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A series of six arginineglycine—aspartate (RGD) cyclopeptide analogues containing *adiC or
trifluoromethylamino acid ¢-Dfm or a-TfmAaa) at different positions of the ring were synthesized. All
peptides were obtained in two diastereomeric forms, which were separated by HPLC. In vitro biological
tests of the new cyclopeptidéswere carried out in comparison with their corresponding cyclopeptes
lacking thea-fluoromethyl group. Five out of the six compouniéd (containing §)-a-Tfm-Aaa) showed
activities in the nanomolar range, while tRell compounds (containingRj-a-Tfm-Aaa) were much less
active or totally inactive. Only cyclo[RGDfgj-aTfmV] (P1-l) was found to be significantly more active
than its model compound cyclo(RGDfVR(). The three-dimensional structure in water and DMSO was
determined by NMR techniques and molecular dynamics (MD) calculations, but it was not possible to highlight
significant differences in the backbone conformation of the peptides examined. Significant interproton
distances, derived from nuclear Overhauser effect (NOE) experiments, were used to determine the absolute
configuration of the side chains.

Introduction fluorine atom? They were easily introduced by us and others

On the basis of the observation that fluorinated analogues of & the N-terminus of some peptices, but the problem of chain
naturally occurring compounds often exhibit unique physiologi- elongation by derivatization of the amino group is not feasible
cal activities! there has been increasing interest in fluorine- Py common methods known to peptide chemistry, except for
containing amino acids, and the relative chemistry is a devel- the least bulkya-TfmAla (Tfm = trifluoromethyl). Carboxy
oping area of interdisciplinary intere®t.In the search for new  activation via chloride, in the presence of strong base, was
unusual building blocks to be introduced into peptides and successful in forming the amide bond but to the detriment of
proteins with the purpose of modifying their physicochemical the acylating amino acid, which resulted in total racemization;
properties, C-fluoroalkylamino acids (FAaa) are particularly  thus, this drastic reaction is limited to substrates where epimer-
promising because they could greatly influence the bioavail- ization is not possiblé?

ability by improving the enzymatic stability and enhancing the  With the aim of verifying the assumption about the structural
lipophilicity that promotes permeability through the body and biological effects of Gdi-and trifluoromethylamino acids
barriers. FAaa share with othefo-dialkylated amino acids the  (q-Dfm and TfmAaa), we sought to incorporate them at different
possibility of inducing secondary structures such as helices andpositions of well-known peptides like the argininglycine—
f-turns, and additionally, their fluoroalkyl group is capable of a5partate (RGD) analogues, exhaustively studied by Kessler et
participating in hydrogen bonding or of acting as a coordinative 5| ag integrin inhibitord%-15 Integrins are a family of

site in metal complexésbecause of the availability of the memprane adhesion receptors, which play an important role in
nonbonding electron pairs; therefore, when strategically posi- 5ngiogenesis and recognize proteins of the extracellular matrix

tioned _in biologically active peptide_s, the_y could imPa_” through the amino acid sequence Arg-Gly-Asp. In the past
unpredictable properties, changing their activity and selectivity. decade, this universal recognition site became the basis for the

A.‘S a c_onsequ_ence,_such_ compounds can find potential appIICa'development of a variety of potent and selective antagonists.
tions in the biomedical field.

H ¢ fic i tioati into structural and bi In particular, the Kessler group designed and synthesized a series
lowever, systematic investgations Into structural and bio- - ¢ cyclic peptides containing the RGD in an ideal conformation
logical properties of FAaa have been impaired by the great

synthetic difficulty of introducing these building blocks into _to eX.h'b't the _maxnn_al afflnlty and SE|eCt“_”ty _towardv .

. L 4 s . . integrins, obtaining a bioactive compound that is being examined
peptides, and application gtfluorine containing amino acids in clinical trials 16
in peptide design is still in the early stages of development. In ) )
practice, incorporation of €fluoroalkylated amino acids into We reasoned that these RGD analogues might represent
peptides presents serious limitations because of the change opuitable models for the purpose of studying the effects of the
polarity of the functional groups and bonds in the vicinity of introduction of aj-fluorine substituted Aaa on the secondary

structure and bioavailability.
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Figure 1. Structure of cyclopeptides containing-@uoromethylamino acids, in their activ@configuration.
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studies were performed in comparison with the model cyclo- S¢heme 3.Synthesis oN-Me-o-Tfm-Phe-carboxyanhydride

peptides lacking thet-fluoroalkylamino acid.
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Results and Discussion coon  OC NaH, Mel, DMP
. . . - . 0
Chemistry. The synthesis of thg-fluorine containing amino NH-COOCH,C4H, H

acids was initially undertaken following methods described in
the literature. The synthesis of tbeDfmAaa esteY’ proceeds

via regioselective alkylation with chlorodifluoromethane of the CF,
Schiff base ester, readily available from the pareatmino acid

ester, according to Scheme 1. For the synthesig-0fmAaa o]
esters'® trifluoropyruvate serves as an excellent intermediate (H':\g

for preparing the imine as the substrate to introduce the desired
amino acid side chain, according to Schemhl-3Me-a-TfmPhe presence of collidine, following the procedure already de-
was introduced into the cyclic peptide in the form of its Leuch’s  scribed? In the case oP6, containingN-Me-o-TfmPhe, which

anhydride, according to Schemé®3. is extremely hindered\-phthaloyl bromide failed to afford the
The key step in the synthesis of the cyclopeptides is the coupling, and it was necessary to use the corresponding
formation of the amide bond between thdluoroalkyl building azidocarboxylic acid bromide because of its smaller $iz&.

block and the preceding amino acid. This was achieved by (Nevertheless, even with the use of this second procedure, it
exploiting a new coupling method recently developed in our was not possible to introduce the still more hindekee-a-
laboratoriesN-Phthaloylamino acid bromides were the acylating TfmVal with reasonable yields.) The synthesiR& represents
agents of choice for the synthesis of the cyclopeptRiesP4. an exception because the coupling between GlycaiiimAsp
They were prepared in situ by the brominating reagent 1-bromo-was achieved via Pht-Gly-Cl in the presence of TEA; in fact,
N,N-2-trimethyl-1,1-propenylamine (bromoenamine) and im- with Gly as the acylating agent, there was no racemization
mediately added to the amino acid ester to be acylated, in theproblem.
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Scheme 4.Synthesis ofP1-1 andP1-1l, c[Arg-Gly-AspD-Phe-§ or R)-()L-TmeaI]a
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a2 Reagents and conditions: (a) bromoenamine, 1.2 equiv, DCM, argon, 10 min; (b) 0.2 equiv-af H@Nal-OEt, DCM, 0°C — room temp, 3 h; (c)
5 equiv of BBr3, DCM, reflux, 4 h; (d) 2 equiv of H-Orn(Cbhz)-Gly-OtBu, GBN, 1.4 equiv of HATU, 2,8 equiv of DIEA, 1 h; (e) 1.5 equiv of NH
NH2-H20, EtOH, reflux, 1.5 h; (f) 1 equiv of Fmoc-AllylGly-OH, 1 equiv of HOBT, 1 equiv of TBTU, 2 equiv of DIEA, £, 1 h; (g) 10 equiv of
piperidine, DCM, room temp, 2 h; (h) TFA/DCM 1:1, 1 h; (i) 70M CH3CN, 3 equiv of HOBT, 3 equiv of TBTU, 1% DIEA, 15 min; (I) 10:0.7 acetone/3
N HzSQy, 6 equiv of KMnQ aqueous solution, 8C — room temp, 1 night; (m) 10:1 MeOH/DMF, 5 equiv of HCOONH 0% Pd/C, N, room temp, 30
min; (n) MeOH, argon, 4 equiv of 1-pyrazole-carboxamidih€l, 7 equiv of DIEA, room temp, 3 h; (0) separation®andR diastereoisomers by preparative

RP-HPLC, 30% CHCN in H2O + 0.1% TFA.

To avoid the inconvenience with th@-carboxylic group

(condition b of Scheme 5), it was necessary to use 8 equiv of

protection, Asp was introduced into peptides as Fmoc-allylGly, the corresponding bromide (50% yield). Owing to the instability
following oxidative cleavage, and Arg was replaced during the of the bromide under long reaction conditions, we found it to
synthetic steps by Orn(Cbz), following deprotection and guanid- be more convenient to add the reagent in successive portions.
inylation. The final cyclopeptides were obtained as a mixture All other couplings and deprotections with proteinogenic amino

of two diastereoisomersl,( fast moving; I, slow moving
according to their chromatographig) because the fluorinated

acids proceeded with optimal yields until the completion of the
pentapeptide. DCC/HOAT was a better coupling reagent than

building block was introduced as a racemate, and they were HATU (see Scheme 4); in fact, HATU often induces side
separated by preparative RP-HPLC and obtained in all casesproducts. For the azide reduction (condition e of Scheme 5),
with a chromatographic purity greater than 98% after lyophiliza- the Villarasa Sn complé% was very convenient because the

tion. Final yields (calculated from the first building block) were

not optimized and are given for each cyclopeptide in the

Experimental Section.
The general synthetic approach for peptiBds-P4is shown

Orn(Cbz) was totally unaffected.

In Vitro Biological Evaluation. The affinities of the six
analoguesP1—-P6 (in two diastereomeric formé andIl) to
both a3 and o35 integrin receptors are listed in Table 1, in

for one example in Scheme 4, implying obvious differences in parallel with the reference cyclopeptid€&l—R4. The 1Gg
the sequential procedure. The ethyl ester hydrolysis of the values were measured as the concentrations of compounds
intermediate dipeptide (condition ¢ of Scheme 4) was ac- required for 50% inhibition of Echistatin binding. The results

complished by BBy with almost quantitative yield because the
presence of thé&\-phthaloyl protection is not compatible with
basic conditions.

The synthesis ofP6 is illustrated in Scheme 5. For the
acylation step of the dipeptidé-Me-o-TfmPhe-Orn(Cbz)-OtBu

of this test have brought to light unexpected differences within
the group of reference compounds examined. In fact, on the
basis of an inhibition test of vitronectin binding dg receptors,

it was reported in the literature that amino acid substitution in
the 5-position of an RGD cyclopentapeptide does not signifi-
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Scheme 5. Synthesis ofP6-1 andP6-11, c[Arg-Gly-AspD-Phe-§ or R)-N-Me-o-TfmPhe}
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P 6,1, c[Arg-Gly-Asp-D-Phe-(S)-N-Me-a-Tfm-Phe]

P 6, Il, c[Arg-Gly-Asp-D-Phe-(R)-N-Me-o-Tfm-Phe]

a Reagents and conditions: (a) HOrn(Cbz)-OtBu, 2 equiv, TEA, 2 equiv, DCM, room temp, 1 night; (b) (i) 5 equiv of 2-azido-3-phenylpropionic acid,
7 equiv of bromoenamine, 2 equiv of collidine, DCM, argon, 10 min, (ii) 3 equiv of azidophenylpropionic acid, 5 equiv of bromoenamine, argon, 5 h; (c)

1:1 TFA/DCM, 1 h; (d) 1 equiv of HCI-H-Gly-OtBu, 1.2 equiv of HOAT,
NH] [Sn(SPh}], CH3CN, room temp, 1 h; (f) 1 equiv of Fmoc-AllGly-OH,

1.2 equiv of DCC, 2 equiv of DIEA, 2 equiv of DCM, 2 h; (e) 1 equiv ef [Et
1.2 equiv of HOAT, 1.2 equiv of DCC, DCM, 1.5 h; (g) 10 equiv of piperidine,

DCM, room temp, 2 h; (h) 1:1 TFA/DCM, 1 h; (i) I8 M CH3CN, 3 equiv of HOBT, 3 equiv of TBTU, 1% DIEA 20 min; (I) 10:0.7 acetone/3b5ky,
6 equiv of KMnQy aqueous solution, 8C — room temp, 1 night; (m) MeOH, 3 equiv of HCOONHL0% Pd/C, N, room temp, 30 min; (n) MeOH, argon,
4 equiv of 1-pyrazole-carboxamidirtéCl, 4 equiv of DIEA, room temp, 3 h; (0) separation $andR diastereoisomers by preparative RP-HPLC, 32%

CHzCN in HxO + 0.1% TFA.

Table 1. Inhibition of Echistatin Binding tax,S3 and ofs Integrin
Receptord

1Cs0, NM (SD)

Olvﬁs (lvﬁs
R1 c(RGDIV) 195.9(16.8) 0.11(0.03)
R2 c(RGDfMeV) 18.9(3.1) 0.13(0.009)
R3 c(RGDfF) 10.31(1.24) 15.65(1.17)
R4 c(RGDfMeF) 19.75(1.15) 19.81(1.39)
P1-| c[RGDf-(SoTimV] 36.3(0.84) 3.4(0.07)
P1-Il c[RGDF-(R)aTfmV] 285.3(8.1) 42.8(0.5)
P2-| c[RGD-(SaTmF] 35.5(0.98)
p2-Il c[RGDf-(R)oTimF] 7237.9(1283.3)  93.5(9)
P3-I+1l  c[RGDf-(R,9aDfmF>  331.8(100.9) 5.5(0.8)
P4-| c[RGD(SoTimfV] 237.1(64) 10.03(8.31)
P4-Il c[RGDR)aTMfV] 1017.8(347.8)  72.7(3.8)
P5-I c[RG-(9aTmDIV] >1000 >1000
P5-II c[RG-(R)aTfmDV] >1000 >1000
P6-I c[RGDi-(9MeaTimF]  18.8(0.75) 7.7(0.16)
P6-Il c[RGDf-(RMeaTfmF]  704.4(9.2) 93.9(1.92)

aR1—-R4 are reference cyclopeptides aRd—P6 are fluoromethylated
cyclopeptides, each in its two diastereomeric fotnasdll , related to the
RP-HPLC retention timed & fast moving;ll = slow moving) 2 The two
diastereoisomers were not separated.

cantly influence the activity® This assumption is in contrast

different tests used. In our test, the pepRiz(containing Ph®
was 20-fold more active thaR1 (containing Val) againsto,f3
but was 2 orders of magnitude less active agaist. On the
other hand, N-methylation dk1 causes a 10-fold increase in
the activity againsty,3 (seeR2 vs R1) but it decreases the
activity of R3 (seeR4 vs R3).

The effects of-trifluoromethylation follow the same trend:
an increase of activity for cyclopeptides with Val in the
5-position but a decrease or equivalence for those with Phe in
the same positionR1-I is 5-fold more active thaR1, while
P2-1 andP6-I are either equipotent to or less active tHaB).
Unfortunately, for a full comparison, it was not possible to
incorporateN-Me-a-TfmVal into the cyclopeptide because of
the exceptional hindrance of this building block.

In all cases, inside each couple of the new analogues, isomer
| (corresponding to thé& configuration) was active whereas
isomerll (corresponding to thR configuration) was much less
active or totally inactive. In the case of pepti@6 only, where
the Tfm group is at thex-position of Asg, both isomers are
devoided of activity. This is consistent with previous observa-
tions assigning to this moiety of the backbone utmost importance

with our findings, and the discrepancy must be due to the for the binding toa, integrins. In fact, every substitution in the
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Table 2. Interproton Distances (A) from NOE Experiments and MD Simulations for the Backbone Protons of the Fluom)aiad ReferenceR)
Cyclopeptided

P1-1 P1-1l R1 P6-1 P6-I1 R4
c[RGDf-(§)-aTfmV] c[RGDf-(R)-aTfmV] c(RGDfV) c[RGDf-(S)-Me-aTfmF c[RGDf-(R)-Me-a.TfmF c(RGDfMeF)

i, i+2 depr d&:al(:c dexp d(:alt: dexp dcalt: de><p dca\c dexp dcalt: dexpd Cealc
la---3N  zero NOE 5.4 zero NOE 51 zeroNOE 5.1 zero NOE 4.8 ¢ nd 5.2 f 55
IN---3N  4.0-45 4.5 4.0-4.5 3.9 4.0-4.5 4.3 3.54.0 3.7 3.54.0¢ 3.6 f 52
IN---4N  4.5-5.0 4.7 4.55.0 4.9 4.55.0 4.9 zero NOE 5.1 455.0 4.7 zeroNOE 5.9
lo--4N  zero NOE 6.1 zero NOE 6.2 zeroNOE 5.9 zero NOE 6.2 ¢ nd 6.1 zero NOE 6.7
2N---4N  4.5-5.0 4.9 4.55.0 4.8 h 4.8 45-5.0 5.0 4550 4.7 zeroNOE 5.5
204N zero NOE 5.3,52 zero NOE 52,55 zeroNOE 5.1,55 zero NOE 5.495.0zero NOE 52,54 zeroNOE 5.6,5.5

aThe intra and the sequentialN and N,N interactions are reported in the Supporting Information. They were found for all residues except for those
involving Ho. of Asp3 because the signal is overlapped by the watgleasured by ROESY experiments in®D,O (9:1) at pH 6.0 at 15C and converted
into distances by using as reference the cross-peak of Gly €K275 A). The values 4:55.0 A indicate the limit of the detectiofMD simulations
performed with explicit water and without constraints. The values were obtained from an average structure and from the last frame of the free MD, both
energy-minimized (rms= 0.2 A). ¢ Measured in DMSO because in®/D,0 (9:1) too many NH signals are overlapped and consequentli he-(2) NOE
peaks were detecte€iNot detected becauseaHs overlapped by the water signaverlapped by the sequential interactiéRartially overlapped by the
sequential 1N+2N interaction." Not detected because too close to the diagdriioR and ProS, respectively.

proximity of the peptide bond GiyAsp led to a drastic Conformational Study. The 2D ROESY (rotating-frame
reduction of the activity, suggesting that close contact between Overhauser enhancement spectroscopy) experiments showed,
this bond and the receptor is essential for the affiffity® for all the examined peptides, the expected sequential interac-
Except for P5, the peptideP4-1, containing o-Tfm at the tions and some significant medium-range (- 2) cross-peaks
4-position of the ring, is the least potent in the series. between protons of Afgand protons of Aspand p-Phé.
Stereochemical AssignmentTwo couples of diastereo- Weaker interactions were also found between NH protons of
isomers, couplé’1-1 and P1-1l and coupleP6-I and P6-II, Gly2 andp-Phé. The values are similar for both stereoisomers
endowed with interesting activities, were chosen for detection of P1 andP6 and for the model peptidR1. The interproton
of the absolute configuration by NMR experiments. distances derived from the medium-range interactions are

The H chemical shifts are quite similar in each pair of _reportet_:l in _Table 2_, whereas those for the sequel_wtial and the
stereoisomers except for those of ¥ahd Phé For instance, |_ntrareS|due interactions are reported in the Supporting Informa-
NH and H3 of Val® are more deshielded i1-I than inP1-I| tion (Tables S1 and S2). The other known cyclopepfug
(1.08 and 0.5 ppm, respectively), but this trend is not well cpn5|dered as a model fé16 isomers, unfortungtely did not
reproduced in the two stereoisomersR Consequently, the ~ 9ive satisfactory results because the overlapping of too many
stereochemical assignment cannot be deduced from the chemicafignals in the ROESY spectrum in water did not allow detection
shift values, even though the shift variation can be attributed to ©f @ny (. i + 2) NOE cross-peak, and in DMSO nig ( + 2)
the different orientations of the electronegative groug.Crly NOE interaction was found. The spectra in DMSO of the other
significant interproton distances, derived from nuclear Over- Peptides are substantially similar to those in water.
hauser effect (NOE) experiments, can be used to determine the Free MD simulations with both explicit water or distant-
absolute configuration. dependent = 4.0r confirmed these findings. The distance

Because the stereocenter in question is theo€Val® and valuesdca|c_reported in Table 2 are in very goqd agreement with
Phé for the isomers ofP1 and P6, respectively, the most ~ the experimental ones. They were obtained by free MD
significant distances are those between these amino acids angimulations with explicit water (see Experimental Section).
the adjacent units Afgand b-Phé. Owing to the absence of Becfause cqnformatlonql motions are'also expected to oceur for
the Hx proton in the amino acid at the 5-position, the cyclic peptides, the simulations without NMR constraints

comparison of the NOE data for the backbone protons did not 'epresent the best approach to compare experimental with
give useful information (see Table 2), but the interactions calculated data. MD simulations with NOE constraints were also

involving protons of the side chains were more promising. performed, and the values were very similar to those reported

Specifically, NOE cross-peaks involving NH and g+bf Arg? in Table 2.

with HB and the methyl groups of Valere found inP1-1 but An ensemble of 20 structures obtained by the free-MD with
not in its isomerP1-1I. Similarly, NOEs connecting & and explicit water is reported in Figure 2 for one peptide as an
Hp,y of Arg! with HB and the aromatic protons of Pheere example, showing that backbones are perfectly superimposed.

found for P6-1 but not forP6-1l (Table 3). These interactions  Similar results were obtained for the other molecules and also
correspond to interproton distances, in agreement with the valueswith longer simulations and with = 4r.

derived from molecular dynamics (MD) simulations without  To better investigate the mobility of these peptides, a 150 ps
NMR constraints of th& stereoisomers. The simulations of the  MD simulation withe = 4r was carried out at 300 K and without

R stereoisomers gave, for the same distances, values greater thagipplication of any NMR constraint. During the simulation time
5 A, in agreement with the detected zero NOE. The NOEs of the dynamics, the values df and W angles were sampled
betweenp-Phe¢ and VaP or Phé were not useful for the  every picosecond and the Ramachandran plots for all six
stereochemical assignment because the values are similar fopeptides were examined. The and ¥ angles of bothP1

both isomers. stereoisomers and of the model pepti@é showed small
Therefore, theS configuration can be assigned Bi-1 and variations during the free MOR1-l, P6-1, andP6-II are reported
P6-1 and theR configuration toP1-11 andP6-II. Similar NOE in Figure 3 as examples. In Figure 3a the spread of conforma-

interactions were also found for the known model compounds tions of P1-I is very small. The values ab andW are around
R1 (c(RGDfV)) andR4 (c(RGDfMeF)), which show inthe MD  +90° and—90° and are similar for the three peptides, except
simulations the same orientation of the sidechains observed forfor ®s, W,4, andWs. The fourth and fifth units appear diversified
the S stereocisomer®1-l andP6-1 (Table 2). as a consequence of the different structure ab Zal. In the
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Table 3. Interproton Distances (A) from NOE Experiments and MD Simulations for the Side Chain Protons of the Fluoif)aied ReferenceR)
Cyclopeptide®

P1-1 P1-1I R1
c[RGDf-(S)-aTfmV] c[RGDf-(R)-aTfmV] c(RGDfV)

dexp b dcalc ¢ dexp dcaIc dexp dcalc
lo---56 zero NOE 5.0 zero NOE 5.0 fd 4.9
IN---54 25-35 2.4 zero NOE 4.8 2:53.5 2.4
1N---5Me® 3.5-45 3.7,4.2 zero NOE 5.0,5.2 385 3.7,4.2
1Bly+++.5N zero NOE >6f zero NOE >6f zero NOE >6f
1p9---5Me 4.5-5.( 3.6 zero NOE 54 455.0 4.0
143'+--.5Me 4.5-5.(° 4.4 zero NOE 6.4 455.0 5.1
4q.-++-5N nd! 2.1 nd! 2.2 nd! 2.2
44---5N 3.5-45 4.2 3.545 4.5 4.55.0 4.5
4p'-+-5N 3.5-45 4.1 3.545 4.5 455.0 4.6

P6-1 P6-11 R4
c[RGDf-(S)-Me-aTfmF] c[RGDf-(R)-Me-aTfmF] c(RGDfMeF)
dexp b dcalc ¢ dexp dcalc dexp dcalc

la---56p4' zero NOE 6.1,49 naod 50,51 zero NOE 6.0,5.1
1N---58 3.5-4.0 3.7 4.55.0 4.7 3.54.0 3.9
IN---53" 25-35 2.4 4.55.0 4.6 2535 2.4
1By-+-.5NMe zero NOE >6' zero NOE >6f zero NOE >5.5
lo---5aron? 4.0-4.5 4.5 nd >7.0 45-5.0 4.0
18p'++-5arom? 25-35 25,4.% zero NOE >7.0 3.5-45 2.7,4.6
1yy'---5aronf 3.5-45 2.7,4.2 zero NOE >7.0 zero NOE >5.5
4a---5NMe 2535 2.6 2535 25 2535 2.6
46/3'+--5NMe nd' 47,48 4.5-5.00 4.9,5.0 2.53.9 2.6,3.6

aThe intra and the sequentialN and N,N interactions are reported in the Supporting Information. They were found for all residues except for those
involving Ho of Asp3 because the signal is overlapped by the wétgleasured by ROESY experiments in®/D,0 (9:1) at pH 6.0 at 18C and converted
into distances by using as reference the cross-peak of Gly €H275 A). The values 455.0 A indicate the limit of the detectioRMD simulations
performed with explicit water and without constraints. The values were obtained from an average structure and from the last frame of the free MD, both
energy-minimized (rms= 0.2 A). 4 Not detected becausenHs close to or overlapped by the water sigrfaThe protons have the same chemical shift. The
values ofd.qic stand for proR and proS, respectively! All the distances fop andy protons are greater tha A (for R4, they are greater than 5.5 Ag
andp’, y andy’ stand for low field and upfield, respectivelyThe aromatic protons were not assigned. The valueggfstand for protons at the ortho
positions.' B and ' protons are very close.

hydrogen bond typical of @-turn. Therefore, the-turn Arg!-
Gly?-Asp® appears more stable than thg'-turn Arg'-Val®>-p-
Phe-Asp®, and the presence of @Rt Co of Val® does not
significantly affect the ring shape. Thé and W angles,
monitored during the free MD simulations, did not display
values consistent with the presencestif-turns2® thus confirm-

ing the above results. On the other hand,Héturn is almost
absent in the pair of isomeR6-1 andP6-11 as well as in the
model peptideR4, while 25 of the 150 structures showed
distance values consistent with the presence of a hydrogen bond
typical of they-turn. The presence of the methyl group at the
nitrogen atom of PHieseems to induce a slight lengthening of
the distance between the NH of Argnd the oxygen of Asp
Figure 2. The 20 Superimposed backbone conformations6fl but thIS Sma” Variation was not detected by the NOES Of the
obtained by free MD with explicit water (rms 0.2 A). backbone protons. Similar results were also found by Kessler
in the case oR2.12 The distance between thgg@toms of Ard

and Asg, obtained from the average over the free MD trajectory,
is 7.7-7.8 A in the case of the two isomeRd andR1 and is
8.0—8.2 A for the pairsP6 and for the modeR4. This might

case of the?6isomers and for the model peptiBd, the spread

of conformations is slightly larger, as shown in Figure 3b,c;

the W angles have different values in the two stereoisomers of

P6, while the® ones are more constant. The plots of the model L . . .
. ) - be in line with the more flexibley-turn, even if the small

peptidesR1 and R4 appear quite similar to those of the g did not all o d definit lusi

stereoisomer®1-Il and P6-II, respectively. ifference did not allow us to draw definite conclusions.

RGD cyclic pentapeptides containingga@mino acid usually The conformations of the side chains are different in the two
exhibit a gll'/y conformation with thep-Aaa in thei + 1 stereoisomers of botR1 andP6, as can be deduced from the

position of thes-turn and with the Gly in thé + 1 position of NOE values reported in Table 3 and confirmed by the calcula-
the y turn10 We measured the distances between NH of!Arg tions (see the discussion under Stereochemical Assignment). The
and CO of Asp in order to see the possible existence of a Arg! side chain is preferentially oriented toward the Vr
hydrogen bond, which defines tjg#i’-turn. For the coupl®1-I Phé) residue in theS stereoisomers as well as in the model
andP1-1l and for the modeR1, only 25 of the 150 structures  peptidesR1 andR4. By contrast, the two side chains of tRe
obtained by the free simulations are consistent with the presencestereoisomers point in opposite directions. Consequently, the
of such a hydrogen bonc@.8 A). The same procedure, applied important space between the side chains of'Aagd Asp

to the distance between NH of Aspnd CO of Arg, showed becomes larger iR1-1 andP6-1 with respect to the correspond-
that all the structures present distances compatible with theing R stereoisomerB1-1l andP6-II (see Figure 4). The different
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Figure 3. Ramachandran plot is shown for each of the five amino acids dP{al), (b) P6-I, (c) P6-II.

Gly

() (b)
Figure 4. The 5 of the 150 structures obtained by free MD wdtk
4r for (a) P1-1 and (b)P1-Il. The 150 structures were all examined,
but only 5 were reported for clarity of the drawing.

conformations of the pharmacophoric side chains in the two
stereoisomers might thus explain the difference in their activities.

Conclusion

It is possible to draw interesting observations from the

comparison between Kessler's cyclic peptides and their corre-

sponding analogues containing and fm-Aaa at three different
positions of the ring. The effect of the introduction of the Tfm
group is quite different for different model peptide®1-I,
containing o-TfmVal®, is 5-fold more active than its model
peptideR1, wherea2-1 andP6-1, containinga-TfmPhée and
N-Me-a-TfmPhé, respectively, were less active than or equiva-
lent to their model peptideR3 and R4.

The results of conformational analysis revealed only minimal
difference among the backbone conformationsPofind R
peptides, yet showing foP6 very subtle deviations of the

attributed to a subtle rotation of theangle ofo-Phe-Val from
an exact trans conformatich.

These variations, however, do not give a satisfactory explana-
tion for the profound difference in the behavior between the
analogues containing \lahnd those containing Phe a-tri-
fluoromethylation and N-methylation increase the activity in
the former but produce only marginal effects in the latter. The
different behavior of the PReeries must be attributed to another
stronger effect that is prevalent, outweighing the others. With
the exchange of the amino acid in the 5-position being the only
obvious feature that discriminates betweemh and R3, it is
reasonable to infer that once in the bound state at the receptor
site the benzyl residue could induce different interactions
compared to the isopropyl. Another evidence reinforcing this
interpretation is the dramatic loss of activity BR-Il, where
the phenylalanine is in thie configuration (7237 vs 35), whereas
in P1-11, with valine in theR configuration, the loss of activity
is much less pronounced (285 vs 36). The great difference
betweerR1 andR3 had not been shown by the test of inhibition
of vitronectin previously used but only by the test with
echistatin; the difference in the mode of binding to the receptors
between the two proteins used in the test can account for
different results.

On the basis of this study, we may assume that introduction
of aa-TfmAaa into suitable positions of conformationally well-
defined and rather rigid cyclopeptides, like Kessler's RGD, does
not imply loss of activity and that the residnePhee-TfmAaa
behaves in a manner similar to that of the parent residBbe-
N-Me-Aaa. Then, cyclopeptides containing tlrd fm group at
the 5-position could be considered potent hydrophobic RGD
mimetics.

Different implications could be found with different model
peptides, and in any case, modification of the pharmacokinetic

pharmacophoric side chains. The increased activity of the behavior, such as improved absorption and duration of action,

N-methylatedR2 vs R1 has been explained in the literatifre
by a change of conformation frompBdl '/ turn to a more flexible

is the most likely advantage expected. Furthermore'%fhatom
serves as a highly specific label for spectroscopic investigation

ylyly, arrangement because the hydrogen bond betweenof protein—protein interaction and metabolism. The feasibility

Argl-NH and Asp-CO is disturbed by th&l-methyl group of
the valine residue. The mechanism of this hindrance was late

of the site-specific incorporation of-trifluoroalkylamino acids
rinto peptides or hydrophobic folds of large proteins may provide
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valuable tools for modifying their physical properties in the CHp-Phe+ CHa-Val + CHo-Arg); 3.75-3.58 (m, CHB-Phe+
process of new drug discovery. Very recently, an exhaustive CHz-Gly); 3.30-2.84 (m,N-CH,-Arg + CHzAsp); 2.35-1.51 (m,
review appeared about the application of fluorinated amino acids CHB-Val + 2 CH,-Arg); 0.88-0.73 (m, 2 CH-Val). MS (MALDI)

to the rational design of structural motifs and protein interfdtes. calcd for GiHgFsNgO7, 642.64; found (M+ HT), 643.28.1I
isomer: HPLC, 30% CECN, tg = 22.17 min.'H NMR (D,0) ¢:

7.37-7.21 (m, 5 H arom); 4.76 (m, Ci—Asp); 4.24 (m, CH-
Val); 4.08 (m, CHx-Arg); 3.74-3.34 (m, CH-Gly + CHy-Phe);
3.25-3.22 (m,N-CHArg); 3.03-2.78 (m, CH-Asp); 2.10-1.60
(m, CH3-Val + 2 CH-Arg); 0.94-0.84 (m, 2 CH-Val). MS
(MALDI) found (M + H*), 643.12.

Experimental Section

Materials and Methods. Trifluoropyruvate was purchased from
Apollo Scientific, Stockport, U.K. DCM was distilled over,®s
and stored under argon. 1-BrombN-2-trimethyl-1,1-propen-
ylamine was synthesized by a method described in the litefdture c[RG-(Sor R)-a-TfmDfV] (P5-1 and P5-11). Total yield 4.2%.
and stored in vialssaa 1 Msolution in DCM at—18 °C, under I isomer: HPLC, 22% CKCN, tg = 20.76 min.H NMR (DMSO-
argon, for several months. 2-Azido-3-phenylpropionic acid was dg; + D,0) §: 7.22-7.15 (m 5 H arom); 4.69 (t, Cld-Phe); 4.09
synthesized by diazotranfer reaction franPhe, as described by  (d, CHa-Val); 3.87 (t, CHx-Arg); 4.24 and 3.52 (2 d, CHGly, J
Alper et al*3 TLC was routinely carried out to monitor reactions = 15.61 Hz); 3.23-2.83 (m, CH-Phe+ CHy-Asp + N-CH,-Arg);
using suitable mixtures of CHgMeOH or hexane/EtOAc, and the 1,96 (m, CH-Val); 1.75-1.31 (m, 2 CH-Arg); 0.69-0.64 (2 d, 2
products were located with UV light (250 nm), ninhydrin, KMpO CHa-Val). MS (MALDI) calcd for Cy7Hs/FsNgO5, 642.64; found
or Pancaldi reagent, according to their chemical structures. Alter- (M + H*), 643.2.11 isomer: HPLC, 22% CECN, tg = 25.44
natively, the reaction kinetics was followed by RP-HPLC. Analyti- min. IH NMR (DMSO-ds + D,0) 6: 7.19-7.00 (m 5 H arom);
cal and preparative liquid chromatography were carried out on a 4,50 (t, CHx-Phe); 4.05 (t, Cld-Val); 4.00-3.59 (m, CH-Gly);
Waters 600 HPLC system, UV detector at 220 nm, using mixtures 3.55 and 3.24 (2 d, CHAsp, J = 15.5 Hz); 3,05-2.84 (m, CH-
of CHsCN/water+ 0.1% TFA as mobile phases and the following  Phe+ N-CH,-Arg); 1.88-1.41 (m, CH8-Val + 2 CH,Arg); 0.84

columns: Ultrasphere ODS (&m, 10um x 250 um), Beckman
and Alltima Gg (10 um, 22um x 250 um), Alltech. Routine'H

(m, 2 CHs-Val). MS (MALDI) found (M + H*) 643.2.
c[RGDf-(Sor R)-N-Me-o-TfmF] (P6-l and P6-11). Total yield

and'®F NMR spectra were recorded on Bruker spectrometers AC 4.5%.| isomer: HPLC, 40% CKCN, tg = 11.97 min.2H NMR

300 or ARX 400. Chemical shifts)f are reported in ppm of the
applied field. SiMg was used as an internal standarddrspectra
in DMSO-ds; and CROD, and the residual water signal, sebat
4.80 ppm, was used for aqueous solutions;@FOH was used as
the internal standard fdfF nucleus.

c[RGDf-(Sor R)-a-TfmV] (P1-1 and P1-Il). Total yield 4.2%.
| isomer: HPLC, 30% CECN, tr = 19.93 min.!H NMR (D,0)
0: 7.37-7.25 (m 5 H arom); 4.88 (q, CH-Asp); 4.76 (q, CH-
Phe); 4.50 (q, Ckl-Arg); 4.13 and 3.47 (2 dd, CHGly, J = 8.41,
8.13 Hz); 3.20 (gqN-CHz-Arg); 3.08-2.69 (m, CH-Phe+ CH,-
Asp); 2.33 (m, CH-Val); 1.87-1.60 (m, 2 CH-Arg); 1.08 (m, 2
CHgz-Val). 1%F NMR (D;0) ¢: 9.53 @-CF3). MS (MALDI) calcd
for Cy7H37F3NgO7, 642.64; found (M+ HY), 643.06.11 isomer:
HPLC, 30% CHCN, tg = 21.45 min."H NMR (D;0) 6: 7.37—
7.30 (m 5 H arom); 4.87 (g, CH-Asp); 4.72 (q, CH-Phe); 4.56
(0, CHa-Arg); 4.13-3.54 (m, CH-Gly); 3.17 (m,N-CH,-Arg + 1
Hp, Phe); 2.98-2.59 (m, 1 K5, Phe+ HfS-Val + CH,-Asp); 1.88-
1.60 (m, 2 CH-Arg); 1.18 and 0.85 (m, 2 C4ival). 1% (D,0) o:
8.32 @-CR; ). MS (MALDI) found (M + H*), 643.16.

c[RGDf-(Sor R)-o-TfmF] (P2-1 and P2-Il). Total yield 5.6%.
| isomer: HPLC, 34% CECN, tr = 21.32 min.!H NMR (D,0)
0: 7.27-7.17 (m, 10 H arom); 4.82 (t, CétAsp); 5.00 (t, CHx-
Phe); 4.19 (t, CH-Arg); 3.90 and 3.40 (2d, C#Gly); 3.60-2.55
(m, 2 CH-Phe+ CH,-Asp); 3.05 (m,N-CH,-Arg); 1.62-1.23 (2
CHy-Arg). 1% NMR (CD;OD) o: 5.18 @-CF;). MS (MALDI)
calcd for G1H37F3NgO;, 690.76; found (NH— H+), 691,14.11
isomer: HPLC, 34% CKCN, tg = 25.93 min.'H NMR (D,0) 9:
7.30-7.15 (m, 10 H arom); 4.85 (dd, GHAsp); 4.65 (t, CH-
Phe); 4.05 and 3.47 (2 d, GHGly); 3.85 and 3.22 (2 d, CiHPhe);
3.15 (m,N-CH,-Arg); 2.60—2.50 (m, CH-Phe+ CH,-Asp); 1.8+
1.55 (m, 2 CH-Arg). 1% NMR (CD:0OD) o: 4.17 (s,a-CFs). MS
(MALDI) found (M + H*), 691.13.

c[RGDf-(S,R)-a-Dfm-F] (P3-1 and P3-Il). Total yield 10.2%.
HPLC, 30% CHCN, tg = 21.32 min forl and 22.69 min forl

(D,0) 6 7.40-7.26 (m, 10 H arom); 5.16 (t, GitAsp); 4.78 (t,
CHa-Phe); 4.30 (t, Cld-Arg); 4.05 and 3.47 (2 d, CHGly, J =
14.27 Hz); 3.653.34 (2 d, CH-Phe,J = 14.27 Hz); 3.19 (s,
N-CHa); 3.17-2.62(m,N-CH,-Arg + CHx-Asp + CH,-Phe); 1.7
1.23(2 CH-Arg). MS (MALDI) calcd for GsoHzgF3sNgO7, 704.79;
found (M + H*), 705.36.11 isomer: HPLC, 40% CkCN, tr =
13.89 min.*H NMR (D20) ¢: 7.36-7.21 (m, 10 H arom); 5.00
(dd, CHx-Asp); 4.71 (t, CH-Phe); 4.07 and 3.57 (2 d, GHBly);
3.92 and 3.37 (2 d, CiHPhe); 3.22 (m,N-CHx-Arg); 2.94 (s,
N-CHg); 2.71-2.51 (m, CH-Phe+ CH,-Asp); 1.89-1.50 (m, 2
CH,-Arg). MS (MALDI) found (M + H*), 705.34.

NOE Experiments. The NMR spectra were recorded on a
Bruker AMX 600 spectrometer operating at a frequency of 600.13
MHz for the'H nucleus. The chemical shifté)were measured in
ppm and referenced to the residual water signal set at 4.87 ppm
for 15°C and to DMSOd; set at 2.50 ppm. The experiments were
performed in DMSO at 28C and in HO/D,0 (90:10) at 25, 15,
and 5°C, pH 4.5-6.0. The concentrations were-3 mM. The
sequential assignments in the peptide backbones were performed
following the known strategy for protein structli#€The procedure
was established by using a series of TOCSY (total correlation
spectroscopy) and NOESY and ROESY experiments, @/B,0
(9:1). NOESY and ROESY spectra were acquired in the phase-
sensitive TPPI mode, with 1k 1K complex free induction decays
(FIDs), spectral width of 9090.909 Hz for water solvent, recycling
delay of 1.3 s, 4864 scans, and mixing times from 150 to 300
ms. TOCSY and ROESY spectra were recorded with the use of an
MLEV-17 spin-lock? pulse (field strength 11 360 and 6250 Hz,
respectively; 60 ms total duration). All spectra were transformed
and weighted with a 90shifted sine-bell-squared function to 1K
x 1K real data points. For the ROESY spectra in water, the solvent
suppression was achieved by a presaturation technique, placing the
carrier frequency on the 4@ resonance, whereas the NOESY
spectra were measured by using p11-homo pulse programs, capable

(the two diastereoisomers were not separated because they weref suppressing the water signal and minimizing the magnetization

too close each other in the chromatographic system use¢d)MR
(CD30OD) 6: 8.02-7.05 (m, NH); 7.357.15 (m, 10 H arom);
6.42-5.06 (2 t, H-Ch, J = 53.49, 54.85); 4.754.32 (m, 3 CH);
4.30-4.02 (dd, CH-Gly, one isomer); 3.683.34 (dd, CH-Gly,
other isomer); 3.362.52 (m, 2 CH-Phe+ CHx-Asp + N-CH,-
Arg); 2.07-1.45 (m, 2 CH-Arg). 1°F (DMSO-dg) o: from —52.8
to —57.0 @-CHF,). MS (MALDI) calcd for Gs1H3gF2NgOy7, 672.77;
found (M + HY), 673.14.

c[RGD-(Sor R)-a-TfmFV) (P4-1 and P4-11). Total yield 6.7%.
| isomer: HPLC, 30% CECN, tg =17.19 min.*H NMR (D;0) ¢
7.40-7.34 (m 5 H arom); 4.89 (m, CH-Asp); 4.30-4.19 (m,

loss due to saturation transfer.

Molecular Modeling. Molecular models were built using a
Silicon Graphics 4D35GT workstation running the Insight Il &
Discover software. Molecular mechanics (MM) and molecular
dynamics (MD) were carried out using the cvff force field. The
starting geometry of the peptides was generated using standard bond
lengths and angles. The MD calculations were performed with
relative permittivitye = 4.0r and with explicit water. At the first
step of the simulation witlk = 4.0r, a minimization by Discover
with a steepest-descendent algorithm was carried out, followed by
conjugate gradient minimization. Then 150 ps of restrained MD
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simulation was performed at a constant temperature of 300 K,
sampling the trajectory every picosecond. The last frame was taken
as the starting structure for a 150 ps free MD simulation at 300 K,
sampling theP andW¥ angles every picosecond. The last frame of
the free MD was subjected to a further minimization and compared
with an energy-minimized average structure and with those derived
from the restrained MD simulation, obtaining substantially the same
results (rms= 0.2 A). The simulations with explicit water were
performed by surrounding the system by a sphere of water
molecules with radius of 25 A. Then 20 ps of restrained molecular
dynamics simulations were carried out at 300 K and the last frame
was taken as a starting structure for 20 ps of free MD simulations.
The last frame of the free MD was subjected to a further
minimization and compared with the energy-minimized average
structure of the 20 derived from the free MD (rmes 0.2 A),
obtaining the distances reported in Table 1.

Solid-Phase Receptor-Binding AssayThe receptor binding
assays were performed as described by Kumar®&tralrified a3z
and a5 receptors (Chemicon International Inc., Temecula, CA)
were diluted to 500 and 1000 ng/mL, respectively, in coating buffer
[20 mM Tris-HCI (pH 7.4), 150 mM NacCl, 2 mM Cagl1 mM
MgCl,, and 1 mM MnC}]. An aliquot of diluted receptors (100
uLlwell) was added to 96-well microtiter plates and incubated
overnight at 4°C. Coating solution was removed, and an amount
of 200uL of blocking solution (coating buffer plus 1% BSA) was
added to the wells and incubated for an additiahd at room
temperature. After incubation, the plates were rinsed three times
with 200 uL of blocking binding solution and incubatedrf8 h at
room temperature with 0.05 nM and 0.1 nM2¥]echistatin
(Amersham Pharmacia) fot,33 ando s receptor binding assays,
respectively. After incubation, the plates were sealed and counted
in the y-counter (Packard). The kgvalues were calculated as the
concentrations of compounds required for 50% inhibition of
echistatin binding. Each data point is a result of the average of
triplicate wells and was analyzed by nonlinear regression analysis
with the Prism GraphPad program.
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