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Abstmct: In order to study the influence of the conformanon on the acttvtty and bioselecttvtty, the new tetrapeptide 
ligand of the chemotacnc formylpeptide receptors HCO-Met-Leu-AzPhe-Phe-OMe (2) has been studied. Compound 2 

has been destgned so as to Induce a preferential p-turn conformation wtth the N-formyl group located outside the 
backbone loop. The crystallographrc analysis reveals that 2 adopts only m part the expected conformation due to the 
presence of a water molecule mstde the turn. Details on the H-bonding network stabilizmg the “open-turn” are given. 
The tetrapepttde 2 IS active towards human neutrophds, stimulating dtrected mtgration. superoxide anion generation 
and lysozyme release. The influence of the backbone conformation on the bmselectivity is discussed. 

Introduction 

The increasing attention dedicated to chemotactic N-formylpeptides is due to their involvement in defence 

mechanisms against acute inflammation processes, through binding with specific receptors located on the 

neutrophil membranes.1 N-formylmethionyl-leucyl-phenylalanine (fMLP) is the most extensively studied ligand 

of this class of bioactive peptides and its structure-activity relationships have been well documented2-(j Recent 

efforts in this field are focused on the design of conformationally constrained models in order to acquire a better 

understanding of the bioactive conformation features7J as well as to develop selective receptor agonists.9~10 

We reported recently on N-formyl-methionyl-L\Zleucyl-phenylalanine methyl ester [AXeu2]fMLP-OMe, a 

fMLP analog containing the (2)a,@didehydroleucine (AzLeu) residue in place of the central leucine.” It was 

established that this unsaturated ligand adopts a type II P-bend conformation in which the carbonyl oxygen of 

the N-terminal formyl group is engaged in an intramolecular H-bond with the NH of the last residue. Whereas 

[AzLeu21fMLP-OMe is practically inactive in the stimulation of human neutrophil directed migration, it is active 

in eliciting both superoxide generation and enzyme release. The conformational restrictions imposed on the 

peptide backbone by the presence of the a&unsaturated residue may be responsible for the observed selective 

bioactivity. 

Since the presence of the N-terminal formyl group is essential for the biological activity of chemotactic 

peptides and folded conformations analogous to that adopted by [AZLeu2]fMLP-OMe are likely to play a role in 

the mteraction with the receptors, it seemed interesting to continue our studies m this field by examining the 
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activity of p-folded models in which the formylic group is not engaged in the intramolecular H-bonding. Thus, 

the new ligand HCO-Met-Leu-AZPhe-Phe-OMe (2). containing an a$-unsaturated residue at the carboxy 

penultimate position, has been designed. The known tendency of the AzPhe residue to occupy the (i+l) or (i+2) 

corner positions of p-turn structures, should induce a folding with an intramolecular Met CO*-*Phe NH H-bond 

which leaves apart the HCO group. In this report we describe the synthesis. crystal conformation and biological 

activity of the N-formyltetrapeptide 2. 

Synthesis 

RESULTS 

The synthesis of 2 has been performed as reported in the Scheme 1. 

i: OH-, H+; ii: i-BuOCOCl, HePhe-OMeHCl, N-methyhnorpholine; iii: HCOOH, EEDQ 

Scheme 1 

Starting Boc-Met-Leu-AZPhe-OMe has been hydrolysed and coupled with Phe-OMe to give N-Boc 

protected tetrapeptide 1; simultaneous deprotection and formylation was performed by using formic acid and 

then N-ethoxycarbonyl-2-ethoxy-1,2-dihydmquinoline (EEDQ), following the Lajoie and Kraus procedtu~.~~ 

Crystal Conformation 

In order to define the solid state conformation adopted by 2, an X-ray analysis has been performed. 

Suitable crystals have been obtained from methanol-water solution. The perspective view of the conformation of 
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2, reported in Fig. 1, shows that the tetrapeptide derivative crystallizes in a monohydrate form. The backbone 

is folded with the AzPhe residue occupying the (i+2) corner position and the N-terminal formyl group not 

participating to the folding. However, the expectation of a p-turn conformation for 2 is only in part fulfilled 

due to the unusual presence of a water molecule located inside the backbone loop. There is at the present 

considerable interest in clarifying the specific interactions between peptide secondary structures and water and 

more in general in the understanding the hydration mechanisms of peptides and proteins;13-15 thus, the analysis 

of the present structure appears useful beyond our initial objective. 

All three peptide bonds of 2 are involved in the p-turn and are of the W&as-planar type with the largest 

deviation from planarity shown by the central Leu-AzPhe bond (~2 = 168.2’). The formamido group is 

completely flat (ceu = 0”) and presents the formylic hydrogen cis to the Met NH. An unusual conformational 

feature is presented by the relative spatial arrangement of the two hydrogens of the formamido group and the 

hydrogen on Met Co: these three atoms lie on the same plane and are eclipsed each other (~0 = 0 and et= 

57.2”). This feature is forbidden to a formylic group involved in p-turn structures and has not been encountered 

in solid state conformations of formylpeptides studied before. Due to the presence of the C3o-C3g double bond 

the aromatic side chain takes the characteristic orientation in which the backbone nitrogen N3 is eclipsed with the 

aromatic QYcarbon atom (x3l= 3.4” ). The alteration of the bond lengths induced by the electronic effects of 

the Cc@ unsaturation is practically limited to the C+C$ and C3’-03 bonds which are shorter (1.464 A) 
and longer (1.248 A), respectively, than the standard values in saturated models (1.54 and 1.22 A, 

respectively). The C3g-C3y bond length (1.498 A) . IS not significantly altered and this in accordance with the high 

deviation of the plane of the aromatic ring from that of the double bond (x3 291 = -44”). These data indicate an 

electron conjugation from the double bond toward the carbonylic oxygen and a reduced involvement of the 

aromatic ring and the enamidic nitrogen N3. Analogous results have been recently reported by studying Q-N- 

acetyl-a$-didehydrophenylalanine methylamide. 

As can be deduced by the values reported in the Table, the torsion angles $ and w for the Leu (i+l) and 

AZPhe (i+2) residues of -81.1, 161.2,65.2,33.4“ deviate significantly from those predicted for a conventional 

type II p-turn (-60, 120, 80, 0°),17,18 the largest deviation from the ideal values, induced by the presence of the 

water molecule, being 41’ for the vi+1 torsion angle. Helical and extended conformations are found at the Met 

(i) and Phe (i+3) positions with $ and y of 57.2,44.7 and -141.6, 148.3’, respectively. 

As it is shown in Fig. 1 a water molecule is located inside the turn and is completely surrounded by polar 

groups of the peptide backbone. It forms in fact three H-bonds which are of 2.827 A with the Met CO and of 

3.034 and 2.966 A with the Phe NH and CO groups, respectively. The water hydrogens not detected in the final 

Fourier map should lie not too far from the two O..OW directions since the 01...0W...04 angle is 128.4’. 

Additional favourable interaction may take place between the dipoles of the water and that of the Leu-AzPhe 

amide junction (the angle between the plane of the amide and that containing the 01,04, OW atoms is 39.1”). 

As a consequence of the water inclusion, the usual (i+3) ---> (i) intratum H-bond, closing a lO-membered 

ring, 1s not found and the distance between the Phe nitrogen N4 and the Met carbonyl oxygen 01 increases from 

a p-turn mean value of 3 A to 4.65 A.18 Furthermore, the distance between the Co atoms of the two external 

residues, i.e. Met Clo and Phe C4o , becomes 7.02 A. Since the accepted definition classifies a backbone 

portion as a turn when the Cio --- C,+3o distance is less than 7 A ,18,1g the value exhibited by 2 indicates that, 

although the backbone maintains an overall folded conformation, the water inclusion results in a profound 
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Table. Relevant torsion angles (“) of 2 with e.s.d.‘s in parentheses. 

Backbone Side-chain 

0,-C&N& 

&N&-C; 

N&-&N2 

C:-C:-N2-C; 

C:-N2-&C; 

N&C;-N3 
(r I a 

Cz-Cz-N3-C3 

C;-N3-C3qC: 

N3-&-C&N4 
f 

CjlC3-N4-C4” 

C;-N&C; 

N.&-C;-03 

c:~-o:-c3 

o&!~-o~-c~ 

O(l) 

+57.2(8) 

+44.7(7) 

-177.2(5) 

-81.1(6) 

+161.2(S) 

+168.2(5) 

+65.2(7) 

+33.4(8) 

-178.3(6) 

-141.6(7) 

+148.3(8) 

-179(l) 

3(l) 

aor 
Met Nt-Ct-Ct-Ct 

c:-&&sf 

cf&&’ 

L.eu N2-Cp-&C; 

c;-c,“-&c,b’ 

&$c;-_d’ 

AzPhe N3-C$&$ 

c;-C&P’ 

a P 7 b2 
c3-c3-c3-c3 

a P 
C;-N3-C3-C3 

P 
03-c&&-c3 

Phe N4-C~-C!-C~ 

c~-c~c;-c,6’ 

c~-c&:2 

Xl -65.2(9) 

x: +173.1(7) 

XT +83(2) 

x: -54.5(7) 

xi -56.1(9) 

x2’ - 179.5(7) 

x: +3.4(9) 

x32,’ -44.1(9) 

S2 +135.8(7) 

-112.7(6) 

+27.9(9) 

xl - 165.4(7) 

x42 -103(l) 

XI2 +82( 1) 

Fig 1. A perspective view of crystal conformation of fomyltetrapeptide 2 
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alteration of the classical p-turn structure. The factors which cooperate in stabilizing the “open-turn” 

conformation18 found in 2 can be identified in the p-turn inducing effect of the AzPhe residue located at (i+Z) 

position and in the peptide-water H-bonding network. 

Both the NH and CO groups of the central Leu-AzPhe junction are involved in intermolecular H-bonds 

with a formylic oxygen (N3H*-Oo = 2.892 A) and a Met NH (Or*HNl= 2.881 A), respectively; an additional 

intermolecular H-bond is found between Leu NH and AzPhe CO (2.934 A). 

Biological Activity 

The biological activity of the formyltetrapeptide 2 has been determined on human neutrophils and 

compared to that of the parent tripeptide NLP-OMe. The directed migration (chemotaxis), superoxide anion 

production and lysozyme release have been measured. As shown in Fig 2A, 2 is a chemotactic agent @ < 0.05) 

over a broad range of concentration, lo- 11-10-7 M , even if in a lesser extent than the parent. In the case of 

superoxide anion production (Fig.ZB), 2 shows a behaviour similar to the parent fMLP-OMe at high 

concentrations, both having a peak at lo-TM ; compound 2, however, maintains the efficacy at lower 

concentrations ( 1O-9-1O-8 M) (p < 0.01). As shown in Fig. 2C, 2 shows a behaviour analogous to the parent as 

a secretagogue agent in the concentration range of 10-8-10-5 M . 

1.2 - 

1.0 - 

0.8 - 

0.6 - 

0.4 - 

0.2 - 

0.0 7 

Fig. 2. Biological activities of fMLP-OMe ( A ) and tetrapeptide 2 ( x ) determined on human neutrophils. 
The points are mean of six separate experiments done in duplicate. A: chemotactic activity; standard 
errors are in the 0.02-0.09 chemotactic index range. B: superoxide anion production; standard errors 
are in the O.l-4% range. C: release of neutrophil granule enzymes evaluated by determining lysozyme 
activity; standard errors are in l-6% range. 

DISCUSSION 

We reported recently that the conformationally constrained analogs of f?vlLP-OMe containing 4-amino- 

tetrahydrothiopyran-4-carboxylic acid (Thp) in place of methionine, [Thpl]fMLP-OMe and [Thpl,Aid]fMLP- 

OMe (Ain = 2-ammoindane-2-carboxylic acid), although highly active as chemoactractants, induce neither 

superoxide production nor lysozyme release.9 Furthermore, the previously cited tripeptide [AXe$]fMLP-OMe 

shows an analogous although opposite bioselectivity.’ 1 

It is worth noting that, unlike the above cited ligands, the tetrapeptide 2 is not able to select the different 

biological responses related to the chemotaxis. As interpretation of these first results it could be suggested that 

the ability of a formylpeptide ligand to discriminate receptor variants and biological responses is stmngly 
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dependent upon the direct involvement of the N-terminal residue, bearing the formyl group, into a 

conformational constraint. Both the Fpt] and [AZLeu2] analogs meet this condition: the N-formyl group of the 

[Thpl] analogs is bound in fact to a conformationally restricted amino acid and in the [AzLeu2] peptlde the 

formyl carbonyl is engaged in an intramolecular H-bond with the Phe3 NH. The conformational space available 

to the N-formylmethionine moiety of 2, on the other hand, is not significantly limited since the p-turn structure 

involves, as expected, the last three residues. This interpretation is in accordance with the findings of extensive 

studies on chemotactic formylpeptides which emphasize the crucial role of the formylic group both for the 

binding and the biological activity. 

As regards peptide-water interaction, although several structures involving water molecules bound to 

external polar sites of folded peptide backbones have been reported, 14J@22 a situation analogous to that found 

in 2 has been only observed in the case of the dipeptide derivative r-Bu-CO-Pro-Me-D-Ala-NHMe.23 Here the 

X-ray analysis revealed that the water molecule connects, through two H-bonds, the t-butyl carbonyl group with 

the C-terminal methylamide NH, thus preventing the intratum H-bonding characteristic of p-turn structures. 

Unlike the type of water-peptide interaction found in the case of the tetrapeptide 2, the water molecule in f-Bu- 

CO-Pro-Me-D-Ala-NHMe makes the third H-bond with the Me-D-Ala Co group of a neighbouring molecule thus 

giving rise to a H-bonding scheme which involves intra- and inter-turn interactions. 

The present structural investigation gives a further insight into the influence of water on the peptide 

conformation, a problem which cannot be easily determined by spectroscopic techniques. An interesting aspect 

concerning the specific interaction between the p-turn and water comes from the observation that in globular 

proteins p-turns are in general located on the surface which is exposed to the solvent. Furthermore, on the basis 

of an investigation of 938 p-turns extracted from the X-ray structure of 58 proteins at resolution< 2A, Wilmot 

and Thornton*9 have shown that about 60% of the p-turns examined had deformations of i30° around the ideal 

values with a further flexibility of one angle to deviate by as much as 45’. These deformations are comparable to 

those found in the hydrated crystal conformation of peptide 2. Therefore the present structure could serve as a 

static model of solvation of a p-turn backbone containing apolar side-chains. 

EXPERIMENTAL 

Peptide Synthesis 

Melting points were determined with a Biichi oil bath apparatus and are uncorrected. Optical rotations were 
taken at 20 OC with a Schmidt-Haensch Polartronic D polarimeter in a 1 dm cell. IR spectra (KBr disks) were 
recorded with a Perkin-Elmer 983 spectrophotometer. 1H NMR spectra were measured with a Varian XL-300 
spectrometer in CDC13 (tetramethylsilane as internal standard). 

Boc-Met-Leu-AZPhe-Phe-OMe (1) 

Isobutyl chlorofoxmate (0.175 mL, 1.18 mmol) was added at -1YC to a stirred solution of the tripeptide 
Boc-Met-Leu-AzPhe-OH (0.598 g, 1.18 mmol), obtained by alkaline hydrolysis9 for one day of the 
corresponding methyl ester,% in dry DMF (2.4 mL) containing N-methylmorpholine (0.137 mL, 1.41 mmol). 
The temperature was kept at -15 ‘C for 15 min, then a solution of H-Phe-OMeHCl (0.254 g, 1.18 mmol) and 
N-methylmorpholine (0.115 mL, 1.18 mmol) in dry DMF (2.4 mL) was added. The mixture was stir& at room 
temperature for 24 h, and then evaporated under vacuum. The residue was dissolved in ethyl acetate and washed 
with 5% aqueous KHSO4, water, saturated aqueous NaHC03 and brine. The organic phase was dried 
(Na2SO4) and evaporated to give a residue which was chromatographed on a column of Merck silica gel 60 
(230-400 mesh, 1:40). Elution with dichloromethane-ether (9: 1) afforded 0.595 g (76%) of the title compound 
1, mp 84-87 ‘C (dec) (from dichloromethane-n-hexane); [a]D = -27” (CHC13, c 1.0); IR vmax: 3303, 1745, 
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1659, and 1514 cm-l; 1H NMR: 6 0.90 and 0.95 (6H, two d, J = 6 Hz, (C!Zfs)zCH), 1.38 (9H, s, C(CH3)3), 
1.50-2.00 (5H, two m, (CH3)2CH-C& and C&-CHz-S), 2.03 (3H, s, S-CH3). 2.52 (W, t, J = 7 Hz, CHz- 
S), 3.18 (2H, sharp m, Phe P-CH2). 3.70 (3H. s, COOCH3). 4.14 (lH, m, Met a-CH), 4.36 (1H. m, Leu a- 

CH), 4.92 (lH, m, Phe a-CH), 5.26 (lH, d, J = 5.5 Hz. Met NH), 6.82 (1H. unresolved d, Leu NH), 7.12 

(lH, d, J = 7.5 Hz, Phe NH), 7.14-7.42 (1 lH, m, aromatic and AzPhe p-CH). 7.99 (1H. s, AzPhe NH). Anal. 
calcd for C3~&8N407S: C, 62.85; H, 7.23; N, 8.38%. Found: C. 62.60; H, 7.22; N, 8.18%. 

For-Met-Leu-AZPhe-Phe-OMe (2) 

Treatment of Boc-protected tetrapeptide l(O.301 g, 0.45 mmol) with formic acid and EEDQ, as described 
in a previous paper12 afforded the title N-formylpeptide 2 in 97% yield, mp 153“C (from dichloromethane-n- 
hexane), [a]~ = -34’ (CHC13, c 1.0); IR vmax: 3278, 1745, 1642, and 1518 cm-l; 1H NMR: 6 0.88 and 0.93 
(6H, two d, J = 6 Hz, (CH3)2CH), 1.56-1.79 ( 3H, m, (CH3)2CH-CH2). 1.85-2.14 (2H, m. CZf2-CH2-S), 
2.00 (3H, s, S-CH3), 2.49 (2H, t, J = 7 Hz, CH2-S), 3.14 (2H, d, J = 6.5 Hz, Phe /3-CH2). 3.67 (3H, s, 

COOCH3), 4.38 (lH, m, Leu a-CH), 4.66 (lH, m, Met c&H), 4.87 (lH, m, Phe a-CH), 6.99 (lH, d. J = 8 

Hz, Met NH), 7.10-7.46 (13H, m, aromatic, Phe and Leu NH, AzPhe P-CH), 7.95 (lH, s, CHO), 8.33 (lH, 
s, AZPhe NH). Anal. calcd for C3tH4oN&$: C, 62.39; H, 6.75; N, 9.39%. Found: C, 62.22; H, 6.69; N, 
9.60%. 

X-ray Structural Analysis 

Crystals of 2, suitable for X-ray analysis, were obtained from a methanol-water solution. The compound 
crystallizes in the monohydrate form (C~~~ON@&H~O, M.W. = 614.7) in the orthorhombic system, 
space group P 21 21 21 with a = 9.447(6), b = 12.636(g), c = 28.454(14) A, V = 3397(3) A3, Z = 4, dc = 

1.20 g cm-3. Intensity data were collected up to 26 = 138’ on a Syntex P21, four-circle diffractometer equipped 

with graphite-monochromatized Cu-Ka radiation (h = 1.5418 A) using the 8 - 20 scan technique. Out of a total 

of 3469 collected reflections, 2409 had I > 2.5 o (I) and were used in the refinement. The structure was solved 
by direct methods using the program SHELXS8625 and refined anisotropically by full-matrix least-squares 
method to R = 0.069.26Tables containing final atomic fractional coordinates together with thermal parameters, 
valence bond distances and angles have been deposited at the Cambridge Crystallographic Data Centre. 

Biological Assay 

CeUs. Human neutrophils were purified employing the standard tecniques of dextran (Pharmacia) 
sedimentation, centrifugation on lymphocyte separation medium (Flow S.p.A.) and hypotonic lysis of red cells. 
The cells were washed twice and resuspended in KRPG (Krebs-Ringer-phosphate containing 0.1% w/v 
glucose, pH 7.4) at a concentration of 50x106 cells/ml. The percentage of neutrophils was 98-100% pure. 

Random locomotion. Random locomotion was performed with 48-well microchemotaxis chamber (Bio 
Probe, Italy) and the migration into the filter was evaluated by the method of leading-front.27 

Chemotuxis. In order to study the potential chemotactic activity, each peptide was added to the lower 
compartment of the chemotaxis chamber. Peptides were diluted from a stock solution (lo-2M in 
dimethylsulfoxide) with KRPG containing 1 mg/mL of bovine serum albumin (Orha Beringwerke, BRD) and 
used at concentrations ranging from 10-‘*M to lO-sM. Data were expressed in term of chemotactic index, which 
is the ratio: (migration towards test attractant minus migration towards the buffer)/migration towards the buffer. 

Superoxide anion (023 production. 02- release was monitored continuously in a thermostatted 
spectrophotometer as superoxide dismutase-inhibitable reduction of ferricytochrome c (Sigma, USA), as 
described elsewhere.2* At zero time, different amounts (10-g - lo-5M) of each peptide were added and 
absorbance change accompanying cytochrome c reduction was monitored at 550 nm. Results were expressed as 
net nmoles of @-/2x106 cells/5 min. Neutrophils were incubated with 5 @nL cytochalasin B (Sigma) for 5 
min prior to activation by peptides. 
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Enqme assuy. Release of neutmphil granule enzymes was evaluated by determining lysozyme 
activity;28 this was quantified nephelomettically by the rate of lysis of cell wall suspension of Micrococcus 
lysodeikticus (Sigma). Enzyme release was expressed as a net percentage of total enzyme content released by 
0.1% Triton X-100. Total enzyme activity was 85 fl pg/lxlO7 cells/mitt. To study the degranulation-inducing 
activity of each peptide, neutmphils were first incubated with cytochalasin B for 15 mitt at 37OC and then in the 
presence of each peptide in a final concentration of 10-8 - 10-S M for a further 5 min. 

Stutistical analysis. The non parametric Wilcoxon test was used in the statistical evaluation of 
differences between groups. 
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