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Abstract: The α/β3-mixed tripeptides R-CO-β3-HMet-Leu-Phe-OMe (1a,b), R-CO-Met-β3-HLeu-Phe-OMe
(2a,b) and R-CO-Met-Leu-β3-HPhe-OMe (3a,b) (a, R = tert-butyloxy-; b, R = H-), analogues of the potent
chemoattractant For-Met-Leu-Phe-OMe, have been synthesized by classical solution methods and fully
characterized. The activities of the new analogues as chemoattractants, superoxide anion producers and
lysozyme releasers have been determined on human neutrophils. Whereas all of the three N-formyl derivatives
are significantly less active than the parent tripeptide as chemoattractants, compound 1b has been found
to be highly active as a superoxide anion producer and 3b as a lysozyme releaser. The results show that
the replacement of the native Leu residue at the central position is, in each of the examined cases, the least
favourable modification. The three N-Boc derivatives are, as expected, devoid of activity as agonists, but
they are all good inhibitors of chemotaxis. Information on the solution conformation has been obtained by
examining the involvement of the NH groups in intramolecular H-bonds using 1H NMR. The conformation
of the N-Boc analogue 1a has also been determined in the crystal state by x-ray diffraction analysis. The
molecule is extended at the β3-HMet residue (ϕ1 = −87°; θ1 = 172°;ψ1 = 126°) and no intramolecular H-bond
is present. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The chemotactic N-formylpeptides are involved in
defence mechanisms against bacterial infections
through binding with specific receptors located on
neutrophil membranes [1]. The N-formyl tripeptide
methyl ester N-For-Met-Leu-Phe-OMe (fMLF-OMe)
represents the reference molecular model for N-
formylpeptide receptor ligands and is the most
extensively studied member of this group of bioac-
tive peptides [2]. In addition to chemotaxis (cell
migration towards an increasing concentration of
the stimulus), N-formylpeptides can also stimulate
different biochemical events among which are acti-
vation of superoxide anion production and release
of lysosomal enzymes [3].

During our research on the structure–activity
relationships in the field of chemotactic peptides
related to fMLF-OMe a programme was started
recently centred on the examination of the bio-
chemical consequences of introducing achiral, ω-
amino acid residues, including β-Ala (β-HGly), at
the central position of the reference ligand fMLF-
OMe [4,5]. As a continuation of this research and
taking into account the increasing interest in pep-
tidomimetics obtained by replacing the native α-
residues with β-amino acids bearing a proteino-
genic side chain [for leading review articles see
references 6–9], this report examines three α/β3-
mixed peptide analogues of fMLF-OMe. In partic-
ular, the synthesis, biological activities and con-
formational properties in solution of the following
compounds are reported: [β3-HMet1]fMLF-OMe (1b),
[β3-HLeu2]fMLF-OMe (2b) and [β3-HPhe3]fMLF-OMe
(3b) (Figure 1). The corresponding N-Boc derivatives
1a–3a, obtained as intermediates during the syn-
thesis of the above mentioned N-For peptides, have
been also examined for their activity as chemotac-
tic antagonists. The conformation adopted in the
crystal state by the β3-HMet1 containing analogue
Boc-β3-HMet-Leu-Phe-OMe (1a) is also reported.
It should be noted here that, although peptides
solely composed by β-amino acids (β-peptides) are
extensively studied and their propensity to adopt
well defined secondary structures is well estab-
lished [6–9], the heterooligomers made up of both
α- and β-amino acids have received considerably
less attention [10–17]. These latter compounds
possess, however, a significant potential in the
design of bioactive peptidomimetics. This property
is essentially due to their propensity to adopt
characteristic secondary structures even in short
oligomers and to their enhanced stability towards

mammalian peptidases [18–20]. Although chemo-
tactic N-formylpeptides containing the achiral β-Ala
residue have been previously described [5,21], the
compounds reported here represent, to the best
of our knowledge, the first fMLF-OMe analogues
obtained by following the α/β3-peptide approach.

EXPERIMENTAL

Peptide Synthesis and Characterization

General. Melting points were determined with a
Kofler hot-stage apparatus and are uncorrected.
Optical rotations were taken at 20 °C with a
Schmidt–Haensch Polartronic D polarimeter (1 dm
cell, c 1.0 in CHCl3). IR absorption spectra (KBr
disks) were recorded employing a Perkin-Elmer FT-
IR Spectrum 1000 spectrometer.

1H NMR spectra were determined in CDCl3
solution with a Bruker Avance 400 spectrometer
using Me4Si as the internal standard. Column
chromatographies were carried out using Merck
silica gel 60 (230–400 mesh). Thin-layer and
preparative layer chromatographies were performed
on Merck 60 F254 silica gel plates. Light petroleum
refers to the 40° –60 °C b.p. fraction. The drying
agent was sodium sulphate. Boc-protected β3-
and α-amino acids were purchased from Fluka,
Switzerland and fMLF-OMe from Sigma, USA. Boc-
β-Ala-Phe-OMe (4a) was synthesized as previously
reported [5]. The synthesis of the N-protected,
α/β3-mixed tripeptides 1–3 and related dipeptide
models was performed in solution by adopting
conventional procedures. The strategies and details
of the reagents are reported in Figure 1.

HCl·H-β3-HPhe-OMe. Thionyl chloride (0.076 ml,
1.05 mmol) was added to a solution of Boc-β3-HPhe-
OH (0.279 g, 1 mmol) in dry methanol (1 ml), cooled
at −15 °C. After stirring at −15 °C for 30 min and
at 45 °C for 2.5 h, the solution was evaporated in
vacuo to give the pure amino ester hydrochloride in
quantitative yield. Melting point, optical rotation, IR
absorption and NMR data are in accord with those
previously reported for the R isomer [22].

General procedure for the synthesis of Boc-α/β3-
mixed dipeptides. Isobutyl chloroformate (0.13 ml,
1 mmol) and NMM (0.132 ml, 1.2 mmol) were added
at −15 °C to a stirred solution of Boc-β3-HLeu-OH
(1 mmol) in the case of Boc-β3-HLeu-Phe-OMe or
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Figure 1 Methods of synthesis for the N-protected mixed tripeptides 1–3. a: i-BuOCOCl, NMM; b: HCOOH, EEDQ;
c: i-BuOCOCl, NMM, HCl·H-Phe-OMe; d: SOCl2, MeOH; e: Boc-Met-OH, i-BuOCOCl, NMM; f: i-BuOCOCl, NMM,
HCl·H-β3-HPhe-OMe.

of Boc-Leu-OH (1 mmol) in the case of Boc-Leu-β3-
HPhe-OMe in dry CH2Cl2 (5 ml). The temperature
was maintained at −15 °C for 10 min, and HCl·H-
Phe-OMe (1 mmol) or HCl·H-β3-HPhe-OMe (1 mmol),

NMM (0.11 ml, 1 mmol) and dry CH2Cl2 (3.6 ml)
were added. The mixture was stirred at −15 °C
for 15 min and then allowed to warm to room
temperature. Dry DMF (10 drops) was added and
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stirring was continued for 1 day. EtOAc was added
in excess and the organic layer washed with 2N
HCl, brine, saturated aqueous NaHCO3 and brine.
The organic phase was dried and evaporated to give
pure solid dipeptides in quantitative yields.

Boc-β3-HLeu-Phe-OMe. m.p. 150.5° –151 °C
(EtOAc); [α]D + 21°; IR νmax 3353, 1752, 1682, 1647,
1528 cm−1; 1H NMR δ 0.89 [6H, d, J = 6.5 Hz,
CH(CH3)2], 1.20–1.72 [3H, m, CH2CH(CH3)2], 1.44
[9H, s, C(CH3)3], 2.37 (2H, m, β3-HLeu α-CH2), 3.06
and 3.14 (2H, A and B of an ABX, J = 5.9, 6.5 and
13.9 Hz, Phe β-CH2), 3.71 (3H, s, COOCH3), 3.89
(1H, m, β3-HLeu β-CH), 4.87 (1H, m, Phe α-CH),
4.97 (1H, br, β3-HLeu NH), 6.17 (1H, poorly resolved
d, Phe NH), 7.10–7.35 (5H, m, aromatic).

Boc-Leu-β3-HPhe-OMe. m.p. 114° –115 °C (EtOAc-
n-hexane); [α]D −47°; IR νmax 3328, 3301, 1740,
1684, 1662, 1522 cm−1; 1H NMR δ 0.91 [6H, d, J =
6 Hz, CH(CH3)2], 1.35–1.70 [3H, m, CH2CH(CH3)2],
1.44 [9H, s, C(CH3)3], 2.49 (2H, m, β3-HPhe α-CH2),
2.83 and 2.93 (2H, A and B of an ABX, J = 6.5, 8.0,
13.6 Hz, β3-HPhe γ -CH2), 3.68 (3H, s, COOCH3),
4.03 (1H, m, Leu α-CH), 4.47 (1H, m, β3-HPhe
β-CH), 4.82 (1H, d, J = 6.7 Hz, Leu NH), 6.70
(1H, d, J = 8.7 Hz, β3-HPhe NH), 7.14–7.33 (5H,
m, aromatic).

General procedure for the synthesis of Boc-
tripeptides 1a–3a. Thionyl chloride (0.076 ml,
1.05 mmol) was added to a solution of the above
mentioned dipeptides (1 mmol) in dry methanol
(1 ml), cooled at −15 °C. After stirring at −15 °C
for 30 min and at 45 °C for 2.5 h, the solution
was evaporated in vacuo to give the intermediate
dipeptide ester hydrochlorides as foams. These salts
were used without further purification. Boc-β3-
HMet-OH (1 mmol) in the case of 1a and Boc-Met-
OH (1 mmol) in the cases of 2a and 3a dissolved
in dry CH2Cl2 (2.2 ml) were C-activated by adding
isobutyl chloroformate (0.13 ml, 0.1 mmol) and
NMM (0.132 ml, 1.2 mmol). Equivalent amounts of
the dipeptide ester hydrochlorides or HCl·H-Leu-
Phe-OMe and NMM were added in dry CH2Cl2
(1.6 ml) as described above for dipeptides. Usual
work up afforded a pure material for 1a and 3a.
Crude tripeptide 2a (1 g) was purified by column
chromatography using 40 g of silica gel (CHCl3
as eluant).

1a. Yield: 99%; m.p. 160° –161 °C (EtOAc-light
petroleum); [α]D −7°; IR νmax 3286, 1749, 1683,
1638, 1520 cm−1; 1H NMR δ 0.90 [6H, m, CH(CH3)2],

1.44 [9H, s, C(CH3)3], 1.48–2.00 [5H, m, β3-HMet
γ -CH2 and CH2CH(CH3)2], 2.09 [3H, s, SCH3],
2.37–2.60 [4H, m, β3-HMet α-CH2 and δ-CH2], 3.12
[2H, m, Phe β-CH2], 3.73 [3H, s, COOCH3], 3.91 [1H,
m, β3-HMet β-CH], 4.40 [1H, m, Leu α-CH], 4.61
[1H, m, Phe α-CH], 5.19 [1H, d, J = 8.2 Hz, β3-HMet
NH], 6.24 [1H, d, J = 7.9 Hz, Leu NH], 6.55 [1H, d,
J = 7.7 Hz, Phe NH], 7.05–7.35 [5H, m, aromatic].

2a. Yield: 87%; m.p. 166.5° –168 °C (EtOAc); [α]D +
11°; IR 3427, 1740, 1705, 1670 cm−1; 1H NMR δ

0.89 [6H, d, J = 6.3 Hz, CH(CH3)2], 1.23–1.62 [3H,
m, CH2CH(CH3)2], 1.43 [9H, s, C(CH3)3], 1.80–2.12
(2H, m, Met β-CH2), 2.10 (3H, s, S-CH3), 2.40 (2H, m,
β3-HLeu α-CH2), 2.53 (2H, t, J = 7.3 Hz, Met γ -CH2),
3.09 and 3.14 (2H, A and B of an ABX, J = 5.8, 6.4
and 14 Hz, Phe β-CH2), 3.73 (3H, s, COOCH3), 4.17
(2H, m, Met α-CH and β3-HLeu β-CH), 4.84 (1H, m,
Phe α-CH), 5.24 (1H, d, J = 7.8 Hz, Met NH), 6.20
(1H, d, J = 7.7 Hz, Phe NH), 6.81 (1H, d, J = 8.6 Hz
β3-HLeu NH), 7.10–7.35 (5H, m, aromatic).

3a. Yield: 97%; m.p. 114° –115 °C (EtOAc-n-hexane);
[α]D −55°; IR νmax 3286, 1750, 1684, 1671, 1638,
1522 cm−1; 1H NMR δ 0.91 [6H, apparent t,
CH(CH3)2], 1.43–1.70 [3H, m, CH2CH(CH3)2], 1.46
[9H, s, C(CH3)3], 1.86–2.12 (2H, m, Met β-CH2),
2.13 (3H, s, SCH3), 2.45–2.63 (4H, Met γ -CH2 and
β3-HPhe α-CH2), 2.83 and 2.93 (2H, A and B of
an ABX, J = 6.5, 8 and 13.6 Hz, β3-HPhe γ -CH2),
3.70 (3H, s, COOCH3), 4.24 (1H, m, Met α-CH),
4.34 (1H, m, Leu α-CH), 4.47 (1H, m, β3-HPhe β-
CH), 5.17 (1H, d, J = 6.9 Hz, Met NH), 6.59 (1H,
d, J = 7.9 Hz, Leu NH), 6.69 (1H, d, J = 7.9 Hz,
β3-HPhe NH), 7.16–7.35 (5H, m, aromatic).

General procedures for the synthesis of formyl-
peptides 1b–4b. The Boc-peptides 1a–4a (1 mmol)
were dissolved in formic acid (6 ml) and the mixture
stirred at room temperature for 1 day. After removal
of the excess of formic acid in vacuo, the residue was
dissolved in dry chloroform (6 ml) in the cases of 1b,
3b and 4b or in dry DMF (6 ml) in the case of 2b.
EEDQ 97% (1.2 mmol) was added. The solution was
stirred at room temperature for 24 h. Evaporation
under reduced pressure afforded a solid residue
in the case of 2b, which was filtered and washed
with dry diethyl ether. The foamy residues, obtained
by evaporation of the reaction mixtures containing
1b, 3b and 4b, were purified by preparative layer
chromatography [CHCl3 –MeOH (95 : 5) as eluant].

1b. Yield: 70%; foam; [α]D + 2°; IR νmax 3288, 1748,
1654, 1630, 1542 cm−1; 1H NMR δ 0.90–0.93 [6H,
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m, CH(CH3)2], 1.45–2.15 [5H, m, β3-HMet γ -CH2

and CH2CH(CH3)2], 2.08 [3H, s, SCH3], 2.47 [4H,
br, m, β3-HMet α-CH2 and δ-CH2], 3.12 [2H, m, Phe
β-CH2], 3.73 [3H, s, COOCH3], 4.25–4.55 [2H, br,
m, β3-HMet β-CH and Leu α-CH], 4.52 [1H, m, Phe
α-CH], 6.47 [1H, poorly resolved d, Leu NH], 6.55
[1H, d, J = 8 Hz, Phe NH], 6.77 [1H, poorly resolved
d, β3-HMet NH], 7.05–7.35 [5H, m, aromatic], 8.02
[1H, s, HCO].

2b. Yield: 93%; m.p. 182° –183 °C; [α]D +16° (c =
0.5 in CHCl3); IR νmax 3303, 3085, 2966, 1752,
1651,1552 cm−1; 1H NMR δ 0.91 [6H, d, J = 6.3 Hz,
CH(CH3)2], 1.30–1.55 [3H, two m, CH2CH(CH3)2],
1.96–2.14 (2H, two m, Met β-CH2), 2.13 (3H, s,
SCH3), 2.42 (2H, d, J = 5.4 Hz, β3-HLeu α-CH2),
2.56 (2H, m, Met γ -CH2), 3.12 and 3.15 (2H, A and
B of an ABX, J = 5.8, 6.3 and 14 Hz, Phe β-CH2),
3.76 (3H, s, COOCH3), 4.19 (1H, m, β3-HLeu β-
CH), 4.62 (1H, m, Met α-CH), 4.86 (1H, m, Phe
α-CH), 6.10 (1H, d, J = 7.7 Hz, Phe NH), 6.51 (1H,
d, J = 7.5 Hz, Met NH), 6.85 (1H, d, J = 8.5 Hz, β3-
HLeu NH), 7.10–7.35 (5H, m, aromatic), 8.22 (1H,
s, HCO).

3b. Yield: 84%; foam; [α]D −43°; IR νmax 3276, 1710,
1689, 1638, 1554 cm−1; 1H NMR δ 0.92 and 0.91
[6H, two superimposed d, J = 5.9 Hz, CH(CH3)2],
1.45–1.68 [3H, m, CH2CH(CH3)2], 1.94–2.10 (2H,
m, Met β-CH2), 2.12 (3H, s, SCH3), 2.45–2.63 (4H,
Met γ -CH2 and β3-HPhe α-CH2), 2.83 and 2.93 (2H,
A and B of an ABX, J = 6.5, 7.9 and 13.6 Hz, β3-
HPhe γ -CH2), 3.70 (3H, s, COOCH3), 4.41 (1H, m,
Leu α-CH), 4.48 (1H, m, β3-HPhe β-CH), 4.77 (1H,
m, Met α-CH), 6.80 (1H, d, J = 7.9 Hz, Met NH), 6.87
(1H, d, J = 8.7 Hz, Phe NH), 6.93 (1H, d, J = 7.9 Hz,
Leu NH), 7.15–7.35 (5H, m, aromatic), 8.21 (1H,
s, HCO).

4b. Yield: 90%; m.p. 125° –127 °C (from EtOAc/n-
hexane); [α]D+59°; IR νmax (CHCl3) 3428, 1742,
1682 cm−1; 1H NMR δ 2.37–2.41 (2H, m, β-Ala α-
CH2), 3.07 and 3.19 (2H, A and B of an ABX, J = 5.6,
6.7 and 13.9 Hz, Phe CH2Ph), 3.47–3.55 (2H, m, β-
Ala β-CH2), 3.75 (3H, s, COOCH3), 4.87 (1H, m, Phe
α-CH), 5.92 (1H, d, J = 7.4 Hz, Phe NH), 6.19 (1H,
m, β-Ala NH), 7.09–7.32 (5H, m, aromatic), 8.09
(1H, s, HCO).

Boc-β-Ala-Amp (5). Isobutyl chloroformate (0.13
ml, 1 mmol) was added at −15 °C to a stirred solution
of Boc-β-Ala-OH (1 mmol) and NMM (0.132 ml,
1.2 mmol) in dry CH2Cl2 (5 ml). The temperature
was maintained at −15 °C for 10 min, then (S)-Amp

(1 mmol) and dry CH2Cl2 (3.6 ml) were added. The
mixture was stirred at −15 °C for 15 min and then
allowed to warm to room temperature. Dry DMF
(10 drops) was added and stirring was continued
for 1 day. Dichloromethane was added in excess
and the organic layer was washed with 5% citric
acid, brine, saturated aqueous NaHCO3 and brine.
The organic phase was dried and evaporated to give
an oily residue. Purification by preparative layer
chromatography [CHCl3 –EtOAc (3 : 1) as eluant]
afforded pure 5 as an oil. Yield: 70%; [α]D−11°; IR
νmax (CHCl3) 3435, 1706, 1665 cm−1; 1H NMR δ 1.14
(3H, d, J = 6.7 Hz CHCH3), 1.46 [9H, s, C(CH3)3],
2.32–2.36 (2H, m, β-Ala α-CH2), 2.74 and 2.83 (2H,
A and B of an ABX, J = 6.1, 7.1 and 13.5 Hz, Amp
CH2Ph), 3.35–3.40 (2H, m, β-Ala β-CH2), 4.30 (1H,
m, Amp CH-CH3), 5.09 (1H, br, β-Ala NH), 5.49 (1H,
br, Amp NH), 7.15–7.34 (5H, m, aromatic).

X-ray diffraction. Crystals of Boc-β3-HMet-Leu-Phe-
OMe (1a) in the form of very tiny needles were
obtained from EtOAc by slow evaporation at room
temperature. X-ray data were collected at room
temperature on a Rigaku AFC5R diffractometer
equipped with graphite monochromatized CuKα

radiation and a 12 Kw rotating anode generator.
The refined cell parameters are reported in Table 1.
A total of 2885 reflections (2θmax = 124°) were
collected by the ω-2θ scan technique. Intensity
data were corrected for Lorentz polarization effects
and empirically for absorption. The structure was
solved and refined using the program SIR 2002 [23].
Because of the few data, only the S, O and N atoms
were refined anisotropically, whereas all the C atoms
were refined isotropically by the full-matrix least-
squares method based on 991 reflections having
I > 4σ(I). The H atoms were located at the expected
positions and included in the last structure factor
calculation with thermal factors deduced from the
carrier atoms. The final fractional coordinates of the
non-H atoms along with their thermal parameters
and ESD values are available on request from
the authors.

Biological Assays

Cells were obtained from the blood of healthy sub-
jects and human peripheral blood neutrophils were
purified by using the standard techniques of dextran
(Pharmacia, Uppsala, Sweden) sedimentation, cen-
trifugation on Ficoll-Paque (Pharmacia) and hypo-
tonic lysis of contaminating red cells. Cells were
washed twice and resuspended in KRPG, pH 7.4, at
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Table 1 Data Collection and Refinement for
Boc-β3-HMet-Leu-Phe-OMe (1a)

Empirical formula C27H43N3O6S
Molecular weight (a.m.u.) 537.7
Crystal system Orthorhombic
a (Å) 21.729(3)
b (Å) 24.300(7)
c (Å) 5.982(8)

V (Å
3
) 3159(4)

Space group P212121

Calculated density (g/cm−3) 1.131
Z 4
F(000) 1160
λ(Cu Kα) (Å) 1.5418
µ(Cu Kα) (mm−1) 1.2
Crystal size (mm) 0.02 × 0.03 × 0.5
2θmax (°) 124
Scan type ω − 2θ

No. unique reflections 2885
No. reflections [I > 4σ(I)] 991
Least-squares weight 4F2

o/σ2(F2
o)

R,RW 0.09, 0.12
S 0.85

a final concentration of 50 × 106 cells/ml and kept
at room temperature until used. Neutrophils were
98%–100% viable, as determined using the trypan
blue exclusion test.

Random locomotion. Random locomotion was
performed with a 48-well microchemotaxis chamber
(Bio Probe, Milan, Italy) and migration into the filter
was evaluated by the leading-front method [24]. The
actual random movement control was 35 ± 3 µm SE
for 10 separate experiments performed in duplicate.

Chemotaxis. Each peptide was added to the lower
compartment of the chemotaxis chamber. Peptides
were diluted from a stock solution with KRPG con-
taining 1 mg/ml of bovine serum albumin (Orha
Behringwerke, Germany) and used at concentra-
tions ranging from 10−12 to 10−5 M. Data were
expressed in terms of chemotactic index (CI), i.e. the
ratio: (migration toward test attractant minus migra-
tion toward the buffer)/migration toward the buffer.
The values are the mean of six separate experiments
performed in duplicate. Standard errors were in the
range 0.02–0.09 CI.

Superoxide anion (O2
−) production. This anion

was measured by the superoxide dismutase-
inhibitable reduction of ferricytochrome c (Sigma,
USA) modified for microplate-based assays. Tests

were carried out in a final volume of 200 µl contain-
ing 4 × 105 neutrophils, 100 nmol cytochrome c and
KRPG. At zero time different amounts (10−10 –8 ×
10−5 M) of each peptide were added and the plates
were incubated in a microplate reader (Ceres 900,
Bio-TeK Instruments) with the compartment tem-
perature set at 37 °C. Absorbance was recorded at
550 and 468 nm. The difference in absorbance at
the two wavelengths was used to calculate nmoles of
O2

− produced using an absorptivity for cytochrome c
of 18.5 mM−1cm−1. Neutrophils were incubated with
5 µg/ml cytochalasin B (Sigma) for 5 min prior to
activation by peptides. The results were expressed
as net nmoles of O2

− per 1 × 106 cells per 5 min
and are the mean of six separate experiments per-
formed in duplicate. Standard errors were in the
range 0.1–4 nmole O2

−.

Enzyme assay. The release of neutrophil gran-
ule enzymes was evaluated by determination of
lysozyme activity, modified for microplate-based
assays. Cells, 3 × 106/well, were first incubated in
triplicate wells of microplates with 5 µg/ml cytocha-
lasin B at 37 °C for 15 min and then in the pres-
ence of each peptide at a final concentration of
10−10 –8 × 10−5 M for a further 15 min. The plates
were then centrifuged at 400 × g for 5 min and
lysozyme was quantified nephelometrically by the
rate of lysis of a cell wall suspension of Micrococcus
lysodeikticus. The reaction rate was measured using
a microplate reader at 465 nm. Enzyme release was
expressed as a net percentage of total enzyme con-
tent released by 0.1% Triton X-100. The total enzyme
activity was 85 ± 1 µg per 1 × 107 cells/min. The
values are the mean of five separate experiments
performed in duplicate. Standard errors were in the
range 1%–6%.

Antagonist assay. The antagonistic activity was
determined by measuring the ability of a derivative
to inhibit chemotaxis, superoxide anion production
or granule enzyme release as induced by fMLF-
OMe. Antagonistic activity data (% of activity)
were obtained by comparing the chemotactic index,
nmoles of O2

− or percentage of lysozyme release
in the absence (100%) and the presence of the
derivative. The chemotactic index of 10 nM fMLF-
OMe was 1.15 ± 0.10 SE. O2

− generation produced
by 1 µM fMLF-OMe was 62 ± 2 nmol per 1 × 106

cells per 5 min. Enzyme activity triggered by
1 µM fMLF-OMe was 54% ± 5% per 3 × 106 cells
per min. Derivatives were added to neutrophils
10 min before the incubation step for cellular
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functionality. Each value represents an average of
six separate experiments performed in duplicate.
Standard errors were within 10% of the mean value.

RESULTS AND DISCUSSION

Biological Activity

The biological activities of the new analogues 1–3
were determined on human neutrophils and com-
pared with those of the reference ligand fMLF-OMe.
Directed migration (chemotaxis), superoxide anion
production and lysozyme release were measured.

Inspection of Figure 2A clearly shows that all
three N-Boc derivatives 1a–3a were, as expected,
essentially inactive as agonists [25]. Concerning the
chemotactic activity shown by the N-formyl deriva-
tives 1b–3b it can be seen that the replacement of
each α-amino acid residue with the corresponding
β3-amino acid led to analogues with a comparable
peak of activity which was, however, lower than
that shown by fMLF-OMe. Compounds 1b and
3b, characterized by the replacement at the two
external positions, were both slightly more potent
and efficient than 2b which was characterized by
the substitution at the central residue. Thus, the
replacement of the central Leu, as compared with
the Met and Phe residues, was the least tolerated.
However, if the previously reported [5] complete
inactivity of the fMLF-OMe analogue containing a

central β-Ala residue is considered, the activity
shown by the [β3-HLeu2]fMLF-OMe 2b confirms the
crucial role exerted on the activity by the central
Leu hydrophobic side chain and suggests that 2b
maintains an overall accommodation in the receptor
pocket comparable to that adopted by prototypical
ligand and that the additional CH2 group in the
backbone does not prevent a productive, although
not optimal, interaction of the central isobutyl side
chain with the hydrophobic receptor subsite corre-
sponding to the native Leu.

As shown in Figures 2B and 2C, tripeptides
1b–3b were examined for the superoxide anion pro-
duction and lysozyme release. It can be seen that, as
already found in the case of the chemotactic activity,
the less favourable modification was that performed
at the central position; the [β3-HLeu2]fMLF-OMe
analogue 2b was indeed the least active in all exper-
iments. On the other hand, the introduction of the
β3-residue at the N-terminal or at the C-terminal
position led to highly active ligands (see 1b and 3b
for superoxide anion and lysozyme, respectively).
Since these compounds were only partially active as
chemoattractants, their selective behaviour appears
of interest and may represent the basis for further
investigations.

All three N-Boc derivatives 1a–3a were essentially
inactive as agonists in the three tested functions
(Figure 2). It seemed interesting to test their activ-
ity as antagonists. The antagonism was determined
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Figure 2 Biological activities of tripeptide derivatives 1a,b–3a,b. (A) Chemotactic activity; (B) superoxide anion production;
(C) release of neutrophil granule enzymes evaluated by determining lysozyme activity.
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Figure 3 Effect of N-Boc-protected tripeptides 1a–3a on the neutrophil activities triggered by fMLF-OMe. (A) Chemotactic
activity; (B) superoxide anion production; (C) release of neutrophil granule enzymes evaluated by determining lysozyme
activity.

by measuring the ability to inhibit the activity
stimulated by fMLF-OMe on human neutrophils
(Figure 3). The influence of an increasing concen-
tration of 1a–3a on chemotaxis induced by 10 nM

fMLF-OMe, which is the optimal dose for chemo-
taxis activation, is shown in Figure 3A. A significant
dose-dependent inhibition of the chemotactic index
was observed for all three compounds, the inhibi-
tion becoming statistically significant (p < 0.05) at
10−10 M.

As for the superoxide anion production (Figure
3B), only the β3-HMet analogue 1a, the corre-
sponding N-formyl analogue 1b of which showed
the highest activity as an agonist in the same test
(Figure 2B), exerted a statistically significant (p <

0.05) inhibition on the activity induced by fMLF-OMe
(starting from 10−7 M). In the case of the lysozyme
release (Figure 3C) only a weak inhibitory action,
which reached statistically significance (p = 0.05)

only at the highest concentration, was found for the
β3-HMet1 and β3-HLeu2 analogues 1a and 2a.

Solution Conformation

Several authors have examined the conformational
preferences both in the crystal state and in solution
exhibited by short linear peptides incorporating one
or two β-amino acid residues [10–17]. Although
the results of these investigations are difficult to
summarize due to the different nature of the models
examined and also the methodologies used, the
overall picture clearly documents the ability of the
β-residues to accommodate a wide spectrum of both
folded and unfolded structures which are highly

influenced by the nature of the substituents on the
Cα –Cβ bridge and by the constraints imposed by the
neighbouring residues [26–35].

Information on the conformational preferences
of the α/β3-mixed tripeptide models studied in
this work has been obtained by examining the
involvement of the NH groups in intramolecular
H-bonds using 1H NMR. In Figure 4 the chemical
shift dependence of the NH proton resonances as a
function of increasing DMSO-d6 concentrations in
CDCl3 solution (10 mM) is reported and in Table 2
the solvent exposure expressed as the difference
(�δ, ppm) between the NH proton chemical shift
values observed in neat CDCl3 and in a CDCl3
solution containing 10% DMSO. It appeared that
the chemical shifts of all of three protons in each
model were rather sensitive to the addition of DMSO,
thus indicating the absence of high concentrations
of well defined, intramolecularly H-bonded folded
conformations. However, it is pertinent to note here
that in all the tripeptides examined the NH group
of the β3-residue, regardless of the central or the
external position occupied in the sequence, showed
the lowest sensitivity to the solvent. This effect was
more pronounced in the case of the two models
2b and 3b in which the β3-residue was not at the
N-terminal position.

Although the NMR titration experiments only pro-
vide an identification of potentially intramolecularly
H-bonded NH groups, without giving any informa-
tion on the acceptor carbonyls, the above reported
behaviour of the β3-residue NH groups suggests
the occurrence, in addition to a large extent of
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Table 2 Solvent Accessibility of Peptide NH Groups: Differences (�δ, ppm) between
NH Proton Chemical Shift Values Observed in a CDCl3 Solution Containing 10%
DMSO and in Neat CDCl3

Compound N-Terminal NH Central NH C-Terminal NH

Boc-β3-HMet-Leu-Phe-OMe (1a) 0.42 1.08 0.62
HCO-β3-HMet-Leu-Phe-OMe (1b) 0.48 1.25 0.67
HCO-Met-β3-HLeu-Phe-OMe (2b) 0.80 0.36 1.04
HCO-Met-Leu-β3-HPhe-OMe (3b) 0.84 0.51 0.33
Boc-β-Ala-Phe-OMe (4a) 0.14 — 1.13
HCO-β-Ala-Phe-OMe (4b) 0.50 — 1.30
Boc-β-Ala-Amp (5) 0.19 — 1.05

unfolded conformations, of a population of locally
folded conformers centred at the β-residues through
a six-membered ring (C6 conformation) [36–38].
However, the IR absorption spectra in CHCl3
solution of tripeptides 1b–3b did not exhibit sig-
nificant absorptions in the 3400–3300 cm−1 region
where the intramolecularly H-bonded NH groups
commonly appear (spectra not shown). In the light
of the recent theoretical studies on β-peptide mod-
els [37, 38], this latter finding does not appear in
disagreement with the above suggested presence of
C6 local folding. Actually, calculations indicate that
these small ring structures are the most stable con-
formers and highlight at the same time the weak
stabilization produced by the intraresidue H-bond
due to its unfavourable geometric parameters. Thus,
this type of folding, which can be better associated
with a dipole· · ·dipole interaction, is expected to have

little influence on the N-H stretching mode and the
NMR chemical shift [37].

An indirect proof of the occurrence of a population
of C6 conformers in these tripeptides was obtained
when the two dipeptide derivatives Boc-β-Ala-Phe-
OMe (4a) [5] and the newly synthesized For-β-Ala-
Phe-OMe (4b) were examined. As shown in Figure 5
and in Table 2 the β-Ala NH proton was more solvent
shielded than the Phe NH proton in both com-
pounds. Furthermore, no significant N-H stretch-
ing absorptions in the IR region below 3400 cm−1

were observed for these two dipeptides (spectra not
shown). Also, in order to rule out the involvement
of the Phe ester group as an H-bond acceptor, the
model (S)-Boc-β-Ala-NHCH(CH2C6H5)CH3 (5) was
synthesized by replacing the Phe residue with Amp.
Again, as shown in Table 2, the β-Ala NH proton of
5 exhibited the lowest solvent exposure. In addition,
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no N-H stretching bands in the 3400–3300 cm−1

region of the IR absorption spectrum were observed
(not shown).

Crystal-state Conformation of
Boc-β3-HMet-Leu-Phe-OMe (1a)

A perspective view of the molecular conforma-
tion found in the crystal of 1a, along with the
numbering scheme, is shown in Figure 6. Bond
lengths and angles, although characterized by
large ESD, mainly caused by the low diffracting
power of the very tiny crystals obtained, are in

agreement with literature values. The main tor-
sion angles describing the crystal conformation
are summarized in Table 3. The peptide back-
bone, described by the ϕ1 = −87°, θ1 = 172°, ψ1 =
126°, ϕ2 = −86°, ψ2 = −30°, ϕ3 = 37°, ψ3 = 52° [39], is
rather extended at the β3-HMet residue, whereas
it is folded at Leu and Phe, although in the oppo-
site screw sense. Therefore, no intramolecular H-
bond is present. The two peptide bonds connecting
β3-HMet1 to Leu2 and Leu2 to Phe3 are trans-planar
with ω values of −177° and 177°, respectively.
The β3-Met side chain adopts a partially folded
conformation (g−, t, g−) with χ1, χ2 and χ3 torsion
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Table 3 Main Torsion Angles (°) Found in the Crystal State for
Boc-β3-HMet-Leu-Phe-OMe (1a)

C02-C01-C′
0-N1 (θ0) −175 N1-Cβ

1-Cγ
1-Cδ

1 (χ1
1) −65

O01-C′
0-N1-Cβ

1 (ω0) 172 Cβ
1-Cγ

1-Cδ
1-Sε

1 (χ1
2) 174

C′
0-N1-Cβ

1-Cα
1 (ϕ1) −87 Cγ

1-Cδ
1-Sε

1-Cξ
1 (χ1

3) −78
N1-Cβ

1-Cα
1-C′

1 (θ1) 172
Cβ

1-Cα
1-C′

1-N2 (ψ1) 126 N2-Cα
2-Cβ

2-Cγ
2 (χ2

1) −64
Cα

1-C′
1-N2-Cα

2 (ω1) −177 Cα
2-Cβ

2-Cγ
2-Cδ1

2 (χ2
2,1) 172

C′
1-N2-Cα

2-C′
2 (ϕ2) −86 Cα
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2-Cγ

2-Cδ2
2 (χ2
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2-N3 (ψ2) −30
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2-C′

2-N3-Cα
3 (ω2) 177 N3-Cα
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3-Cγ

3 (χ3
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C′
2-N3-Cα

3-C′
3 (ϕ3) 37 Cα

3-Cβ
3-Cγ

3-Cδ1
3 (χ3

2,1) 113
N3-Cα

3-C′
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3 (ψ3) 52
Cα

3-C′
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ESD were 1° –3°.

Figure 7 A view of the network of unidirectional hydrogen bonds (dashed lines) connecting molecules of 1a in a pile
elongated along the c direction. For clarity only the NH hydrogen atoms are shown.

angles of −65°, 174° and −78°, respectively. The
Leu side chain is in the most frequently occurring
g−(t,g−) conformation, whereas the C-terminal Phe
side chain adopts the g− conformation (χ1 = −55°)

with an orientation of the aromatic ring (χ2,1 = 113°)

slightly different from the usual value of 90° [40].
The overall peptide conformation is such that the
β3-HMet and Leu side chains lie on one side of
the backbone and face each other side by side,
leaving on the other side the Phe side chain, which

protrudes towards the tert-butyl group of the Boc
moiety. This spatial arrangement greatly differs from
that adopted in the crystal-state by the parent fMLF-
OMe [41,42], where the Leu and Phe side chains are
oriented on the same side of the backbone, leaving
the Met side chain on the opposite side.

An interesting aspect of the crystal-state confor-
mation of 1a may be found in the relative orientation
of the polar NH and CO groups. As can be seen
in Figure 6, all carbonyl groups point in the same
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Table 4 Relevant Geometric Details of the Inter-
molecular H-Bonds for Compound Boc-β3-HMet-
Leu-Phe-OMe (1a)

Donor Acceptora H...A (Å) D...A (Å) D-H...A(°)

N1 O1
1 2.16 2.98 143

N2 O1
2 1.94 2.85 157

N3 O1
3 2.24 3.09 147

a I: x, y, z + 1
ESD 0.05–0.10 Å for distances, 1° –2° for angles.

direction that is opposite to that adopted by all
the NH bonds. Moreover, the polar NH and CO
groups are almost perfectly aligned along the c direc-
tion, thus favouring aggregation of the molecules
by formation of intermolecular H-bonds along this
direction. As a consequence, the crystal packing
is characterized by the aggregation of piles of H-
bonded molecules. Figure 7 shows the intermolec-
ular N-H...O=C H-bonds, while Table 4 lists their
relevant geometric details.

CONCLUSIONS

The results reported here give for the first time infor-
mation on the consequences of the incorporation of a
β3-amino acid residue into analogues of the potent
tripeptide chemoattractant fMLF-OMe. Each ana-
logue, containing a β3-residue and two α-residues,
maintains the same side chains and stereochemistry
as those present in the native ligand. Our results
indicate that the α/β3 replacements have a differ-
ent and selective influence on the three biochemical
functions examined here and consequently on the
ability of the α/β3 analogues to interact effectively
with the appropriate receptors on the neutrophil
membrane. The only common effect concerns the
Leu/β3-HLeu replacement at the central position
which is in any case detrimental. Replacement of
the N-terminal Met residue, the presence of which is
critical for the activity of the fMLF analogues, leads
to selective ligands: compound 1b is in fact a modest
chemoattractant but a good ligand for the super-
oxide anion production. Analogous considerations
can be applied to the Phe/β3-HPhe replacement
at the C-terminal position, which affords a highly
active lysozyme releaser but only a modest ago-
nist for the other biochemical functions (compound
3b).

As for the solution conformation adopted by the
new fMLF-OMe analogues, the 1H NMR titration
experiments indicate, on the basis of the solvent
accessibility exhibited by the NH protons that, in
addition to a large amount of essentially extended
conformations, a contribution of C6 folding can be
envisaged, particularly in the case of compounds 2b
and 3b. This conclusion is in accordance with the
results obtained by examining the simpler models
4 and 5 and with literature data indicating that
the C6 folding is probably only in part stabilized
by H-bonding and is not easily revealed by the IR
absorption spectra [37]. Thus, the 1H NMR titration
experiments should represent the method of choice
to reveal the occurrence in solution of this elusive
type of folding.

As shown in Figure 6, in the crystal-state the
β3-HMet containing model 1a adopts a confor-
mation which is extended at the β-residue. The
torsion angles are ϕ1 = −87°; θ1 = 172°;ψ1 = 126°,
corresponding to skew−, trans+ and skew+ con-
formations, respectively. These values are close to
those adopted in the crystal-state by one of the two
independent molecules of Boc-β-Ala-Aib-OMe where
the extended form coexists with the folded confor-
mation taken up by the other molecule [31]. The
conformation adopted by 1a in the crystal-state
is in accordance with the preferred conforma-
tion found in solution, where all of the three NH
groups are essentially free to interact with the sol-
vent, with the highest accessibility (�δ = 1.08 ppm)

shown by the central Leu NH proton and the lowest
(�δ = 0.42 ppm) by the N-terminal β3-HMet NH pro-
ton. This latter value suggests that in CDCl3 solution
a population of C6 folded conformer might also be
present.
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38. Möhle K, Günther R, Thormann M, Sewald N, Hof-
mann H-J. Basic conformers in β-peptides. Biopoly-
mers 1999; 50: 167–184.

39. IUPAC-IUB Commission on Biochemical Nomencla-
ture. Abbreviations and symbols for the description
of the conformation of polypeptide chains. J. Mol. Biol.
1970; 52: 1–17.

40. Benedetti E, Morelli G, Némethy G, Scheraga HA.
Statistical and energetic analysis of side-chain
conformations in oligopeptides. Int. J. Pept. Protein
Res. 1983; 22: 1–15.

41. Gavuzzo E, Mazza F, Pochetti G, Scatturin A. Crystal
structure, conformation, and potential energy
calculations of the chemotactic N-formyl-L-Met-L-
Leu-L-Phe-OMe. Int. J. Pept. Protein Res. 1989; 34:
409–441.

42. Jaroniec CP, Filip C, Griffin RG. 3D TEDOR NMR
experiments for simultaneous measurement of
multiple carbon–nitrogen distances in uniformly
13C,15 N-labeled solids. J. Am. Chem. Soc. 2002; 124:
10 728–10 742.

Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 10: 510–523 (2004)


