imBgeitns promotes-hairpin formation. This hypothesis was
inspired by a statistical survey gfhairpins in globular proteins (Sibanda, B. L.; Thornton, J.Nture1985 316,

170), which showed that mirror imagkturns (type 1 and type 1), although rare in general, are very commonly
associated withB-hairpins containing a two-residue loop between the strand segments. Each of our four-residue
molecules contains proline at the second position, to promote a c@rtuah. TheS-turn is induced to be either
“common” or “mirror-image”, relative to the outer residues, by choice of residue configurati@p]. In methylene
chloride, end-capped tetrapeptide-AcVal-p-Prob-Ala-L-Leu-NMe, folds largely into thes-hairpin conformation,

while the diastereomer Ac-Val-L-Proi-Ala-L-Leu-NMe, displays little or nog-hairpin folding. For each
diastereomer, the hydrogen-bonded driving forcefdrairpin folding is identical, and the dramatic difference in
folding behavior therefore reflects a variation in the intrinsic conformational properties of the diastereomeric backbones.
Similar behavior is seen for the diastereomeric peptide pait-Ned-pb-Pro-Gly+-Leu-NMe, vs Ac-L-Val-L-Pro-
Gly-L-Leu-NMe,, and for the analogous depsipeptides with a lactic acid or glycolic acid residue at the third position.
Thus, our results show not only that mirror-image Pro-X turns strongly proidtairpin folding, but also that
commong-turns strongly discourage formation ofgahairpin with a two-residue loop.

Introduction

The combination of nonbonded forces that controls formation
of B-sheets in proteins is not yet well understood. Individual

globular protein$:® The shortest common loop is two residues;
in this case, the two loop residues are the second and third
residues of ap-turn. In crystalline proteins, two-residue

fB-hairpin loops display distinctive conformational propensities,

amino acid residues have characteristic propensities to participateys pointed out by Thornton et &l3-Turn conformations are

in f-sheets, but the relative importance of such intrinsic
propensities and of “context” (i.e., nearest neighbors) is still
under debaté. 8-Sheets in proteins often form from discontinu-
ous polypeptide segments, unlikehelices oiB-turns, and this

classified by thep andy torsion angles of the middle two of
the four residues (i.e., the two residues of the minimal
B-hairpin’s loop)3¢ The majority of3-turns in folded proteins
adopt type | and type Il conformations, but these “common”

feature may explain why there have been many model studiestyrs are rare in two-residyé-hairpins. Turns that serve as

of a-helix? andg-turn® stability, but few such studies gfsheet
stability! It is important to identify the most effective strategies
for assembling peptide strands inesheets, for rationalizing
natural protein folding patterns, and for designing new protgins.

The simplest way to bring two antiparallel strands together

two-residues-hairpin loops tend to be type I’ and type II’, where
the prime indicates that tiigandy torsion angles of the central
residues are opposite to those in the corresponding common
turns. (Type I’ and II’ are often called “mirror image” turns,
even though these conformations are actuditigtereomerically

is a short peptide segment between the C-terminus of one strandelated to the type | and Il turn conformations, respectively,
and the N-terminus of the other. This strariddop—strand unless both central residues are glycine.) Sibanda and Thornton
arrangement, referred to as A-hairpin”, is often observed in  rationalized the correlation between mirror image turns and
fB-hairpins by noting that the natural twist of these rare turns

® Abstract published im\dvance ACS Abstractguly 15, 1996.
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(but not of the common type | and Il turns) is compatible with
the natural twist between two strands of antipargiedheet
formed fromL-amino acid$P

When a local conformational trend is observed in a folded
protein, it is difficult to know whether this trend results from
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local or nonlocal forces. In order to determine whether the Scheme 1
correlation between mirror image turns and two-resjéhieir- / /
pin loops reflects an intrinsic conformational preference of \Fo‘ N o \);o ------ HN_ o
peptide backbones, we have examined the folding of tetra- “H \// 3 N o ///
peptides and analogous depsipeptides in soldtioh.tetra- N N— —— (\/LN
peptide can adopt a “minim@thairpin” conformation, defined (N ) H

by the presence of the 10- and 14-membered ringHNO=C °

hydrogen bonds illustrated below. Selective incorporation of vs-

p-residues allows us to predispose the inner two residues to /

form a “mirror image” turn, relative to the outer two residues. \F° """" HN o (mostly
We probe the correlation between intrinsihairpin propensity N o /// B-turn)
and the presence of a “mirror image” turn conformation by \,Ao o

comparing the folding behavior of all-molecules and their

heterochiral diastereomers.
Chart 1

°:< -0 o o
NH-- " H\)J\ \/U\ | LytpltLactL
R N o N
4 - N - N
Ry Q-===== HN \n/ : : H
«—o0 o AL o cH, o)\
n a4 /( i 0 : |  pyLplyaeD
N H : VP Lac L
>/1AH . \n/N \ o\/U\N/\n/N\
H
o ) CH, o

Minimal B-hairpin

H H
N O\I)J\ : N V*P Lac'L
. . N N
In these small molecules, intramolecular hydrogen bonding \ﬂ/ H/\ﬂ/
o o C o

provides a principal driving force fop-turn and S-hairpin Ha

formation. For this reason, many of our studies have been o o

carried out in a relatively nonpolar solvent (methylene chloride), ﬂ\)]\ o\)& ,', ‘vtpGlyco'L
which does not provide strong hydrogen bonding competition. \n/ ! N N ~

In each diastereomeric comparison discussed below, the hy- o /\ o o

drogen bonding options are identical between the isomers, but )\

the intrinsic folding propensity of the backbone varies between H 0 0 | PyLpGlyco®L
isomers. Elucidation of these intrinsic folding propensities, N N °\)J\N/'\“/"\

which should be largely independent of solvent, is the central | 4 H

goal of these studies.

Our experimental approach requires that the central two w0 w o N | Lol
residues of the model compounds have a large tendency to adopt \r]/"\/lJ\N "\)L LN VPATL
o /\ :H,

o

p-turn conformations. The presenceteproline at the second i : H 4

of the fourg-turn residues is well-known to promote formation

of type | and type Il turndg and all of our compounds contain o . o

proline as the second residue. Further predispositiofi-forn n\)]\(\ H M LyPpPalL
formation is achieved in one set of model compounds by using \ﬂ/ ; N/\n/ N ~

ana-hydroxy acid residue rather than eramino acid residue ° /\ o )

CH,
in the third position, which results in an ester rather than an o o |
amide linkage between the second and third residues. End- H H Lol AL
capped Pro-X dipeptides are known to equilibrate between \[]/"\)J\fjﬁr"\)J\N N VPG
B-turn andy-turn conformations (the latter involves a seven- o o "oy
membered-ring hydrogen bond across the proline residue) in N

nonpolar solvents at room temperatéreyhile the analogous o (\ o

depsipeptides exist almost exclusively in fhurn conformation ﬂ\)j\ ; ﬂ\)J\ N tvPpGtL
(10-membered-ring hydrogen bond; Schemé 1¢rystallo- Y : "/\ﬂ/ N

graphic analysis of Pro-X depsipeptifesdicates that the ° A o o

a-hydroxy acid residue is a good structural mimic for an

a-amino acid residue, as one would expect in light of the similar chosen based on their tendencies in proteins to occupy the first
conformational properties of secondary amide and ester units.gnd fourth positions gB-turns embedded in hairpiignd with

The experiments below involve four tetrapeptides, containing an eye toward maximizing solubility in nonpolar solvents.
the sequences Val-Pro-Ala-Leu and Val-Pro-Gly-Leu, and five These molecules are illustrated in Chart 1, along with the

depsipeptides, with Ala or Gly replaced by lactic acid (Lac) or shorthand designations used in the text.
glycolic acid (Glyco), respectively. The terminal residues were

(7) A preliminary report has appeared on the depsipeptides discussedReISUItS and Discussion

here: Haque, T. S.; Little, J. C.; Gellman, S.HAm Chem Soc 1994 Depsipeptides in Methylene Chloride. Figure 1 shows the
116, 4105 psipep y g
®) Boussard, G.. Marraud, M.. Neel, J.: Maigret, M.; Aubry, A. variation in the amide protoAH NMR chemical shifts for

Biopolymers1977, 16, 1033. PVLPGlycdL and LV'PGlycd-L in CD.Cl, as a function of
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8.5 DVLPGIlycdL, andPVLPPLacPL in CHLCI, (each depsipeptide
x X X X3 X X< Val' NH 1 mM, i.e., below the onset of aggregation). We have previously
8 ) : o
x X X 300 X 00 Leu NH made extensive use of—N—|_stretch data obtained in dllut_e
75 ) CH.CI, solution to analyze intramolecular hydrogen bonding
: o—o in peptides, depsipeptides, and related molecul&gese prior
u

studies allow straightforward interpretation of the data in Figure
2. For both alle depsipeptides, two bands of similar intensity
are observed, at 3422 and ca. 3310-émThe former results

N
L

Amide proton chemical shift (ppm)

6.5
A from a weak intraresidue five-membered ring—N--O=C
6-— ™ T — 1 interaction (“G interaction”; whether or not this interaction
' ‘ ‘ ‘ ' constitutes a hydrogen bond has been a subject of delSate).
Log concentration (M) The bands near 3310 crharise from N-H involved in typical
Figure 1. Amide proton NMR chemical shifts in CITl, at room amide-to-amide hydrogen bonds. Thus, a substantial proportion
temperature, as a function of the logarithm of depsipeptide con- of the N—H in the all+ depsipeptides is free of interresidue
centration: &) Val NH (“Val* NH”) and Leu NH (“Leu* NH") of hydrogen bonding, which is consistent with our hypothesis
PVLPGlycdL; (—, O) Val NH and Leu NH of-V-PGlycd-L. (Scheme 2) that these depsipeptides experience considerable

B-turn formation but little or nog-hairpin formation. The
the logarithm of depsipeptide concentration. In order to heterochiral depsipeptide3ViP-Lac’L and PVLPGlycdL,
facilitate interpretation of this graph, we display the behavior however, display only one NH stretch band, at ca. 3296 ciy
of the all-L depsipeptide with continuous lines, while the data which is consistent with formation of strong intramolecular
for PVLPGlycdL are shown with symbols. The chemical shift amide-to-amide hydrogen bonds. The absence of a band
of an amide proton is usually very sensitive to hydrogen between 3400 and 3500 ciifor these depsipeptides indicates
bonding, and these data, spanning more than three orders othat both amide protons are fully hydrogen bonded, i.e., that
magnitude in concentration, provide insight on the concentra- the 8-hairpin conformations are fully populated under these
tions at which aggregation (i.e., intermolecular hydrogen bond- conditions (Scheme 2). (For these molecules, only3thairpin
ing) occurs. Both amide protons of the all-L isomer shift folding pattern allows formation of two strong intramolecular
downfield above ca. 5 mM, indicating the onset of aggregation amide-to-amide hydrogen bonds simultaneously.)
at this concentration. In contrast, neither amide proton of |t has long been known that placement af-gesidue at the
PVLPGlycdL displays any concentration dependence, which third position of an otherwise all-3-turn promotes formation
suggests that this depsipeptide does not aggregate in theof a type Il turn, and that-Pro-p-Xxx sequences are particularly
concentration range examined. An alternative possibility, that strong type Il turn inducers We therefore examined
PVLPGlycdL is fully aggregated at 0.01 mM, seems exceed- DyLPD| oL, the central two residues of which should form a
ingly unlikely, given that each molecule contains just two mijrror image turn relative to the outer residues. The rightmost
hydrogen bond donor sites. spectrum in Figure 2 shows-\H stretch region IR data for a

For a given amide proton, increased population of hydrogen 1 mM solution of this depsipeptide in GBI,. The major band
bonded states leads to a downfield shift (hydrogen bonding occurs at 3308 cr, in the region for strong amide-to-amide
equilibration in flexible molecules is rapid on the NMR time  hydrogen bonds. Unlike the other two heterochiral depsipep-
scale, and the observeiNH reflects a population-weighted  tides, however, there is also a tiny absorbance at 342¢.cm
average of contributing hydrogen bonded and non-hydrogen Thus, the mirror image turn strongly promotgshairpin
bonded states). Comparisons between analogous protons ifformation in PV-PPLacL, although not quite to the extent
diastereomers therefore provide insight on the extent of hydro- gpserved foPVLP-Lac®L and DVLPGIlycdL.
gen bonding at the amide proton in question. The behavior of Long-range nuclear Overhauser effects, detected via a
the valine NH is of particular interest, since this proton can Rogsy experiment? provided further evidence ¢f-hairpin
participate in the 14-membered-ring hydrogen bond that definesfg|ding for PVLP-Lac®L, PVLPGlycdL, and PVLPPLacPL in
the minimal g-hairpin (involving the leucine €0). For  cp,Cl,. This folding pattern requires that the two amide
PVLPGlycdL, Val NH appears at 8.25 ppm, while for the all- - protons lie near one another in space, and the expected Val
isomer, Val NH appears at 6.35 ppm, in the concentration- NH--Leu NH cross peak was observed for all three heterochiral
independent limit. The latter chemical shift is characteristic of depsipeptides (Figure 3). No such cross peak was observed in
a peptide backbone proton that experiences little or no hydrogenROESY spectra of the all-depsipeptides. It should be noted
bonding in CQCI,, while the former chemical shift indicates a  that an NOE between protons that are so covalently distant from
large amount of intramolecular hydrogen bondiffgIn contrast  one another is more strongly diagnostic of a compact conforma-
to the 1.9-ppm separation between the Val NH's, the Leu NH'S tjon than are NOEs between protons on adjacent residues (the
of these diastereomers are only 0.4 ppm apart, which is |atter are commonly adduced to support populatiof-tiirns

consistent with there being a substantial population ofithern and other secondary structures in short peptides). NH--NH cross
folding pattern (10-membered-ring hydrogen Pond) in both peaks between adjacent residues, for example, are consistent
molecules. Thus, théNH comparison betweer/-PGlycd-L with -turn anda-helix conformations, but as Landis et al. have

and PVtPGlycd’L suggests that the all-isomer experiences  recently shownd? such relatively short-range interactions can

significant/3-turn folding, but little or ng3-hairpin folding, while  a1s0 arise from other conformations available to flexible
the diastereomer in which the inner residues are predisposed tgyeptides.

form a mirror image turn, relative to the outer (Val and Leu)

residues, is largely folded into thg-hairpin. The analo- (b)(%) (l?) DEadAC\), % FI’I.; Ge”rsnapﬁ SA. H"érT Crgam iggéaﬁlgl%izz(sj
1 H L\/L allo, e. A.; Gellman, S. . Am em S0C . (C
gOE;H gM_R data previously reportédor "V-PLac'L and o0 E” A" Gellman, S. Hi. Am Chem Soc 1994 116 11560.
y Lac’L Imply a_S|m'|ar pattern of f0|d'_ng behavior er this (10) (a) Avignon, M.; Huong, P. V.; Lascombe, J.; Marraud, M.; Neel,
diastereomeric pair. These conformational deductions areJ. Biopolymers1969 8, 69. (b) Burgess, A. W.; Scheraga, H. A.
; i Biopolymers1973 12, 2177.
Sulr:r.]manzzedhm SCE?”;S 5 ta f th tretch ion f (11) Boussard, G.; Marraud, M.; Mk J.J. Chim Phys 1974 71, 1081.
lgure 2 shows F1- ata from the-NH stretch region for (12) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,

all five depsipeptides,V-P-Lac-L, PVLP-LacPL, LVLPGlycdL, R. W.J. Am Chem Soc 1984 106, 811.
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Figure 2. N—H stretch FT-IR data for 1 mM depsipeptide samples in,Clklat room temperature, after subtraction of the spectrum of pure
CH.Cl,. From left to right: “V-P-Lac-L, maxima at 3422 and 3317 crf PV-P-Lac’L, maximum at 3297 cmt; “VLPGlycd-L, maxima at 3422
and 3306 cm?; PVLPGlycdL, maximum at 3295 cmt; PVLPPLacPL, maxima at 3420 and 3308 cr

Scheme 2. Major Folding Patterns of Depsipeptides in Methylene Chloride and Acetonitrile
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Figure 3. The amide proton portion of the 500-MHz ROESY spectrum
of depsipeptid®VLP-Lac’L, 1 mM in CD,Cl; at 297 K. Data were
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\
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R
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relative to methylene chloride: acetonitrile is a modest hydrogen
bond acceptor, and DMSO is a strong acceptor-H\stretch
region IR data fotV-P-Lac-L, PVLP-LacPL, LVIPGlycdL,
and PVLPGlycdL in CH3CN (Figure 4) show that folding
behavior in this solvent is similar to that observed in CH.
(CHsCN IR data were obtained with 10 mM solutions; we
assume that there is no aggregation under these conditions, by
extrapolation from the methylene chloride results.) Each of the
all-L depsipeptides displays two maxima in the-N stretch
region, at ca. 3370 and 3310 ct The lower energy bands
are very similar in position to those observed for the same
molecules in CHCI,, and we attribute these bands to-N
moieties engaged in intramolecular amide-to-amide hydrogen
bonds (presumably the 10-membered-riigurn hydrogen
bond). The higher energy bands are ca. 50 ttower than
the analogous bands in GEl; these bands in Figure 4 are
assigned to N-H groups interacting with CECN. (Solvent-
exposed amide groups in GEN display an N-H stretch band
that is 56-60 cnT ! lower in energy than the corresponding band
in CH,Cly; 4 this solvent-induced shift presumably results from
weak CHCN--H—N hydrogen bonds.) Thus, there appears to
be considerabl@-turn but little or nog-hairpin for the alle
depsipeptides in C¥CN, as was observed in GAl,.

The IR data for heterochiral depsipeptidds-P-Lac’L and
DVLPGIlycdL in CH3CN (Figure 4) are nearly identical to the

acquired on a Varian Unity instrument using the ROESY pulse sequence data obtained in CkCl, (Figure 2), indicating that thé-hairpin
that is part of the standard Varian software, with 2048 data points along jhquced by a mirror image turn is sufficiently robust to resist

t, 128t increments, and 112 scans pgincrement. The mixing time

was 0.50 s, accompanied by a relaxation delay of 1.20 s and a

“homospoil” relaxation pulse. The spectral width was 6000 Hz.

Additional details may be found in the Experimental Section. Proton

assignments were made on the basis of TOCSY data.

Depsipeptides in Acetonitrile and DMSO. These two

hydrogen bond competition from surrounding £HN mol-
ecules. (We have previously observed thatzCN can disrupt
less stable intramolecular hydrogen bonding patt&insThe
population of S-hairpin conformations by the heterochiral
depsipeptides in acetonitrile is supported by ROESY data: the
hairpin-characteristic Val NH--Leu NH cross peak is observed

solvents provide an increase in hydrogen bonding competition fq pothPVLP-Lac®L andPVLPGlycdL, although the intensity

(13) Landis, C. R.; Luck, L. L.; Wright, J. M. Magn ResonB 1995
109 44.

(14) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, B.JRAm
Chem Soc 1991, 113 1164.
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Figure 4. N—H stretch FT-IR data for 10 mM depsipeptide samples i@ at room temperature, after subtraction of the spectrum of pure
CH:CN. From left to right: 'VtP-LactL, maxima at 3370 and 3319 crh PVLP-Lac®L, maximum at 3298 crmt; LVLPGlycd L, maxima at 3368
and 3304 cm?; PVLPGlycdL, maximum at 3296 crmt.
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Figure 5. N—H stretch FFIR data for 10 mM depsipeptide samples in DMSO at room temperature, after subtraction of the spectrum of pure

DMSO. From left to right:"V-P-Lac-L, maximum at 3259 cmt; PVLP-LacPL, maximum at 3281 cm; “V-PGlycdL, maximum at 3258 cm;

PVLPGlycdL, maximum at 3276 crt.

is weaker for the latter. A weak NH--NH cross peak is observed
also forPVLPPLacPL in CD3CN, but not for the all- depsipep-
tides.

DMSO IR data fotVP-LactL, PVLP-LacPL, LVLPGlycdL,
andPV'PGlycdL are shown in Figure 5. NH stretch signals

lose their diagnostic spectral dispersion in this solvent, because

amide-to-DMSO hydrogen bonds and strong amide-to-amide
hydrogen bonds give rise to bands in the same region of the IR

Table 1. Cis:TransRatios

depsipeptide CECl, CDsCN DMSO-ds
LVLP-LacL 6:94 7:93 4:96
PVLP-LacPL a a 12:87
LVLPGlycdL a 5:95 5:95
PVLPGlycdL a a 15:85
PVLPPLacPL a 3:97 25:75

a Cis rotamer not detected.

spectrum. Nevertheless, an interesting pattern is observed

among the data in Figure 5: the alldepsipeptides display a
maximum at 3258 cmt, while the maxima foPVLP-LacPL
andPVLPGlycdL are ca. 20 cm?! higher in wavenumber. The
CH.CI; and CHCN data show that amide-to-amide hydrogen
bonded N-H occurs in the range 3298300 cntl. Therefore,
the difference between the alldepsipeptides and their hetero-
chiral isomers in DMSO suggests that significgihairpin
folding is retained byPV'P-Lac®L and PVLPGlycdL in this
solvent, while the all- isomers are largely unfolded and
hydrogen bonded to DMSO. A weak ROESY Val NH--Leu
NH cross peak was observed fev-P-LacPL in DMSO-ds,
which is good evidence for the existence of sofitbairpin
structure in this very competitive solvent. No NH--NH cross
peak was detected f68V-PGlycdL or PV-PPLacPL in DMSO-
ds.

Cis/Trans Proline Rotamer Ratios. Adoption of ag-turn
or -hairpin conformation by our four-residue molecules requires

that the proline exist as theansrotamer. Table 1 shows the
cis:transratios for the depsipeptidé¥/-P-Lac-L, PV-P-LacPL,
LVLPGlycdL, andPV-PGlycdL in the three solvents employed

in these studies. The ratios in methylene chloride and aceto-
nitrile are consistent with our contention that the heterochiral
sequences promofehairpin formation, but these data do not
in themselves constitute strong evidence for this deduction, since
the amount ofis proline is always low. Greater amounts of
cisproline are observed in DMSO than in the other two solvents,
which is consistent with the general trend that increasing solvent
polarity favors thecisform.1® Interestingly, the all- molecules
show lowercis:transratios than the heterochiral molecules in
DMSO. The origin of this trend is unclear, but tbes:trans
ratio cannot be related {@-hairpin formation in DMSO, since

we have independent evidence for some populatighidirpin

(15) Higashijima, T.; Tasumi, M.; Miyazawa, Biopolymersl977, 16,
1259.
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Figure 6. Ball-and-stick representation of the solid state conformation
of PVLPGlycd’L, as determined by X-ray diffraction. The two amide
protons are engaged in intermolecular hydrogen bonds (not shown).
Numbering is given for nitrogen and oxygen atoms only.

O
Figure 7. Ball-and-stick representation of the solid state conformation
of PVLPPLac’L, as determined by X-ray diffraction. The two intramo-
lecular hydrogen bonds are indicated by dashed lines. Numbering is
given for nitrogen and oxygen atoms only.
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Figure 8. Amide proton NMR chemical shifts in GIQl, at room
temperature, as a function of the logarithm of peptide concentration:
(x) Val NH (“Val* NH"), Leu NH (“Leu* NH"), and Ala NH (“Ala*
NH") of LVPPPALL; (—, O) to Val NH, Leu NH, and Ala NH of
LVEPLALL.

conformations for heterochiral but not all-depsipeptides
(ROESY data foPVP-Lac’L and IR data forPV-P-LacPL
andPVLPGlycd’L).

Depsipeptide Crystal Structures. Crystals suitable for
X-ray diffraction were obtained for both alldepsipeptides and
for PVLPGlycd’L andPVLPPLacPL. The two all+ depsipep-
tides andPVLPGlycdL crystallized in extended conformations,
with only intermolecular hydrogen bonds formed in the solid
state (the solid state conformation ®¥'-PGlycd’L is shown
in Figure 6). PVLPPLacPL, however, crystallized in A-hairpin
conformation, as shown in Figure 7-Prob-Lac ¢ and v
angles, sequentially=-65.¢%, 125.2, 76.8, 14.5’; these torsion
angles correspond to the expected type 1l ¥n

Tetrapeptides in Methylene Chloride. Figure 8 shows the
variation in the amide protoAH NMR chemical shifts for

Haque et al.

LVOPPALL and “WLP-ALL in CD,Cl, as a function of the
logarithm of peptide concentration. The all-L peptide aggregates
above ca. 1 mM, whiléVPPPALL does not appear to aggregate
significantly between 0.01 and 50 mM. Val NH '&f PPPALL,
which would be involved in the hairpin-diagnostic 14-membered-
ring hydrogen bond, is the furthest downfield of the six amide
protons, in the concentration-independent limit. This observa-
tion suggests that there is substantial population ofthairpin
conformation by-VPPPALL. In contrast, Val NH of the all-
isomer is the most upfield of the six amide protons, which
implies that there is little or n@-hairpin folding in this case.

As required forS-hairpin formation, Ala NH of-VPPPALL
is quite far upfield, consistent with there being little or no
internal hydrogen bonding to this amide proton. Ala NH of
the all+ isomer, on the other hand, is the most downfield of
this peptide’s amide protons, in the concentration-independent
limit, suggesting significant hydrogen bonding at this position.
The Ala NH chemical shift of the all-isomer is similar to that
observed for the dipeptide AcPro+-Ala-NHMe under identi-
cal conditions¥¥ There is a significant population of theturn
folding pattern across the proline residue for this dipeptide in
methylene chloride at room temperattiréseven-membered-
ring hydrogen bond involving the Ala NH; see Scheme 1). Thus,
the L-Proi-Ala segment of-VLP-ALL apparently exhibits
behavior similar to that observed for the isolated dipeptide.
Scheme 3 summarizes the conformational behavior we ascribe
to 'WLP-ALL and “WPPPALL in methylene chloride; this
hypothesis is supported by additional data outlined below, and
applies to the glycine-containing tetrapeptides, as well.

Concentration-dependendNH data for LVLPG-L and
LVPPGE-L in CD,Cl, are shown in Figure 9. The Val NH
chemical shifts (concentration-independent limit) are diagnostic
of B-hairpin formation, and in this feature the glycine-containing
peptides parallel the alanine-containing peptides. For the all-
isomer, Val NH is far upfield, in the range typical of non-
hydrogen bonded peptide NH groups, but #°PG-L, Val
NH is far downfield. There are some differences between the
data sets in Figures 8 and 9, however. FirgPPG-L is more
prone to aggregate thalvPPPALL. Second, in the concentra-
tion-independent limits, Leu NH is further downfield than Gly
NH for LZVLPG-L, while Leu NH was upfield of Ala NH for
LVLPLALL. This latter difference presumably results from the
fact that, in the competition betweeh and y-turn folding
patterns, thgs-turn is relatively more favorable for Ac-Pro-
Gly-NHMe than for Act-Pro+i-Ala-NHMe 3 Thus, the data
in Figure 9 suggest that the conformational hypothesis outlined
in Scheme 3 applies toV-PG-L and "VPPG-L, but that the
position of the - vs y-turn equilibrium varies between
LVLPLALL and LVEPGHL.

N—H stretch region IR data fokVLP-ALL, LVDPPALL,
LVLPGE-L, and-VPPG-L (Figure 10) support the conclusion that
the allL tetrapeptides experience little or fidhairpin formation,
while LVPPPALL and LVPPG-L are largely folded into the
pB-hairpin conformation (Scheme 3). For each of theLall-
peptides, the major band appears at ca. 3420'cmhich, as
discussed above, indicates an absence of strong amide-to-amide
hydrogen bonding. These peptides display only small or
moderate bands in the strong intramolecular hydrogen bonding
region (3323 and 3311 cm). In contrast, the major bands for
LVDPPPALL andLVPPG-L fall in the region that is characteristic
of strong intramolecular amide-to-amide hydrogen bonding.
Both of these heterochiral peptides have a minor band at higher
wavenumber, 3420 cm for “WPPPALL and 3435 cm? for
LVPPGE-L. If hairpin folding is dominant in these heterochiral
molecules, then the Ala or Gly NH should not engage in
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Scheme 3. Major Folding Patterns for Tetrapeptides in Methylene Chloride and Acetonitrile

(All-L)

VS. O----_y-N .
H""\~—=0  (Heterochiral)
N o /(
O
H R
= 8 - Although the long-range signals are relatively weak, the data
g x xx xx x X XVl N in Figures 11 and 12 indicate that these cross peaks do not result
= 75 x X Leu"NH from transferred NOE effects. These long-range cross peaks
=757 x x X xx X . .
2 are not observed for the allpeptides in CRCl,. The all+
2 4] O_O_O—W/;O . peptides did display an NOE cross peak between the amide
g 7 Gly" NH
2 Leu NH x protons of the third and fourth residues (Ala NH--Leu NH or
. SYNH v xx X _Gly_ NH--Leu NH), which is conventio_nally interpret_ed to
g indicate the presence @gfturn conformations. As mentioned
g o val NH above, however, this relatively short-range interaction can arise
o ¥ ® Q - o from other types of conformations as w#ll.

Log concentration (M)
Figure 9. Amide proton NMR chemical shifts in GIQl, at room
temperature, as a function of the logarithm of peptide concentration:
(x) Val NH (“val* NH"), Leu NH (“Leu* NH"), and Gly NH (“Gly*
NH") of LVPPG-L; (—, O) Val NH, Leu NH and Gly NH of-V'-PG-L.

hydrogen bonding, which would explain the origin of these
minor bands. In order to elucidate the origin of the 3420-tm
band of 'WVPPPALL, we prepared a version containifdgN-
labeled alaninePV-PESN)-APL. As expected, the isotopic
substitution caused by 3420-cfnmaximum to shift to lower
energy® (3412 cnt?; rightmost spectrum in Figure 10), but this
shift revealed a small shoulder at 3432 ¢nwhich we attribute

to a small amount of non-hydrogen bonded Val and/or Leu
N—H.

NOESY! data obtained in CECl, support our deduction that
LVPPPALL and-VPPG-L are folded intoB-hairpin conforma-
tions to large extents, while the allisomers are not (Scheme
3). For both-VPPPALL and “VPPG-L, a long-range Val
NH--Leu NH cross peak was observed, as was an additional
long-range cross peak between C-terminal and N-terminal
methyl groups. The buildup of the long-range cross peaks is
shown in Figures 11 and 12, along with the buildup of closer
protons, Ala NH--Leu NH and Gly NH--Leu NH, respectively.

(16) For a localized A-B stretch, the band position can be estimated
from the equation

v = (270) ' [K(M, + Mg)/MyMg]

wherec is the speed of light is the force constant of the-AB bond,Ma
is the mass of atom A, arldg is the mass of atom B. (Silverstein, R. M.;
Bassler, G. C.; Morrill, T. C.Spectrometric Identification of Organic
Compounds5th ed.; John Wiley & Sons: New York, 1991; p 93.) This
calculation predicts a localizédN—H stretch to be ca. 12 cr lower in
energy than 8*N—H stretch.

(17) Macura, S.; Ernst, R. Rvol. Phys 198Q 41, 95.

Tetrapeptides in Acetonitrile and DMSO. N—H stretch
region IR data fortV'P-ALL, LVPPPALL, LVLPGL, and
LVPPGE-L in CH3CN (Figure 13) imply considerable population
of B-hairpin conformations for the heterochiral peptides, but
little internal hydrogen bonding for the allisomers (Scheme
3). For the alle peptides, the absorbance maximum appears at
ca. 3370 cm?, characteristic of solvent-exposed NH moieties
in CH;CN. “VLPG-L displays a shoulder at ca. 3300 tin
indicating a small population of conformations containing strong
intramolecular amide-to-amide hydrogen bonds (given the band
widths, one cannot rule out the presence of a small population
of such hydrogen bonds ihVLP-ALL). For each of the
heterochiral peptides, the absorbance maximum falls in the
region attributable to NH involved in strong amide-to-amide
hydrogen bonds; the maxima are nearly identical to those
observed in CECI, (Figure 10). “WVPPG-L also displays a
shoulder in the region for solvent-exposed NH in O, and
the breadth of the band f&WPPPALL suggests that this peptide
displays significant absorbance in the solvent-exposed region,
too. (For these peptideS;hairpin formation requires that one
of the three NH groups be solvent exposed.)

N—H stretch region data for-VLP-ALL, LVPPPALL,
LVLPG-L, and 'VPPG-L in DMSO are shown in Figure 14.
For three of the four molecules, the maximum occurs at ca.
3267 cnl, which is similar to the position of the NH stretch
bands observed for the alldepsipeptides in DMSO (Figure
5). LWPPG-L, however, shows a maximum at 3286 ¢in
which is similar to that observed for the heterochiral depsipep-
tides in DMSO. Thus, théVPPG-L data suggest that there
may be someS-hairpin folding even in the face of strong
hydrogen bonding competition from the solvent. No long-range
interactions were detected in NOESY spectra acquired for the
tetrapeptides in DMS@s.
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Figure 11. Intensities of selecteéH—H NOESY cross peaks as a
function of mixing time fo a 1 mM sample of-VPPPALL in CD,Cl,.
Intensity is in arbitrary units, and is normalized between experiments.
Further details may be found in the Experimental Section.
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Figure 12. Intensities of selecteH—'H NOESY cross peaks as a
function of mixing time fo a 1 mM sample of-VPPG-L in CD,Cl,.
Intensity is in arbitrary units, and is normalized between experiments.
Further details may be found in the Experimental Section.

Conclusions

1. Mirror-Image p-Turns Stabilize Two-Residue Loop
p-Hairpins. Determining the intramolecular hydrogen bonding
pattern is most straightforward in methylene chloride, among

p-residues will prove to be useful for de novo desigipefheet
proteins!®

Since the hydrogen bonded drive feihairpin formation is
identical between diastereomers, the conformational differences
we observe provide insight on the intrinsic folding propensities
of the diastereomeric peptide or depsipeptide backbones. These
intrinsic folding propensities are presumably determined by
torsional strain and other nonbonded repulsions that develop
as the peptide backbone folds back upon itself, and by
conformational entropy® (We assume that differences in
solvation between diastereomers are energetically small, in all
solvents.) Our results suggest that the correlation between
mirror-image turns and two-residue log@phairpins observed
in crystalline proteins arises from competition between the
intrinsically favored twist for two adjacent strands fheet
and the intrinsically favored backbone conformationgsfurns,
with the former winning out.

The similarity of trends in the peptide and depsipeptide series
validates our initial assumption that the depsipeptides are
reasonable models for the conformational behavior of authentic
peptide backbones. Thehairpin fold appears to be modestly
more stable in the heterochiral depsipeptides than in the
analogous peptides, perhaps because of the equilibrium involv-
ing the y-turn shown in Scheme 1, which is unique to the
peptides.

2. A Common g-Turn Is an Impediment to Formation
of a Two-Residugf-Hairpin Loop. This conclusion is based
on the behavior of the all-tetrapeptides and depsipeptides in
methylene chloride, where failure to formgahairpin requires
that the hydrogen bonding potential of VaH¥ and Leu G=O
remain unsatisfied. It is commonly assumed that stabilizing
any p-turn necessarily promoteg-hairpin formation?a.0.20
however, our results show that the type®furn is crucial,
and that the most common turn conformations forLgleptides
(types | and Il) are antithetical to formation of a two-residue
B-hairpin loop. The relationship betwegrturn conformation

the solvents we have examined, and the intramolecular hydrogen@nd/-hairpin stabilization explains at least in part why several

bonding pattern identifies the backbone fold. Internal hydrogen
bonding information obtained via IR and NMR shows that the

recently reported dipeptide-mimetic units that are locally achiral

(18) A recently describe@-sheet protein design (ref 4d) includes the

heterochiral peptides and depsipeptides are completely or almostse ofo-residues at positions intended to form two-resigtieairpin loops.

completely folded intg-hairpins in methylene chloride, while
the all+ isomers experience little or ng-hairpin folding

(Schemes 2 and 3). These conclusions are strongly supporte(ﬂ

(19) We recently reported that tffehairpin conformation of four-residue
depsipeptide Ac-Gly-Pro-Glyco-Gly-NMén CH,Cl; is only about 40%
opulated at room temperature: Gardner, R. R.; Gellman, Sl. Am
hem Soc 1995 117, 10411. Comparison of this result with an observation

by observation of long-range NOE enhancements for the reported here, complete populationbhairpin forPVLPGlycdL, indicates

heterochiral peptides and depsipeptides, but not for their all-
analogues. The minimghhairpins stabilized by mirror-image

that side chains, with the correct configuration, are required on the terminal
residues for complet@-hairpin formation. These terminal residue side
chains presumably decrease the number of non-hairpin conformations

turns persist, at least partially, even when hydrogen bonding available to the backbone, thus decreasing the loss of conformational entropy

competition from the solvent undercuts the driving force for
folding. Thus, the stabilization of two-residue logghairpins
by mirror-imageg-turns appears to be quite significant energeti-

associated with adoption of the hairpin folding pattern.

(20) Searle, M. S.; Williams, D. H.; Rackman, L. Rature StructBiol.
1995 2, 999. Forp-hairpin folding, in water, of a 16-residue peptide that
lacks proline, see: Blanco, F. J.; Rivas, G.; Serrandyature Struct. Biol.

cally, and our results suggest that selective incorporation of 1994 1, 584.
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strongly promote3-hairpin conformations in solutioft:in the

than in the heterochiral isomer, but full rationalization of our

absence of a chiral center, the distinction between “common” observations will require a more detailed analysis.

and “mirror-image” turns disappears.

both containing a proline residue in the turn reg?®® In both

3. The Ability of Intramolecular Hydrogen Bonds To
f-Hairpin conformations have recently been identified in two Induce Folding Is Limited, Even in Nonpolar Environments.
short all+ peptides (9 and 16 residues) in aqueous solution, The lack of significantf-hairpin formation among the all-

peptides and depsipeptides in methylene chloride indicates that

cases, the antiparallgtstrands are connected by a three-residue closing the 14-membered-ring hydrogen bond costs more in
loop rather than a two-residue loop. We propose that the rigid terms of induced strain in the allbackbones than would be
L-proline residue in each of these peptides precludes a mirror-gained by hydrogen bond formation. We have previously

image turn, and therefore disfavors a two-residd®irpin loop.
Consistent with this hypothesis, proline is rare in two-residue
B-hairpin loops in crystalline proteirf8. Simple molecular
mechanics comparison 6¥'P-Lac-L and PV'P-LacPL sug-
gests that closure of the 14-membered hydrogen bonded ring
requires greater internal steric repulsion in the_alepsipeptide

centered view.

(21) (a) Daz, H.; Tsang, K. Y.; Choo, D.; Espina, J. R.; Kelly, J. V.
Am Chem Soc 1993 115 3790. (b) Gardner, R. R.; Gellman, S. .
Am Chem Soc 1995 117, 10411. (c) Kemp, D. S.; Li, Z. Qletrahedron

Lett 1995 36, 4175, 4179.

scribed here.

(22) (a) Blanco, F. J.; Jinmez, M. A.; Herranz, J.; Rico, M.; Santoro,

J.; Nieto, J. LJ. Am Chem Soc 1993 115 5887. (b) Constantine, K. L.;
Mueller, L.; Andersen, N. H.; Tong, H.; Wandler, C. F.; Friedrichs, M. S.;
Bruccoleri, R. EJ. Am Chem Soc 1995 117, 10841. (c) Friedrichs, M.
S.; Stouch, T. R.; Bruccoleri, R. E.; Mueller, L.; Constantine, KJLAm

Chem Soc 1995 117, 10855.

Experimental Section

argued that chemists and biochemists tend to overemphasize
the significance of hydrogen bonds in noncovalently controlled
structure?®the dramatic distinction in folding properties between
the all+ molecules and their heterochiral isomers in methylene
chloride is a good example of the perils of a hydrogen bond-
It is difficult or impossible, upon visual
inspection of drawings or physical models, to identify the
features of the all- backbones that oppose 14-membered-ring
hydrogen bond formation of the four-residue molecules de-

Infrared Spectroscopy. Spectra were obtained on a Nicolet Model
740 FT-IR spectrometer. IR samples were prepared under anhydrous

conditions; solvents were distilled from Cagéhd stored over molecular
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sieves, compounds and glassware were dried under vacuum overnightsolid was purified by silica gel chromatography (eluting with 50:49:1

and solutions were prepared under arelinosphere. The pure solvent

ethyl acetate/chloroform/methanol) to yield 0.125 g (0.381 mmol, 58%)

spectrum for a particular solution was subtracted from the sample of the desired dipeptide as a white solid.

spectrum prior to analysis. Peaks in the amide NH stretch region were

baseline corrected, and analyzed without further manipulation.
NMR Spectroscopy. 1. Aggregation Studies.One-dimensional

spectra for aggregation studies were obtained on either a Varian Unity-

o-Hydroxy Acid Coupling. HO- L-Lac-b-Leu-NMe,: Boc-D-Leu-
NMe, (0.500 g, 1.94 mmol) was deprotected as described above. The
activated ester was prepared by addition of 0.253 g of HOSu (2.20
mmol) followed by 0.453 g of DCC (2.20 mmol) to a @&l solution

500 or a Bruker AM-500 spectrometer. Samples for aggregation studies of L-lactic acid (0.192 g, 2.14 mmol). A white precipitate formed soon
were prepared by serial dilution from the most concentrated sample after DCC addition. The solution of M-p-Leu-NMe, and triethyl-

(typically 40 to 50 mM). Dry compounds were dissolved in D
previously dried ove3 A molecular sieves, and samples were prepared
with dry glassware under an Nitmosphere.

2. Conformational Analysis. NMR samples for conformational
analysis were prepared by dissolving the dry compound in dry
deuterated solvent under an, Mitmosphere. Samples were then
degassed by the freezpump-thaw method, and the NMR tubes were

amine in CHCI, was then transferred into the activated ester solution.
After stirring the resulting solution overnight, the white solid was
filtered off, and the remaining solution was concentrated to a clear
colorless oil. Purification by silica gel chromatography (eluting with
4% MeOH in CHC}) yielded 0.381 g of the desired product as a clear
colorless oil (1.66 mmol, 86%).

HO-b-Lac-p-Leu-NMey: A modified coupling procedure was used

sealed under vacuum. All two-dimensional NMR spectra were obtained in obtaining this product, since-lactic acid was purchased as the
on a Varian Unity-500 spectrometer. Proton signals were assigned vialithium salt, which is insoluble in CKCl,. The coupling reaction was

TOCSY? spectra, and ROESYor NOESY spectra provided the data

run in 3:2 DMF/CHCIl,. The desired product was obtained in a yield

used in the conformational analyses. Two-dimensional spectra wereof 67% after silica gel chromatography.
acquired using standard Varian pulse sequences and hypercomplex Ester Bond Formation. Boc+-Pro-p-Lac-L-Leu-NMe,: HO-D-

phase cycling (States-Haberkorn metHpcand the data were processed
with Varian VNMR version 4.3 software. TOCSY spectra were
recorded with 2048 points ifa, 256 or 512 points it,, and either 8 or

16 scans pet; increment. ROESY and NOESY spectra were recorded
with a similar number of; andt; points unless otherwise noted, and
between 32 and 120 scans perincrement, depending on the
concentration of the sample. The width of the spectral window

Lac+-Leu-NMe& (0.130 g, 0.565 mmol) was dissolved in 20 mL of
CH.CI,, followed by 0.133 g of Boa-Pro-OH (0.620 mmol). The
resulting clear solution was cooled t60. 4-(Dimethylamino)pyridine
(0.009 g, 0.074 mmol) was added, followed by 0.128 g of DCC (0.620
mmol), and the solution was stirred at’G for 1 h, then allowed to
warm to room temperature and stirred for another 4 h. The solution
turned cloudy 25 min after DCC addition. The precipitate was filtered

examined was between 4500 and 6000 Hz. Sample concentrations foroff, and the solution was concentrated under vacuum. The resulting

two-dimensional spectra were 1 mM in @C),, 5 or 10 mM in CRCN,
and 10 mM in DMSO¢ds.

3. NOESY Buildup Plots: NOESY spectra were obtained for five
different mixing times (ranging from 250 to 1250 ms) for each buildup
curve. Intensities were normalized between spectra in the following
manner. For the observed NOE interaction at a particular mixing time,

solid was purified by silica gel chromatography (eluting with ethyl
acetate) to afford 0.158 g of the product as a white solid (0.370 mmol,
65%).

Capping Procedure. Aco-Val-L-Pro-L-Lac-p-Leu-NMe;y: Tetra-
peptide Boce-Val-L-Proi-Lacd-Leu-NMe, was deprotected with 4
N HCl/dioxane as described above. Triethylamine (0.16 mL, 1.14

the volume integrations of the two cross peaks were averaged. Themmol) was added to the solid, and the mixture was dissolved in 5 mL
average NOE volume was then divided by the average of the volume of CH,Cl,. The solution was cooled to @, and 0.047 mL of acetic
integrations of the two corresponding diagonal peaks. The resulting anhydride (0.500 mmol) was added to the stirring solution. The solution

normalized NOE intensity was multiplied by an arbitrary number (in

was stirred at 0C for 1 h, then allowed to warm to room temperature

the cases discussed here, 1000). Normalized NOEs for a specificand stirred another 2 h. The organic solution was washed with 20 mL

interaction were then plotted as a function of mixing time to obtain a
buildup plot.
X-ray Crystallography. Crystals suitable for X-ray analysis were

of 10% HCI (ag), then Z 20 mL of 5% NaHCQ (aq), and dried with
MgSQs. The solution was filtered and concentrated under vacuum.
The resulting crude solid was purified by silica gel chromatography

obtained by vapor diffusion (over several days) of hexane into a solution (eluting with 4% MeOH in CHG)) to yield 0.152 g of the final product
of the particular depsipeptide in ethyl acetate. In several cases it wasas a white solid (0.325 mmol, 86%). Running the capping reaction in
necessary to use dried solvents and grow the crystals under anhydrousnethanol or with acetyl chloride instead of acetic anhydride resulted

conditions.

in a reduced yield of the final product.

Synthesis. Depsipeptides and peptides were synthesized by standard  Characterization. Final compounds were characterized'blyand

dicyclohexylcarbodiimideM-hydroxysuccinimide (DCC/HOSu) solu-
tion-phase coupling procedur&s Representative procedures are given
below.

Formation of Activated Ester Boc-L-Ala-OSu. Boc-L-Ala-OH
(0.150 g, 0.791 mmol) was dissolved in 5 mL of €. HOSu (0.091
g, 0.791 mmol) was then added to the solution, followed by 0.163 g of
DCC (0.791 mmol). Several minutes after DCC addition, the formation

13C NMR, FTIR, and high-resolution mass spectroscopy. NMR spectra
are referenced to the solvent peak of the sampf€ spectra were
acquired withtH decoupling, and al®C peaks reported are one-carbon
singlets whertH decoupled, unless otherwise notéti and*C NMR
spectra reported for characterization were obtained on purified samples
on a Varian Unity-500 NMR spectrometer or a Bruker AC-300 or AM-
500 NMR spectrometer. Ester=@ stretch and amide | IR bands

of a white precipitate was observed. The solution was stirred at room observed for solutions of compounds in methylene chloride are listed,
temperature for 1 h. The crude activated ester was then allowed to where “(sh)” indicates that the peak is a shoulder on an adjacent peak.

react with the selected nucleophile.

Peptide Deprotection and Coupling Procedure. Boc-Ala-L-Leu-
NMe,: Boc4-Leu-NMe, (0.170 g, 0.659 mmol) was dissolved in 2
mL of 4 N HCl/dioxane, and the solution was stirred at room
temperature for 1 h. The remaining HCl/dioxane was then removed
by bubbling N through the solution. CHCl, (2—3 mL) was added to
the resulting solid, followed by 0.110 mL of triethylamine (0.791
mmol). The resulting solution was added to the solution containing
the activated ester BacAla-OSu, and the combined reaction solution
was stirred overnight (3012 h). The white solid was filtered off, and
the remaining solution was concentrated to yield a white solid. The

(23) Braunschweiler, L.; Ernst, R. R. Magn Reson 1983 53, 521.

(24) States, D. J.; Haberkorn, R. A.; Ruben, Dl.Magn Reson1982
48, 286.

(25) Bodanszky, M.; Bodanszky, Athe Practice of Peptide Synthesis
Springer-Verlag: New York, 1984.

All final compounds were very pure, as no impurities were detectable
via *H or 3C NMR spectroscopy.
Ac--VLP-LactL-NMe,: *H NMR (CD.Cl,, 500 MHz)é 0.92 (d,J
= 6.6 Hz, 3 H), 0.93 (dJ = 6.9 Hz, 3 H), 0.97 (dJ = 6.4 Hz, 3 H),
1.00 (d,J = 6.7 Hz, 3 H), 1.44 (dJ = 7.0 Hz, 3 H), 1.51 (m, 4 H),
1.98 (s, 3 H), 2.07 (m, 3 H), 2.29 (m, 1 H), 2.90 (s, 3 H), 3.02 (s, 3 H),
3.65 (m, 1 H), 3.82 (m, 1 H), 4.49 (dd= 8.4, 6.1 Hz, 1 H), 4.63 (dd,
J=09.0,6.7 Hz, 1 H), 4.87 (td] = 8.6, 5.0 Hz, 1 H), 5.09 (q] = 7.0
Hz, 1 H), 6.27 (dJ = 8.7 Hz, 1 H), 7.13 (dJ = 7.3 Hz, 1 H). 1’C
NMR (CD.Cl,, 125.8 MHz)6 15.27, 17.96, 18.06, 18.16, 19.33, 22.08,
23.24, 23.38, 24.92, 25.38, 29.35, 31.02, 35.84, 37.17, 42.32, 47.89,
59.65, 71.56, 169.98, 170.12, 170.85, 171.89, 171.95. BT ?Y)
1754 (sh), 1744, 1674, 1644, 1632 (sh), 1509. EI-mM& (M*)
calculated for GsH4oN4Os 468.2948, observed 468.2960.
Ac-PVLP-LacPL-NMe2: *H NMR (CD.Cl,, 500 MHz)6 0.92 (d,J
= 6.6 Hz, 6 H), 0.93 (dJ = 4.9 Hz, 3 H), 0.96 (dJ = 6.8 Hz, 3 H),
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1.32 (d,J = 7.1 Hz, 3 H), 1.34 (m, 1 H), 1.88 (ddd,= 13.8, 11.1, 13.6, 9.2, 4.3 Hz, 1 H), 1.63 (m, 1 H), 1.80 (ddti= 14.0, 9.9, 4.4
4.3 Hz, 1 H), 1.92 (s, 3 H), 2.00 (m, 4 H), 2.27 (m, 1 H), 2.93 (s, 3H), Hz, 1 H), 1.92 (s, 3 H), 2.01 (m, 3 H), 2.07 (m, 1 H), 2.25 (m, 1 H),
3.13 (s, 3 H), 3.68 (dtJ = 10.3, 6.9 Hz, 1 H), 4.04 (dj = 10.2, 6.6 2.91 (s, 3H), 3.14 (s, 3 H), 3.64 (m, 1 H), 4.20 (m, 1 H), 4.280 ¢

Hz, 1 H), 4.46 (dd]) = 8.9, 4.4 Hz, 1 H), 4.61 (t) = 9.9 Hz, 1 H), 8.7 Hz, 1 H), 4.34 (pJ = 7.0 Hz, 1 H), 4.38 (ddJ = 8.6, 4.0 Hz, 1
4.95 (dddJ=11.1, 8.5, 3.8 Hz, 1 H), 5.16 (4= 7.1 Hz, 1 H), 7.64  H), 4.86 (m, 1 H), 6.32 (dJ = 7.9 Hz, 1 H), 7.26 (dJ = 7.6 Hz, 1
(d,J = 8.5 Hz, 1 H), 8.40 (dJ = 9.8 Hz, 1 H). *C NMR (CD,Cl, H), 7.56 (d,J = 6.4 Hz, 1 H). 3C NMR (CD.Cl,, 125.8 MHz)6

125.8 MHz)6 18.10, 18.63, 19.37, 21.56, 22.54, 23.44, 24.98, 25.30, 17.71, 19.04, 19.30, 21.85, 22.76, 23.41, 24.95, 25.28, 29.76, 30.29,
29.71, 30.93, 35.89, 37.34, 40.67, 47.44, 47.94, 56.34, 59.99, 70.68,35.89, 37.43, 40.95, 47.78, 48.09, 48.97, 58.03, 61.84, 171.25, 172.13,
170.08, 170.45, 170.91, 172.70, 173.45. FPiem™?) 1743, 1666, 172.71, 172.82, 173.19. FTIR(cm™) 1680 (sh), 1656, 1635, 1533,

1644 (sh) 1629, 1539. EI-M&/z (M) calculated for GsHioN4Og 1507. HR-LSIMS; calculated for £H41NsOs + H* 468.3186, observed
468.2948, observed 468.2960. 468.3186.
Ac-PVLPPLacPL-NMe,: *H NMR (CD.Cl,, 500 MHz)6 0.92 (d,J Ac-PVLP(*N)-APL-NMe2: *H NMR (CD.Cl,, 300 MHz) 6 0.89

= 6.6 Hz, 6 H), 0.93 (dJ = 6.9 Hz, 3 H), 0.94 (dJ = 6.7 Hz, 3 H), (d,J = 6.3 Hz, 3 H), 0.90 (dJ = 6.3 Hz, 3 H), 0.94 (dJ = 6.6 Hz,
1.48 (d,J = 7.2 Hz, 3 H), 1.51 (m, 1 H), 1.67 (§,= 6.4 Hz, 1 H), 3 H), 1.02 (d,J = 7.0 Hz, 3 H), 1.32 (ddJ = 7.4, 2.9 Hz, 3 H), 1.41
1.85 (ddd,J = 13.9, 9.5, 4.7 Hz, 1 H), 2.01 (m, 2 H), 2.04 (s, 3 H), (ddd,J = 13.8, 9.0, 4.8, Hz, 1 H), 1.65 (m, 1 H), 1.86 (m, 1 H), 1.92
2.15 (m, 3 H), 2.89 (s, 3 H), 3.18 (s, 3 H), 3.63 (&= 8.5, 5.8 Hz, (s, 3H),2.01 (m, 4 H), 2.26 (m, 1 H), 2.91 (s, 3 H), 3.17 (s, 3 H), 3.62
1H),3.79 (tdJ = 7.9, 5.9 Hz, 1 H), 441 (dd] = 7.9, 44 Hz, 1 H),  (dt,J = 10.1, 7.0 Hz, 1 H), 4.28 (m, 2 H), 4.43 (m, 2 H), 4.87 (ddd,
457 (t,J=9.0 Hz, 1 H), 4.90 (tdJ = 9.2, 5.2 Hz, 1 H), 5.07 (g] = J=10.3, 8.1, 4.4 Hz, 1 H), 6.15 (dd,= 90.8, 8.8 Hz, 1 H), 7.42 (d,
7.0 Hz, 1 H), 7.82 (d) = 9.5 Hz, 1 H), 8.04 (dJ = 8.6 Hz, 1 H).1%C J=7.7Hz, 1 H), 7.81 (dJ = 8.5 Hz, 1 H). 13C NMR (CDCk, 75.4
NMR (CDCl, 75.4 MHz)d 17.40, 18.07, 18.84, 21.81, 22.45, 22.73, MHz) 6 17.35, 18.72, 19.02, 21.57, 22.36, 23.05, 24.38, 24.74, 29.14,
24.37, 24.95, 28.37, 30.88, 35.71, 37.08, 40.26, 46.46, 47.07, 55.54,29.49, 35.62, 37.09, 40.33, 47.45, 47.51, 48.111~13C J = 17

58.80, 70.76, 169.84, 170.49, 170.86, 171.99 (2 C). FriRm™) Hz), 57.55, 61.20 (d"N—13C J = 12 Hz), 170.70 (d**N—-13C J =25

1749, 1665, 1641 (sh), 1630, 1538. (EI-M%z (M*) calculated for Hz), 171.80, 172.30, 172.61, 172.96. FTiRcm™1) 1680 (sh), 1656,

Co3H40N4Os 468.2948, observed 468.2949. 1635, 1530. HR-LSIMS; calculated fopgEi41**NN4Os + H™ 469.3156,
Ac--V'PGlycd-L-NMe: *H NMR (CD,Cl,, 500 MHz) 6 0.89 (d, observed 469.3143.

J=6.7 Hz, 3H), 0.91 (dJ = 6.4 Hz, 3 H), 0.95 (dJ = 6.4 Hz, 3 H), Ac--VLPG-L-NMe2: *H NMR (CD,Cl,, 500 MHz)6 0.88 (d,J =

0.97 (d,J = 6.7 Hz, 3 H), 1.52 (m, 2 H), 1.58 (m, 1 H), 1.99 (s, 3H), 6.9 Hz, 3 H), 0.90 (d) = 6.6 Hz, 3 H), 0.95 (d,] = 6.6 Hz, 3 H),

2.05 (m, 2 H), 2.10 (m, 2 H), 2.29 (m, 1 H), 2.91 (s, 3 H), 3.05 (s, 3 0.96 (d,J = 6.7 Hz, 3 H), 1.47 (m, 2 H), 1.59 (m, 1 H), 1.96 (m, 1 H),
H), 3.67 (m, 1 H), 3.85 (M, 1 H), 4.43 (8,= 7.6 Hz, 1 H), 4.44 (d,  1.99 (s, 3 H), 2.06 (M, 3 H), 2.19 (m, 1 H), 2.91 (s, 3 H), 3.06 (s, 3 H),
J=15.4 Hz, 1 H), 4.63 (ddJ = 9.0, 6.6 Hz, 1 H), 4.73 (dJ = 15.4 3.62 (m, 1 H), 3.71 (ddJ = 16.9, 4.9 Hz, 1 H), 3.78 (m, 1 H), 4.05
Hz, 1 H), 4.96 (dd,) = 15.6, 7.0 Hz, 1 H), 6.35 (d] = 8.2 Hz, 1 H), (dd,J = 16.9, 6.9 Hz, 1 H), 4.36 (t} = 6.5 Hz, 1 H), 4.63 (ddJ =

7.40 (d,J = 8.2 Hz, 1 H). 3C NMR (CD,Cl) 6 17.78, 18.92, 21.99, 9.0, 6.4 Hz, 1 H), 4.94 (dt] = 8.6, 5.6 Hz, 1 H), 6.35 (d] = 9.0 Hz,
22.86, 24.38, 25.06, 28.90, 29.47, 31.33, 35.58, 36.93, 42.02, 46.74,1 H), 6.79 (bt, 1 H), 7.03 (dJ = 7.2 Hz, 1 H). 3C NMR (CDCk,
47.37, 55.29, 59.07, 62.35, 166.38, 170.08, 171.02, 171.28, 171.72.125.8 MHz)6 17.87, 19.34, 22.05, 22.95, 23.14, 24.65, 25.14, 28.43,
FTIR v (cmY) 1757, 1673, 1644, 1633, 1508. EI-M&z (M*) 31.29, 35.75, 37.06, 42.09, 42.99, 47.31, 47.79, 55.68, 60.51, 168.43,

calculated for GH3sN4Og 454.2791, observed 454.2782. 170.10, 171.76, 171.87, 172.24. FTIR(cm™) 1694, 1673, 1645,
Ac-PV-PGlycdPL-NMe,: *H NMR (CD,Cl,, 500 MHz)6 0.92 (d, 1630, 1534, 1507. EI-MS9nz (M*) calculated for GHzgNsOs

J=6.7 Hz, 6 H), 0.94 (dJ = 7.2 Hz, 3 H), 0.96 (dJ = 6.7 Hz, 3 H), 453.2951, observed 453.2958.

1.42 (ddd,J = 13.6, 9.3, 4.2 Hz, 1 H), 1.66 (m, 1 H), 1.86 (ddt= Ac-VPPGLL-NMe: *H NMR (CD.Cl,, 500 MHz)6 0.91 (d,J =

13.9, 10.7, 4.6 Hz, 1 H), 1.95 (s, 3 H), 2.02 (m, 4 H), 2.26 (m, 1 H), 6.6 Hz, 3 H), 0.92 (dJ = 6.6 Hz, 3 H), 0.95 (d,] = 6.6 Hz, 3 H),

2.92 (s, 3 H), 3.15 (s, 3 H), 3.68 (dt,= 10.5, 6.6 Hz, 1 H), 3.99 (dt,  1.00 (d,J = 6.9 Hz, 3 H), 1.43 (ddd) = 13.7, 8.9, 4.6 Hz, 1 H), 1.64

J=10.6, 6.2 Hz, 1 H), 4.21 (d] = 15.6 Hz, 1 H), 4.46 (dd) = 8.4, (m, 1 H), 1.78 (ddd,) = 14.0, 9.8, 4.5 Hz, 1 H), 1.94 (s, 3 H), 2.04

4.4 Hz, 1 H), 4.61 (tJ = 9.6 Hz, 1 H), 4.90 (dJ = 15.4 Hz, 1 H), (m, 4 H), 2.21 (m, 1 H), 2.97 (s, 3 H), 3.15 (s, 3 H), 3.57 (dd=

5.00 (ddd,JJ = 10.7, 8.6, 4.2 Hz, 1 H), 7.83 (d,= 8.6 Hz, 1 H), 8.25 17.3, 5.7 Hz, 1 H), 3.63 (m, 1 H), 4.02 (dd,= 17.4, 7.3 Hz, 1 H),

(d, J= 9.2 Hz, 1 H). 23C NMR (CDCk, 125.7 MHz)6 18.51, 19.23, 4.08 (m, 1 H), 4.35 (m, 1 H), 4.93 (ddd,= 10.2, 8.4, 4.5 Hz, 1 H),

21.75, 22.43, 23.19, 24.72, 25.08, 29.14, 30.63, 35.84, 37.24, 40.56,6.56 (bt,J = 6.0 Hz, 1 H), 7.45 (dJ=8.2 Hz, 1 H), 7.72 (d) = 8.4

47.04, 47.66, 56.13, 59.56, 62.67, 166.96, 170.89, 172.29, 173.01,Hz, 1 H). 33C NMR (CD.Cl,, 125.8 MHz)6 18.94, 19.34, 21.89, 22.63,

173.49. FTIRv (cm™l) 1753, 1666, 1641 (sh), 1628, 1543. EI-MS  23.39, 24.94, 25.26, 29.66, 31.01, 35.98, 37.49, 41.13, 42.90, 47.39,

m/z (M*) calculated for GH3gN4Og 454.2791, observed 454.2804. 48.13, 57.61, 61.79, 168.99, 172.00, 172.40, 172.52, 173.20. FTIR
Ac--VLP-ALL-NMe 2 *H NMR (CD.Cl,, 500 MHz)6 0.90 (d,J = (cm™) 1690, 1659, 1632, 1538, 1518. EI-M$z (M™) calculated for

6.7 Hz, 3 H), 0.91 (dJ = 6.9 Hz, 3 H), 0.97 (dJ = 6.9 Hz, 3 H), CooH3aNs0s + HT 454,3029, observed 454.3021.

0.97 (d,J = 6.4 Hz, 3 H), 1.28 (dJ = 7.2 Hz, 3 H), 1.43 (m, 3 H), ) )
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