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Three-Dimensional Structure of Cyclohexapeptides Containing a Phosphinic
Bond in Aqueous Solution: A Template for Zinc Metalloprotease Inhibitors. A
NMR and Restrained Molecular Dynamics Study
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The 3D structures of two phosphinic cyclic hexapeptide inhibitors of bacterial collagenase, cyclo-
(Gly!-Pro2-Phe®¥[PO,-CH:1Gly*-Pro®-Nlef) (compound I) and cyclo(Gly!-Pro?-D-Phe®¥[PO,-CH,]-
Gly*-Pro5-Nle®) (compound II), in aqueous solution, as derived from NMR spectroscopy and
molecular dynamics simulations, are described. The general structures of these cyclic
hexapeptides closely resemble the “canonic” two-reverse-turn structure, with the proline
occupying the (i + 1) position of the turns and the glycine the connecting positions. The
phosphinic bond is located between the (i + 2) and (i + 3) positions of one of these turns.
However, a striking feature of the backbone structure of these peptides is the presence of double
type VIII-turns in compound I, and in compound IX of type VIII- and tentatively named type
IX-turns. The comparison of the 3D structures of these two cyclic hexapeptides shows that
the stereochemistry of the phenylalanylphosphinyl residue influences not only the local
conformation but also the global topology of the peptide macrocycle. The differences in the 3D
structure of these compounds are discussed in relation to their inhibitory potencies and with
the view of using these constrained cyclic peptides as a scaffold for the development of rigid

metalloproteases inhibitors.

Introduction

The number of known proteases containing a zinc
atom in their catalytic active sites has rapidly grown
in the last few years and will probably continue to
increase.l™ Analyses of the amino acid sequences of
the catalytic domain of these proteases have suggested
the existence of different families for these enzymes.>¢
The determination of the catalytic domain 3D structure
for some of these proteases has confirmed this view and
unveiled the existence of the “metzincin family”.7°

The comparison of the 3D structure of these proteases,
belonging to the metzincin family, has further demon-
strated the existence of an overall topological equiva-
lence between the catalytic domain of these proteases,
a property that probably concerns all the members of
this family.®1° Moreover, in a subfamily, the active sites
of the different members are believed to closely resemble
each other 1112 Therefore, the specificity of the members
in each subfamily should be determined by the existence
of very subtle differences between the active site of these
closely related proteases. Altogether, these data suggest
that it will be a great challenge to discover highly
selective inhibitors for the whole zinc protease family.
This statement is confirmed by the lack of specificity
displayed by some of these members toward synthetic
substrates or inhibitors.13-16

To overcome this problem, we have initiated a pro-
gram dealing with the development of both “linear and
cyclic” peptide libraries containing a phosphinic bond.
Such phosphinic peptides, as analogues of the substrates
in the transition state, have been reported to be potent
inhibitors of the zinc proteases.l”®8 However, the
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development of constrained molecules, like the cyclic
phosphinic peptides, to achieve a proper selectivity,
would certainly take advantage of the precise knowledge
of the 3D structure that is stabilized in some of these
cyclic pseudopeptides. An important issue in this
connection concerns the location and the orientation of
the phosphinic bond with respect to the peptide mac-
rocycle. In fact, good interactions between the hydroxy-
phosphinyl group [PO(OH)] of these cyclic peptides and
the zinc atom of the protease active site would be
possible only if the hydroxyphosphinyl group is well
oriented.

In this paper, the 3D structures in aqueous solution
of two cyclic hexapeptides containing a phosphinic bond
have been precisely determined by means of NMR and
molecular dynamics. These two molecules have been
recently shown to be rather potent inhibitors of a
bacterial collagenase, an enzyme belonging to the zinc
protease family.1®

Results

1. Conformational Analysis. Due to the presence
of the phosphinic group, these two cyclic peptides
(compounds I and II) are highly soluble in water.
Therefore, their conformations can be determined using
1H-NMR spectroscopy in this solvent. The 1D proton
NMR spectra of compounds I and IT exhibit two sets of
resonances in the amide proton region. For both cases,
these two sets of resonances, which give rise to negative
exchange cross-peaks in the ROESY spectra, must
definitely be assigned to cis/trans isomerization of the
peptide bonds preceding the two Pro residues. The
integration of the resonances in the 1D proton spectra
shows for both compounds that the minor component
represents less than 10% of the major one. Thus only
the major conformer of compounds I and IT will be
discussed.

© 1995 American Chemical Society



554 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 3

Table 1. 'H-NMR Chemical Shifts of Compounds I and IT in
90% H20/10% D20 at 280 K

compound I compound IT
Gly'H 8.12 7.76
Glg1 HaNP’O'R 3.91 3.56
Gly! Hypro-$ 4.21 4.35
Pro2H 4.12 4.22
Pro? HproS 1.92 1.99
Pro? HyroR 1.09 112
Pro? HproR 1.88 1.82
Pro? H,pro-S 1.75 1.82
Pro2 Hyro R 3.43 3.35
Pro? Hgro$ 3.67 3.52
Phe® Hy 7.57 8.33
Phe! H 4.32 4.26
Phe? Hpro® 2.69 3.22
Phe3 Hpro$ 3.29 2.74
Phed H; 7.31 7.29
Phed H, 7.35 7.34
Phe’ H 7.27 7.26
Gly* prro-s a 2.81 2.61
Gly* HproR @ 2.55 2.61
Gly* Hprro R 1.95 2.24
Gly* Hppro-$ 1.58 1.62
Pro5 H 4.37 4.32
Pros Hyro's 2.37 2.31
ProS Hp™R 1.96 1.93
Prof HproR 2.05 2.04
Pro® H,proS 2.05 2.04
Pro5 HyproB 3.67 3.60
Pro® Hypro-S 3.90 3.75
Nle® Hy 8.02 824
Nlef H, 4.54 4.43
Nlef Hgpro® 1.62 1.60
NleS HgproS 1.85 1.88
Nlef H, 1.25 1.22
Nle® H; 1.31 1.28
Nle® H, 0.87 0.85

@ The stereospecific agsighment (pro-R, pro-S) for the pseudo-
Gly 4 residue is based on analogy with a standard glycine residue.

Most of the !H resonances of these two cyclic
pseudopeptides (Table 1) can be identified from their
coupling patterns (TOCSY experiments, 20 and 80 ms).
The assignment of the methylene proton resonances of
respectively the phosphinic group (Hp-¢) and Gly* can
be unambiguously obtained from the analysis of both
the 13C spectra of compounds I and II, in conjunction
with their HMQC spectra. For both hexapeptides, the
analysis of the 1D 13C proton-decoupled spectra indi-
cates which carbon is directly attached to the phospho-
rus atom (Phe?® C, and Gly* Cp), as their resonances are
split due to the P—C coupling (Table 2). This observa-
tion, like the analysis of HMQC spectra of these
molecules, allows us to assign all the 13C aliphatic
resonances of compounds I and II (Table 3). According
to this assignment, the 13C Gly* Cp resonance is shifted
upfield as compared to the chemical shift of the Gly*
C,, an observation expected for a carbon directly bound
to a charged hydroxyphosphinyl group. The assignment
of the diastereotopic 3 protons of Phe?, Nlef, Pro2, and
Pro® residues was carried out by interpretation of the
rOe effects and homonuclear vicinal coupling constants.
For the two Gly methylenes, as for the hydroxyphos-
phinyl methylene one (Hp-¢), a prochiral assignment,
consistent with rOe effects, was based on simple geo-
metrical considerations. Observation of rOe’s between
the Pro%% Hs and Glyl* H, protons was used to infer
that the trans orientation of the peptide bonds preceding
the Pro residues is the most highly populated in solution
for these cyclic peptides.20~22 This orientation is con-

Cuniasse et al.

Table 2. Coupling Constants (Hz) and Temperature
Coefficients (ppb/K) of Compounds I and II in Aqueous Solution
at 280 K (Corresponding ¢ values and rotamer populations (%)
are reported)

compound I compound II
Gly! 3J(Hn/Hy)® 5.7(pro-R), 4.8(pro-S) 3.2(pro-R), 7.4(pro-S)
¢ caled?® -175+ 10 158 + 10
72+ 10
—A8/AT 49 4.8
Phe® 3J(Hn/Ho)* 10.3 10.2
¢ caled® —-106 104
—-134 135
3J(Hn/P)? <0.8 <0.8
SJ(H/HproRp 13.2 2.9
SJ(Ho/Hgrro-S) 3.2 13.3
71 =—60°¢ 93 0
x1=180°¢ 7 5
21 = 60°¢ 0 95
SJ(HpoR/PY 6.8 2.5
SJ(Hpro5/P¥ 2.0 6.2
1J(Co/PY 102 111
LI(P/CpY 92 95
—AS/AT 9.3 6.85
Nlef 3J(Hn/Hy)® 9.0 8.7
¢ caled® —-94 -92
—146 —148
+60
SJH /HgpoRx 8.9 8.5
SJ(H/HgrS¥ 5.8 5.1
y1=—60°" 62 58
y1=180°% 29 21
y1=60°* 9 21
—AS/AT 2.4 6.3

@ Determined from the 1D resolution-enhanced H-NMR spec-
tra. ¢ Possible values for the peptide backbone angle ¢ calculated
from ref 38. ¢ Possible values for the peptide backbone angle ¢
calculated from ref 39. ¢ Determined from the comparison of 1D
resolution-enhanced 'H-NMR spectra with and without broad-
band 3P decoupling. ¢ Using the set 3J(H—P) and 3J,(H-P) of
Siatecki.3? f Determined from !3C-proton-decoupled spectra in
hertz. £ Determined from the DQF-COSY and/or E-COSY spectra.
h According to Pachler’s equations.60.61

Table 3. 13C-NMR Chemical Shifts of Compounds I and II in
90% Hy0/10% D30 at 280 K

compound I compound IT
Gly! C, 45.8 45.1
Pro? C, 65.1 63.3
Pro? Cp 32.0 32.0
Pro?C, 27.2 27.7
Pro2 Cs 50.1 50.2
Phe3 Cq 53.8 52.5
Phe® Cg 36.7 35.2
Phe® C, 140.7 140.2
Phed C; 132.4 132.3
Phed C, 131.4 131.6
Phel C; 129.7 129.7
Gly* Cq 28.5 31.0
Gly* Cp 25.1 24.7
Pro’ C, 64.9 65.1
Pro5 Cp 32.9 32.7
Pro® C, 27.6 27.5
Pro5C; 51.1 50.8
Nlef Cq 56.0 56.2
Nlef Cg 35.1 33.7
Nle C, 30.4 30.4
Nlef Cs 24.7 24.6
Nle8C. 16.2 16.2

firmed by the characteristic patterns of the 13Cg and 13C,
proline resonances,23-25

Compound 1. The chemical shifts for all proton
resonances of the cyclic pseudopeptide I in water solu-
tion are reported in Table 1. The observation of 3J(Hx—
H,) coupling constants larger than 8 Hz for Phe® and
Nlef (Table 2)2627 as well as the dispersion of several
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Figure 1. Expanded contour plot of the aromatic NH/aliphatic region of the 165 ms mixing time ROESY spectrum of compound

I in 90% H;0/10% D0 at 280 K.

methylene proton chemical shifts [Gly! H, (0.30 ppm),
Gly* H, (0.26 ppm), Gly* Hp.c (0.37 ppm), Phe? Hg (0.70
ppm), Pro? Hy (0.83 ppm)] (Table 1) strongly support the
existence of a predominant conformation for this cyclic
peptide in aqueous solution 2’2

The Hn/Hajiphatic region of the ROESY spectrum of
compound I is reported in Figure 1. Observation of
dipolar correlations between the Phe® Hy and both the
Phe? H, and Pro? H, and between the Nle® Hy and both
the Pro® H, and Nle® H, protons suggests the presence
of a standard two-reverse-turn structure in this peptide,
with the Pro2-Phe® and Pro5-Nle® occupying the hinge
positions of these turns. Obviously, due to the presence
of the phosphinic bond, the Pro?-Phe? reverse turn
cannot be stabilized by the classical 4 — 1 hydrogen
bond. The folding of the peptide chain around the Pro2-
Phe® segment is furthermore inferred from the medium
range rOe’s between the Phe® Hy and Gly! H#S and
the Phe® Hy and Gly* Hp-c?%, At the Pro®-Nlef level,
the observation of a Nle® Hy— Gly* H™S rOe con-
nectivity leads to a similar conclusion. Furthermore,
the rOe’s between Phe® Hy—Pro? Hs, Phe® Hy—Pro? H,,
and Phe® Hx—Pro? He*E show a specific orientation
of the peptide bond between the Pro? and Phe® residues,
in which the Hy points up relative to the average ring
plane of the peptide macrocycle (peptide chain viewed
as running clockwise). The same type of orientation for
the peptide bond between Pro®-Nle® is demonstrated by
similar rOe’s between the Nle® Hy and the Pro® ring
protons (Figure 1). This particular orientation of the
peptide bond between the (i + 1) and (¢ + 2) residues of
a turn is that observed in the so-called SI-turn.3® At
the Pro5—Nlef segment level, one of the two possible ¢
values of the Nle 6 residue obtained from quantitative
analysis of the 3J(Hy—H,) coupling constants (—94)
(Table 2) fits with the expected ¢ value of the (i + 2)
residue in a SI-turn. However, the low-field chemical
shift of the Gly! Hy resonance (8.12 ppm), like the value
of the temperature coefficient of this proton (—4.9 ppb/
K), suggests that the Gly! Hy proton is not involved in
a4 — 1 hydrogen bond, as generally found for a classical
Bl-turn. Quantitative analysis of the 3J(H,—Hp) vicinal
coupling constants of Nle® shows that the rotamer I is
predominant (Table 2). This is consistent with the
observation of a Nle® H,—Pro® Hy dipolar correlation
(not shown).

At the Pro?-Phe? segment level, the ¢ values compat-
ible with the 3J(Hx—H,) of the Phe® residue (Table 2)

show that the Hy and H, protons of this residue are in
a trans orientation relative to the N—C, bond. Taking
into account the orientation of the peptide bond between
Pro? and Phe3, this observation demonstrates that the
Phe® residue of compound I has L stereochemistry.
Further, the preferred orientation of the phenyl side
chain is shown by the presence of several rOe’s between
the aromatic Phe? protons and the Pro? ring protons
(Figure 1). These rOe’s imply that the aromatic ring
points over the pyrrolidine ring and assume that the
phenyl side chain is in a trans orientation with respect
to the hydroxyphosphinyl group (the so-called rot. I).
According to these observations, the rotamer I popula-
tion, calculated from the vicinal coupling constants
3J(Ho—Hp), is 93% (Table 2). This conformation of the
Phe?® side chain is also consistent with the atypic Pro?
Hgro£ chemical shift (1.09 ppm, Table 1), probably due
to anisotropy effects of the aromatic ring.3! Both the
configuration of the phenyl side chain and its orientation
are furthermore corroborated by the observation of an
rOe effect between the Phe?® Hy and Phe® Hgo®, In
fact, such an effect in a type I turn is only possible for
an L residue having its side chain in the rot. I orienta-
tion.®2 The particular set of 3J(Hy—Hp) coupling con-
stants measured for Phe® emphasizes that the con-
straints in this cyclic peptide concern both the backbone
and this side chain. It should be noticed that the 3J-
(P—HgPoE) and 3J(P—HgS) are respectively 6.8 and
2.0 Hz. Such different values are not expected for a
rotamer I, as this conformation places the two Hpg
protons of residue Phe® in the gauche orientation
relative to the phosphorus atom. Nevertheless, it
should be pointed out that some studies of phosphorus
compounds have reported vicinal proton—phosphorus
coupling constants of 4.2 Hz, corresponding to a gauche
orientation of the proton relative to the phosphorus, and
33 Hz, for the trans orientation.3® This set of 3J,(H—P)
and 3JyH—P) values, which is not necessarily the more
appropriate set for a phenylalanylphosphinyl residue,
due to the marked difference between 3J; and 3J;,
indicates that a small percentage of the rot. IT will be
sufficient to produce the observation of different 3J(Hg—
P) coupling constants, as those reported for the Phe?® of
this peptide. The measurement of a low value for
8J(Hgo-S—P) (2 Hz) in compound I suggests that the
3J,(H—P) value of 4.3 Hz may not be applicable to our
compound. In addition, it should be noticed that the
Phe® Hy proton resonance does not exhibit coupling with
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Figure 2. Expanded contour plot of the aromatic NH/aliphatic region of the 165 ms mixing time ROESY spectrum of compound
II in 90% H;0/10% D30 at 280 K. The box indicates the Gly'Hy—Gly*Hp?® rOe which does not appear in this figure but is
observed at lower levels in this experiment and in ROESY experiments at lower mixing time.

the phosphorus atom (3J(Hx—P) is at most not greater
than 0.8 Hz) (Table 2).

Compound II. This molecule exhibits several NMR
parameters—dispersions of both the 3J(Hx—H,) coupling
constants and the methylene proton chemical shifts
(Table 1), which are similar to those observed for
compound I. However, the inversion of the phenyl side
chain stereochemistry promotes additional constraints
in this cyclic peptide at long distances, as suggested by
the large increase in both the chemical shift nonequiva-
lence of Gly! (AHy,H,") in compound II (0.34 ppm in I
— 0.80 ppm in II) and the difference in the values of
Gly! 3J(Hy—H,, H') (Table 2). The Hn/aliphatic region
of the ROESY spectrum of compound II is reported in
Figure 2. Despite the differences pointed out above
between compounds I and II, the qualitative interpreta-
tion of the rOe’s indicates the presence of a Pro5-Nle®
Bl-turn in this part of the molecule. On the other side
of the molecule, a strong rOe between Pro? H, and Phe?
Hx and the lack of Phe® Hy—Pro? H; rOe support the
presence of a type II S-turn, as expected for a reverse-
turn containing a D amino acid residue in the (i + 2)
position. The observation of a Phe® Hy—Gly* H#E rOe
(not shown), not observed in compound I, is consistent
with a D stereochemistry of the Phe? residue. Indeed,
in this stereochemistry, the Phe® H, points on the same
side of the peptide macrocycle as the Gly* H, protons,
thus explaining this rOe. In this molecule, rOe’s are
also observed between the Phe® aromatic protons and
the proline ring protons, indicating a rotamer I confor-
mation for this side chain. The rotamer I population,
calculated from the 3J(H,—Hp) values, is 95% (Table 2).
The remarks made above for compound I, regarding the
3J(HgPro-E—P) and 3J(HgPro-5—P) values (respectively 2.5
and 6.2 Hz), could also be applied to compound II. As
already noted for compound I, the NH proton resonance
of Phe? in this compound does not exhibit coupling with
the phosphorus atom (Table 2).

2. Conformations Generated from NMR Re-
straints. To define the solution conformation of both
pseudohexapeptides, a set of respectively 26 and 20
distance restraints for compounds I and II has been
determined from the analysis of ROESY experiments
(Table 4), as reported in the Experimental Section.
These distances were used to generate a set of 100
structures for each compound with the procedure of
simulated annealing described in the Experimental

Section. The 3J(Hy—H,) coupling constants have not
been used as distance restraints in this procedure, but
instead the consistency of these coupling constants with
the resulting structures has been checked and used to
select the most probable conformations. The conforma-
tions of the Phe® and Nle® side chains have been
constrained to the most populated rotamers, as deter-
mined from analysis of rOe effects and homonuclear
3J(H,—Hp) vicinal coupling constants. When observed,
the side chain—side chain rOe’s from Phe3 to Pro?, and
also from Nle® to Pro® (Table 4), have not been used as
input constraints for several reasons. First, the calibra-
tion of the side chain—side chain rOe’s, using backbone
rOe, may introduce appreciable errors in the resulting
distances due to different dynamic behaviors of these
protons, as compared to the pair of protons taken as
reference. Second, rOe’s which involve side chain
protons may be influenced by the population of rota-
mers.3* However, the consistancy of all the side chain—
side chain rOes have been checked in the final struc-
tures. In the case of the Phe® aromatic protons, the
assignment of these resonances were made using both
HMQC?3 and HMBC?3® experiments. Thus the Phe?®
aromatic protons which give rOe’s with the pyrolidine
ring protons of the Pro? residue were assigned to the
Phe? H; protons.

Compound 1. Analysis of the data reported in Table
4 shows that the generated structures reproduce quite
well the experimental distance restraints, since no
distance restraint violation higher than 0.1 A is ob-
served in the set (considering the uncertainty used in
the distance restraints). The mean rmsd on the distance
violations for the structures set is 0.033 A. This shows
that the NMR data set is consistent and confirms the
existence of essentially one conformation in aqueous
solution. The mean ¢ and y angles in the 100 struc-
tures generated calculated for each residue are reported
in Table 5. The corresponding rmsd values are remark-
ably low (less than 3.5°) indicating that the conforma-
tional space compatible with the NMR restraints is
extremely limited, even using a large uncertainty in the
distance restraints (£20%). The small values of the
rmsd on the ¢ and y angles show that the 100 structures
belong to the same conformational family.

Thus, Figure 3 shows one of the structures generated
for compound I which is representative of the unique
conformational family. The conformation obtained is a
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Table 4. Comparison of Experimental and Calculated Proton—Proton Distances of Compounds I and II

I I

protons ROESY* SA* TAMD* ROESY* SA* TAMD*
Gly! Hy—Nlef Hy 2.60 2.72 2.88
Gly! Hy—Gly! HoproR 2.60 2.75 2.62 2.70 2.55 2.54
Gly! Hy—Gly! HepmS 2.60 2.76 2.73 2.70 2.92 2.69
Gly! Hy—Nlef H, 2.30 2.43 2.38 2.35 2.70 2.45
Gly! Hy—Gly* Hppro-R 3.50 3.64 3.60 3.70 4.45 3.83
Gly! Hpro-S—Pro2 HyproS 2.10 2.35 2.39 ND
Gly! Hyro-S—Pro? HypoR 2.50 3.00 2.69 2.30 2.78 2.35
Gly! HfoB—Pro2 Hyro R 2.20 2.40 2.41 ND
Phe® Hy—Gly! Hy#ro-S 3.30 3.70 3.42
Phe?® Hy—Pro? H, 3.10 3.62 3.40 1.90 2.23 2.17
Phe® Hy—Pro? Hgro-S 2.80 2.61 2.67
Phe® Hy—Pro? Hpro-$ 2.90 2.38 2.94
Phe® Hy—Pro? Hpro R 3.40 3.55 3.36 3.90 3.50 3.65
Phe® Hx—Phed H, 2.60 2.93 2.77 2.95 2.89 291
Phe?® Hy—Gly* HpProS 3.70 4.04 3.59
Phe® Hy—Gly* HpPo B 2.70 2.90 2.78 3.10 2.48 3.05
Phe® H,—Gly* Hprro-S 2.50 2.85 2.72
Phe® H,—Gly* HpproR 2.70 3.27 2.81
Phe?® H,—Gly* H, 2.30° 2.76¢ 3.41¢
Phe® Ar—Phe® H, 2.55° 2.90¢ 2.83° 2.80% 2.92¢ 2.99%
Phe® Ar—Phe? HgroS 2.80% 2.84° 2.77° 2.80° 2.62° 2.69°
Phe® Ar—Phe’ HproR 2.60% 2.62° 2.62° 2.90° 2.85¢ 2.85¢
Phe® Ar—Pro? H,, 3.60° 5.38° 4.89¢
Phe? Ar—Pro? HproS 3.85¢ 5.61 5.48°
Phe® Ar—Pro? Hgpro R 3.30% 3.66° 3.67¢ 3.60° 3.80¢ 2.85¢
Phe® Ar—Pro® HproR 3.65° 4.57 5.29¢
Phe® Ar—Pro? Hpro-$ 3.15° 3.00¢ 3.62°
Phe3 Ar—Pro? Hypro-S 4.05% 5.34¢ 4.78°
Gly* Hpro-S—Gly* HpproR 2.60 2.44 2.58
Gly* Hpro-R—Gly* Hppro-S 2.40 2.40 2.36 2.60° 2.70° 2.74¢
Gly* H#ro-S—Prof Hypro-S 2.10 2,51 2.33 2.30° 2.61¢ 2.80¢
Gly* HyproS—Pro® HyproR 2.30 2.68 2.54 2.30° 2.52¢ 2.72¢
Gly* H#moB—Pro® Hypo R 2.40 2.33 2.55
Nle® Hy—Gly* Hyere-S 3.40 3.83 3.59 3.30° 3.98¢ 4.22¢
Nle® Hy—Pro® H, 2.90 3.54 3.23 2.75 3.41 2.69
Nle® Hy—Pro5 HgroS 2.60 2.73 2.67 2.85 2.69 3.29
Nlef Hy—Pro® Hpo R 2.90 2.38 3.00 2.90 3.50 2.80
Nlef Hy—Pro® HproR 2.90 2.45 3.25
Nle® Hy—Nlef H, 2.50 2.95 2.76 2.40 2.92 2.32

@ Restraints corresponding to <r~6> of both pro-R and pro-S protons due to resonance overlap. ? Not used as input restraints for
reasons discussed in the text. ¢ Restraints corresponding to <r~¢> of both Phe Hs; and Phe Hyg protons. *: ROESY, NMR-derived distances;
SA, distances obtained in the simulated annealing structures; TAMD, distances obtained from the time-averaged molecular dynamics.

ND: not determined due to resonance overlap.

Table 5. Mean ¢ and y Values of Compounds I and II, as Obtained from the Simulated Annealing Procedure (Corresponding rmsd’s

are reported in brackets)

Gly! Pro? Phe? Gly* Pro® Nle8

compound I

@ -178(1.9) —82(0.1) -131(0.2) 176 (0.4) —70 (3.5) —-130 (1.7)
Y -176 (0.7) -34(0.49) 64 (0.6) —-160(1.0) —-53 (0.7 74 (2.3)
compound II

12¢ 108 (1.0) —83(0.1) 133(0.1) 177 (0.5) —81(0.1) -118(1.1)
Y —103(0.9) 129 (0.3) =59 (0.1) -179 (0.4) -31(0.1) 42(3.3)
22 ¢ 148 (1.6) —81(0.1) 139(0.1) -172(0.1) —81(0.1) —143(0.8)
Y —157(0.1) 136 (0.3) —56 (0.1) 174 (0.5) —33(0.2) 54 (2.6)

@ The ¢ and v values of the two conformations obtained from the SA procedure are reported.

two-reverse-turn type, the proline residues being at the
(i + 1) position of the turns. In this structure, the
resulting ¢ and y Pro? and Pro® values correspond
approximately to the values reported for a type I turn.3”
In contrast, both the ¢ and v Phe® and Nle® values are
outside of the range of the ¢ and y values generally
observed for the (i + 2) residue in a fI-turn. Among
the different restraints in this cyclic peptide, which can
be responsible for these particular ¢ and y values of
the (i + 2) residue, at least for the Nleb, the large rOe
observed between Nlef H, and Gly! Hy (Figure 1) should
contribute significantly to the v value of Nlef. Indeed,
only a y Nle® value around 70° places the Gly! Hy and
Nle8 H, protons at a short distance. It should be noticed

that the rOe between the Gly! Hy and Nle® Hy has not
been used as distance restraint because the distortion
of the base-plane near the diagonal peaks leads to
uncertainty in the integration of the corresponding
cross-peaks in the ROESY experiments. The presence
of this correlation has been checked using a “soft”
ROESY experiment (not shown). Unfortunately, in this
experiment, the calibration of the distance was not
possible. However, the weakness of this correlation in
the “soft-” ROESY, as in the standard ROESY experi-
ments, is consistent with the corresponding distance
measured in the structures obtained for compound I (3.8
A). Further, the shift of the y Nlef value at 74°, which
implies a perpendicular orientation of the peptide bond
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Figure 3. Stereoview of one of the structures generated for compound I obtained by the SA procedure. This structure is
representative of the unique conformational family obtained for compound I (see Table 5 which gives the mean ¢ and y values
and the corresponding rmsd for these structures). For side chains, the protons bound to carbons are not shown.

between the Nle® and Gly! residues with respect to the
peptide macrocycle, might explain why the Gly! Hy does
not appear as hydrogen-bonded in this cyclic peptide.
The ¢ values of Gly!, Phe3, and Nle® (—178°, —130°, and
—131°) reproduce reasonably well the experimental ¢
values deduced from the experimental *J(Hy—H,) cou-
pling constants.?®3® The H-N—C—P angle in the phos-
phinic residue measured in the final structure of
compound I is 50°. As already noted in the result
section, the *%J(Hx—P) of the phosphinic residue is less
than 0.8 Hz. Even though no Karplus relation for
3J(Hy—P), as a function of the H-N—C—P dihedral
angle, is available in the literature for this type of
residue, it can be noted that in the Karplus relation
calibrated for *J(P—H), as a function of the P-O—C—-H
dihedral angle, a value around 1 Hz corresponds to a
torsion angle of 60°.40

According to the nomenclature proposed by Wilmot
and Thornton,?” the two reverse turns, as observed in
this cyclic peptide, with the particular ¢,y values of the
(i + 2) residues (Phe3, Nlef), should be described as
belonging to the type VIII-turn category. In fact, the
typical ¢,1 values reported for the (i + 1) and (i + 2)
residues in this turn are respectively —60°, —30° and
—120°, 120°. These f-turns are characterized by a
significant deviation of the y(i + 2) value from zero
toward the positive values, corresponding to the 3 region
of the Ramachandran map.?’

Compound II. The 100 structures generated with
the SA procedure for compound II can be separated into
two different conformations (conformations 1 and 2 in
Table 5). These two conformations exhibit identical ¢,y
values for Pro? to Pro® residues but differ from each
other by the ¢, values of residues Gly! and Nle® (Table
5). Indeed, the first conformation gives a ¢,y set of 108°,
—103°) for Gly! and a ¢,y set of —118°, 42° for Nle®,
while the second conformation gives a set of 148°, —157°
for the Gly 1 residue and —143°, 54°) for the Nle 6
residue. The corresponding rmsd for the ¢,y values are

very low (less than 3.3°) in each family. For the Gly!
residue, these two possible sets of ¢,y are probably
related to the fact that, for chemical shift degeneracy
reasons, no distance constraints have been used be-
tween the Pro® H; and Gly* H,. However, taking into
account the unusual dispersion in the chemical shift
displayed by the Gly! H,,H, a local mobility of the Gly!
residue appears unlikely. Further, the 3J(Hx—H,)
coupling constant measured for the Gly! (3.2—7.4 Hz)
is consistent only with the ¢ value of 148° (Table 2).
These arguments suggest that the conformation with
the ¢ value of 148° for the Gly! is probably the one
present in solution. The ¢ Nle® angle of this latter
conformation (—143°) is furthermore in better agree-
ment with the 3J(Hy—H,) observed for this residue (8.7
Hz) (¢ = —118° should correspond to a value of 11 Hz
for the corresponding 3J(Hy—H,). As shown in Table
5, the rmsd on the ¢ and y angles are very low for family
2. Thus one of the structures of the selected conforma-
tion 2 for compound II is shown in Figure 4. In this
structure, on the basis of the ¢, values of the (i + 1)
and (i + 2) residues, the Gly*-Pro°-Nle5-Gly! segment
adopts a type VIII-turn, as observed for compound I.%7
In the Gly!'-Pro?-Phe3-Gly* region, due to the presence
of a D-Phe, the i Pro? and ¢, Phe? values are different
from those observed in I for the same residues. In this
region, one major conformational difference between
compounds I and II concerns the orientation of the
peptidic plane between Pro? and Phe® and the value of
y Phed. The ¢,y values observed for p-Phe® (139°, —56°)
are different from those reported for a type II g-turn.
However, this topological difference between compounds
I and II is similar to that existing between type I and
type II B-turns. Thus on the basis of this analogy, we
propose to call the reverse turn present in the Gly!-Pro*
Phe3-Gly* region a type IX-turn.

3. MD Simulations with Time-Dependent Dis-
tance Restraints. A closer look at Table 4 reveals that
the major inconsistency between the experimental and
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Figure 4. Stereoview of the selected structure of compound II obtained from the SA procedure. This structure is representative
of the selected conformational family 2 obtained for compound II (see Table 5 in which are reported the mean ¢ and y values and
the corresponding rmsd). For side chains, the protons bound to carbons are not shown.

calculated distances in compound I involves the Phe?
Hy and Nle6 Hy, the two amide protons located on the
peptide bond occupying the hinge position of the reverse
turns in this peptide. Several conformational analyses
of cyclic penta- and hexapeptides have shown the
occurrence of a conformational equilibrium in these
cyclic peptides, involving mainly the orientation of the
peptide bond at the hinge position.323441-43 Two stable
orientations of this peptide bond have been generally
observed, in which the amide group of the peptide bond
points up (as in a type fI-turn) or down (as in a type
pII-turn) relative to the average ring plane of the
macrocycle (peptide chain viewed as running clock-
wise).*! Furthermore, these two conformations of the
central peptide bond have been proposed to be in rapid
exchange on the NMR time scale, and the population
of the two conformers can be approximated from the
experimental distance determined between the Hx(i +
2) and Hg(i + 1) protons.#! In the case where only one
conformer occurs, the reference distance between these
two protons is 3.5 A when the Hy points up or 2.1 A
when the Hy points down.**4 For compound I, the
experimental Phe? Hy—Pro? H, distance of 3.1 A
indicates that 95% of the conformers have the Phe®Hy
pointing up, while the 2.9 A distance between Nle® Hy
and Pro® H, leads to a population of 90% for the
orientation of this peptide bond. The same calculation
for compound II shows that the peptide bond between
Pro? and Phe® adopts only one orientation, the Hx
pointing down relative to the macrocycle ring plane,
while for the Pro®-Nlef an equilibrium should occur, the
conformer with the Hy pointing up being the most
populated (85%).

Previous MD simulations with time-dependent dis-
tance restraints have been shown to improve signifi-
cantly the agreement between the calculated proton—
proton distances and the experimentally derived
distances.??#2 In particular, in the case of the flip of
the central peptide bond in cyclic hexapeptides, this
method is able to reproduce fast conformational equi-
librium on the NMR time scale. The data reported in
the Table 2 for compounds I and II, indeed, show that

the time-averaged simulations greatly improve the
agreement between the experimentally derived dis-
tances and the calculated distances. Figure 5 shows the
characteristic distances of the reverse turns, i.e., the Hx-
(i + 2)—Hy(G + 1) and Hx(i + 2)—H,(i + 2), for both Pro®-
Nlef and Pro®-Phe® segments in compounds I and II,
along the time-averaged molecular dynamics. As is the
case in a type I/type II equilibrium, better agreement
is obtained by sampling the two conformations of the
reverse turn, involving the flip of the peptide bond
relative to the pseudopeptide ring plane.

Discussion

Tremendous amounts of data have been accumulated
in the last 10 years on the conformational properties of
the cyclic hexapeptides.?6:344245 Extensive conforma-
tional analysis of these cyclic peptides has shown that
these molecules adopt in general a “canonic” backbone
conformation, a two-reverse-turn structure both in the
solid state and in solution. However, more recently,
several studies of the conformational properties of some
cyclic peptides in solution, from NMR data, have
provided evidence for the existence of conformational
equilibrium in these molecules, which is fast on the
NMR time scale.323441-43  Algo, while it is difficult to
evaluate the conformational homogeneity of a molecule
in solution, there are some rules which, when fulfilled,
could indicate the presence of a single highly favored
conformation.262731 [In this respect, a particular feature
of these two molecules is the dispersion of several
methylene proton chemical shifts, as well as the obser-
vation of a specific set of vicinal coupling constants, both
at the level of the backbone and the side chains. Thus,
the existence of a predominant conformation in these
two cyclic peptides in aqueous solution can be proposed,
at least for those molecules containing all trans peptide
bonds. This proposal is supported by the internal
consistency of the rOe data set, which leads to the
determination of a major conformation containing very
few distance restraint violations. Motions fast on the
NMR time scale, which have been reported in many
studies, involving the orientation of the central peptide
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Figure 5. Interatomic distances as a function of time during the time-averaged molecular dynamics for compounds I and II. The
assignment of each reported distance is given at the top of the corresponding plot.

bond of the S-turn,324142 have been also detected in
these two molecules.

A striking feature in the 3D structure of these cyclic
peptides is the orientation of the peptide bonds. Ascan
be seen in Figures 3 and 4, the peptide bonds in these
peptides have almost perpendicular orientation with
respect to the plane formed by the peptide macrocycle.
This orientation makes impossible the formation of any
intramolecular hydrogen bonds in these peptides, as
supported by the temperature coefficient measured for
the Hy protons in these molecules. As mentioned above,
such an orientation of the peptide bonds is a charac-
teristic of the type VIII-turn. To our knowledge, this is
the first report of the occurrence of a type VIII S-turn
in a cyclic peptide. However, it should be noticed that
in proteins the type VIII-turn is the most prevalent one
after the two classic type I- and II-turns. Several
hypotheses can be proposed to explain why this type
VIII-turn has not been observed in the cyclic peptides.
One possibility could be that, for solubility reasons, the
solvent of choice for the NMR study of cyclic peptides
is dimethyl sulfoxide. Due to the difference in the
solvation properties of these two solvents, it might be
possible that the type VIII-turns are stabilized by some
preferential intermolecular interactions between the
peptide and water. The perpendicular orientation of the
peptide bonds should favor such interactions between
water molecules and both the carbonyl and the amide
groups. Furthermore, some hydrophobic packing be-
tween the Phe®/Pro? and Nle®/Pro® side chains may
stabilize this turn in water (the rOe effects observed
between these side chains provide evidence of their
spatial proximity). However, we cannot exclude that
the presence of the phosphinic bond in these cyclic
peptides participates to the stabilization of this par-
ticular turn. These different questions are currently
under study in our laboratory by probing the role of the

solvent as well as the importance of the different
functional groups in these molecules.

The influence of Phe® stereochemistry on Glyl, a
medium range distance effect, a priori unexpected,
might tentatively be explained by looking at the 3D
structure of these molecules, as determined by this
study. While the global folding of the backbone in
compound I is rather typical of a standard two-reverse-
turn structure, in compound II the folding of the
backbone around the phosphinic residue is extremely
unusual, producing overall an asymetric macrocycle.
This could limit the mobility of the backbone and thus
restrict the occurrence of some motions around Gly!. As
shown in Figures 3 and 4, the hydroxyphosphinyl group
points toward the outside of the peptide macrocycle.
This particular orientation is probably imposed by the
preferred y value of a phosphinic residue. In fact, in
these two compounds, we have observed that the
adopted y value places the two oxygen atoms in a
gauche orientation relative to the C, atom of the phenyl
side chain, the orientation of which being defined by the
stereochemistry of the Phe? residue.

The specific structure displayed by compounds I and
IT might be used to explain previous results for the
activity of these cyclic compounds. While, the modifica-
tions of the stereochemistry of the P; (Phe®) residue in
the linear phosphinic inhibitors of bacterial collagenase
leads to a strong decrease of the potency (by a factor
18), surprisingly in the case of the cyclic peptides the
same modification only produces a change of the potency
by a factor less than 2. In addition to the different
factors which have been discussed in a previous study
to explain this observation,!? the particular orientation
of the hydrophosphinyl group found in compounds I and
I1 should also be taken into consideration to rationalize
the potency of these cyclic peptides. In fact, it can be
seen from Figures 3 and 4 that if the hydroxyphosphinyl
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Figure 6. Superimposition of the phosphorus inhibitor of
thermolysin® CBZ-Phe-y(POg-NH)-Leu-Ala on the structure
of compound I (top) and II (bottom).

group in these molecules points toward the outside of
the peptide macrocycle, their respective orientations
with respect to this macrocycle are quite different.
From this remark, it follows that apart the interactions
of the hydroxyphosphinyl group of these molecules with
the active site, which are assumed to be similar, the
other parts of these cyclic peptides would interact with
the active site of the collagenase in a very different
manner. To illustrate this point, we tentatively super-
impose the structure of a phosphorus—peptide inhibitor,
bound to the active site of thermolysin,* on those of
compounds I and II. Although there is no structural
evidence for similarity between the 3D structure of the
catalytic domain of thermolysin and bacterial collage-
nase, previous studies have shown that the spatial
relationship between the zinc atom and the S; and Sy’
subsites is rather conserved in the zinc metalloprotease
family.#” The structures of the thermolysin inhibitor
and that of compounds I and II have been superimposed
in order to obtain a good fit between the hydroxyphos-
phinyl groups of these molecules. The model presented
in Figure 6 clearly highlights how the interaction of the
hydroxyphosphinyl group of compounds I and II, with
a putative zinc atom, would imply a very different
relative orientation of the peptide macrocycle of these
inhibitors, with respect to the collagenase active site in
each case. Further, it can be seen that even if the fit
between the phenyl side chain of the thermolysin
inhibitor and those of compounds I and II is not perfect,
their mean orientation is similar. Interestingly, from
this comparison, it can be predicted that a leucine side
chain, introduced in position 4 of the cyclic peptide,
should occupy a location similar to that observed for the
leucine side chain in the thermolysin inhibitor.

Conclusions

The determination of the 3D structures of these cyclic
pseudopeptides in aqueous solution confirms previous
predictions made on the overall structure of these
inhibitors. In particular, this study demonstrates that
the hydroxyphosphinyl group points effectively toward
the outside of the peptide macrocycle, in an orientation
compatible with a subsequent interaction of this group
with the zinc atom of the enzyme active site. However,
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it should be stressed that neither the apparent rigidity
of these cyclic peptides nor the specific conformation of
compound IT have been correctly anticipated. The
precise knowledge of the 3D structures of these inhibi-
tors would help us to design chemical modifications
which can lock them in a conformation fitting best the
protease active site. The development of very potent
constrained cyclic pseudopeptide inhibitors of bacterial
collagenases represents an interesting challenge, not
only because such molecules may lead to a rational
design of peptidomimetics as inhibitors of these en-
zymes*84% but also because, as discussed above, such a
strategy might be extended to the design of other cyclic
phosporus—peptides as inhibitors of other zinc metal-
loproteases, a field of great medicinal importance and
in rapid expansion.

Experimental Section

NMR Measurements. NMR spectra of cyclo(Gly!-Pro?-
Phe®¥[PO2-CH;]Gly*-Pro®-Nlef) (compound I) and cyclo(Gly*-
Pro?-p-Phe®¥[PO;-CH,]Gly*-Pro5-Nlef) (compound II) were re-
corded on a Bruker AMX500 spectrometer. The sample
concentration of I and II was 10 mM in 90% H:0, 10% D:0,
pH 2.3. The NMR data were processed on a SGI indigo R4000
workstation with the Felix 2.1 software.’® All spectra were
recorded at 280 K except for the temperature coefficients which
were measured for the amide resonance by varying the
temperature from 280 to 303 K.

Chemical shifts were measured relative to internal reference
sodium 2,2,3,3-tetradeuterio-3- (trimethylsilyl)propionate (TSP).
All 2D NMR spectra were recorded with simultaneous detec-
tion in F2. Quadrature detection in F1 was achieved by time-
proportional phase incrementation.5! Water suppression was
achieved by presaturation during the relaxation delay. TOC-
SY spectra were recorded with either a 20 or 80 ms Waltz16
sequence for the isotropic mixing,5 a 1 s relaxation delay, 64
scans, 2048 complex data points in F2, and 256 experiments
in F1.

Coupling constants were determined either in the 1D
resolution-enhanced spectrum, DQF-COSY spectrum,55.56 or
E-COSY spectrum.5"-% The ¢ values were determined from
the 3J(Hnx—H,) coupling constants using a Bystrov’s—Karplus
equation.® The populations of the three rotamers of the Nle
side chains were determined from the °J(H,—Hj) coupling
constants using Pachler’s equation 396961 In the case of residue
Phe, these population were estimated from the °J(H,—Hjp)
using a calibration of the 3J; and 3J; constants for phosphorus
analogues.3?

The assignment of the 3C resonances was achieved by
analysis of an inverse *C—1H shift correlation (HMQC).35:62
This makes it possible to determine the Jc-p coupling constant
directly from analysis of the 1D 3C—1H-decoupled spectrum
of the cyclohexapeptides. The aromatic proton resonances
were assigned using HMQC experiments in conjunction with
heteronuclear long range correlation experiments (HMBC).3¢
The HMBC experiments were recorded with a delay Al of 3.3
ms, a delay A2 of 60 ms, 2048 complex data points in F2, and
256 experiments in F1. The spectral width in F1 (13C) was
27 669 Hz. The 13C decoupling during aquisition was achieved
with a GARP sequence.

ROESY spectra® were recorded with 128 scans, a 2 s
relaxation delay, 2048 complex data points in F2, and 256
experiments in F1. The spectral width in both dimensions was
6024 Hz. After zero filling, the final size of the matrix was
1024 x 1024. For integration, apodization with a sine bell
function shifted by 90° was used in both dimensions. The
mixing period was achieved by a repetitive sequence (8 — 1),.%*

The distance restraints were determined from analysis of
the buildup rate of the rOe in a series of five ROESY spectra
recorded with mixing times of 85, 105, 125, 145, and 165 ms.
After Fourier transform, all ROESY spectra were corrected
using T1 noise reduction and/or local base plane correction
routines written in the macrolanguage of the Felix software.
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In each ROESY experiment, the volume of a cross-peak (i,/)
was integrated. The volumes of the corresponding diagonal
peaks were also measured to give a corrected intensity
according to the procedure suggested by Macura et al.%% and
used by Kazmierski et al.®¢ In the case where one of the
diagonal peaks was not sufficiently resolved for integration,
the cross-peak was scaled with respect to one of them. Asthe
nQOe’s observed at 500 MHz were very weak, no offset correc-
tion was applied.

rOe buildup rates were estimated using least squares fitting
of the five measured points. Only the buildup rates for which
the linear fit gave a correlation coefficient greater than 0.9
were used to calculate distance restraints.

The ry distances were calculated using the well-known
relation:

where 7, 7'y, Orer, and oy refer respectively to the interproton
distance and to the slope of the intensity of the cross-peak
versus the mixing time for the reference pair and for the pair
for which the distance is unknown.

The “soft” ROESY experiment was recorded using a se-
quence adapted from the z-ROESY sequence.’” The F1 and
F2 dimensions were restricted by selective exitation through
a DANTE-Z train® applied to the Gly!, Nle® Hy region, as
already reported for a “soft” z-TOCSY experiment.®® The
spectral width in F1 and F2 was 250 Hz; 512 complex data
points were recorded in the F2 dimension; 128 experiments
in the F1 dimension were recorded in the RuSH methods™ in
order to achieve quadrature detection.

Conformation Searches. Structures compatible with the
experimental distance restraints obtained as described above
have been generated by a procedure of simulated annealing™
with the X-PLOR software.”7 The distance restraints, when
used, were incorporated in the total energy potential using a
square well function.”? In order to take into account the
uncertainty in the distances obtained as describded above,
lower and upper bounds calculated from r; — 20% and ry +
20%, respectively, were used in the following steps of this work.

Starting from random positions of the atoms of the molecule,
initial structures were subjected to 100 steps of minimization
in the distance geometry force field of X-PLOR v 3.1 (parmall-
hdg), the potential energy containing only the bond, angle, and
van der Waals terms. A second 100- step minimization was
carried out, the potential energy function containing the same
terms as for the first initial minimization plus the improper
dihedral, and distance restraint terms (kpg = 1 kcal mol~! A™2
). A 2.5 ps molecular dynamics was then carried out. During
this step, the temperature was maintained at 1000 K by strong
coupling to a temperature bath.”* The resulting structures
were submitted to 500 steps of energy minimization followed
by a 45 ps simulated annealing from 1000 K to 100 K in the
parmallhdg force field of X-PLOR v 3.1, the potential energy
function containing the bond, angle, van der Waals, dihedral,
improper, and distance restraints terms. During this step the
distance restraints constant (kpr) was regularly increased from
1 to 50 kcal mol~! A-2. The simulated annealing step was
followed by a final minimization in the parmallhdg force field
of X-PLOR v 3.1. The resulting structures were finally
minimized in the CHARMM force field” version 22 of the
XPLOR v 3.1 software with Lennard Jones potential for van
der Waals interactions and a CDIE treatment of the electro-
static interactions (¢ = 80). All calculations were carried out
in vacuo. Only structures having a total energy violation
limited to 10 kcal/mol above the lowest total energy and a
distance restraints energy limited to 1.5 kcal/mol were saved.
It should be noticed that in practice no structure having a total
energy 2.5 kcal/mol above the lowest total energy and a
distance restraints energy 0.5 kcal/mol above the lowest
distance restraints energy was found.

Time-dependent distance restraints molecular dynamics™"”
was carried out in the CHARMM 22 force field of the XPLOR
v 3.1. This procedure requires that the distance restraints are
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satisfied as a <r=3> — /3 time-weighted average over the
simulated trajectory. The time constant for the exponential
decay of the memory function was set to 2.5 ps. A 10 ps
molecular dynamics without time-dependent restraints was
used to equilibrate the structure before running the 50 ps time-
dependent distance restraints molecular dynamics. The dis-
tance restraints constant (kpg) was set to 5 kcal mol ~! A2,
The parameters used to define the geometry and the charges
of the phosphinic group were taken from Merz and Kollman.™
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