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ABSTRACT: In mammals, numerous precursors of antibacterial peptides with unrelated sequences share a
similar prosequence of 94-114 residues, termed the cathelin-like domain. The cathelin-like domain of
protegrin-3 (ProS) was overexpressed inEscherichia coliand uniformly labeled with15N or 15N and13C,
and its three-dimensional structure was determined by heteronuclear NMR at pH 6.2. Under these conditions
and due to the cis-trans isomerization of the R87-P88 and D118-P119 amide bonds, the ProS structure
was found to adopt four almost equally populated conformations in slow exchange on the NMR chemical
shift time scale. The ProS structure consists of an N-terminalR-helix (Y34-N48) cradled by a four-stranded
antiparallelâ-sheet (â1, N53-L60; â2, K74-P86; â3, V104-V111; andâ4, I122-C124). The solution structure
of ProS, which is monomeric, allowed us to determine the structure of the L1 and L2 loops, which are
too mobile in the crystal structure. The regions common to the solution and X-ray structures were found
to be very similar. Finally, since the overall fold of ProS is very similar to that of cystatins despite a low
degree of sequence identity, the ProS solution structure was compared to the solution and X-ray structures
of the chicken cystatin. This comparison revealed that the structures of the L1 and L2 loops as well as
that of the appending domain are quite different in the two proteins. These differences are mainly due to
the high proline residue content (10%) which disorganizes the hydrogen bond network of a part of the
ProSâ-sheet in contrast to that of the chicken cystatin structure.

In mammals, cathelicidin antimicrobial peptides (CAMPs)
are initially synthesized as a proform that is usually inactive
(1-9). However, unprocessed rabbit cathelicidin, notably,
proCAP18, in concert with other host defense molecules,
can contribute to antimicrobial host defense (10). This
peptide family includes∼15 structurally diverse antimicro-
bial peptides, whereas their precursors share a highly
conserved prosequence of 94-114 residues (8, 11). More-
over, it has been shown that to release the active antimicro-
bial peptides, they must be processed in activated neutrophils
(7, 12-15). It has been shown that the LL37 antimicrobial

peptide is cleaved from hCAP-18 by proteinase-3 (16). The
fact that these CAMPs of unrelated sequences share this
highly conserved proregion suggests a similar role for these
prosequences, which has not yet been clearly identified.
Nevertheless, a monocyte chemoattractant activity was
proposed for ProBac5 and a cysteine protease inhibitory
activity for proBac7 (10, 17). Although unrelated to the
CAMP, the proform of the humanR-defensin HNP-1 was
also found to be inactive. In this case, it has been proposed
that electrostatic interactions between the antibacterial pep-
tide, positively charged, and the negatively charged groups
of the prosequence could be responsible for such an
inactivation (18).

Protegrins (PG-1-5), which are antibacterial peptides of
16-18 residues either isolated or identified from cDNA of
porcine leucocytes, belong to the CAMP family (1, 11, 19).
They are characterized by two intramolecular disulfide
bridges and a high arginine content. The structure of PG-1
consists of an amphipathicâ-sheet stabilized by the two
disulfide bonds (20, 21). Protegrins are initially synthesized
as precursors of 149 residues (147 residues for PG-2) with
three regions: a signal peptide (residues 1-29), a prose-
quence (residues 30-130 here termed cathelin-like domain2

or ProS), and the PG sequence (residues 131-148) which
is followed by an amidation consensus sequence (11, 22). It
has been shown that the proform of protegrin-1 (residues
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30-148) has no antibacterial activity and that the V130-
R131 amide bond has to be cleaved by an elastase-like enzyme
to yield the active protegrin (14). The main features of the
ProS sequence are the presence of two conserved disulfide
bonds as well as its high proline residue content (8-10%).

While it is well-established that the PG antimicrobial
activity is produced by cytoplasmic membrane disruption and
that the overall structure (amphipathicity, charge, and di-
sulfide bridges) is of primary importance, the role of the
cathelin-like domain is not yet well-known. This domain is
widespread, and to better understand its involvement in the
maturation process of cathelicidin peptides, we set out to
determine the three-dimensional (3D) solution structure of
the cathelin-like domain of the protegrin-3 precursor using
multidimensional heteronuclear NMR spectroscopy.

In this paper, we report on the identification of two X-Pro
amide bonds that are able to adopt both the cis and trans
conformations, thus giving rise to four conformers which
were fully assigned. The structure of the all-trans and all-
cis conformers of ProS complements the X-ray structure in
which two loops were either lacking or poorly defined (23).
Finally, the solution structure of ProS, which displays the
cystatin fold, was compared with that of the chicken cystatin.
The presence of numerous proline residues in ProS, which
break theâ-sheet hydrogen bond network, explains the major
structural differences in the vicinity of the loops which
contrasts with the high-level structural similarity of their core.

MATERIALS AND METHODS

Expression and Purification. Cloning, expression, and
purification of ProS were described elsewhere (24). Uniform
15N or 15N and 13C labeling was obtained by growing the
cells in the HCDM1 minimal medium (25) containing15NH4-
Cl (99.5%) or15NH4Cl and [13C6]glucose (99%), respectively,
as sole the nitrogen and carbon sources.

All NMR samples of ProS were prepared in 50 mM
sodium phosphate, 50 mM NaCl, and 0.56 mM benzamidine.
First, two 500µL samples of unlabeled ProS (2 mM) were
prepared in a 95:5 H2O/D2O mixture and in 99.98% D2O.
Then, three 300µL samples containing 1.5-2.0 mM labeled
ProS were prepared in a Shigemi tube (Shigemi Co., Ltd.,
Tokyo, Japan): one with the uniformly15N-labeled protein
in a 95:5 H2O/D2O mixture and two with the uniformly15N-
and13C-labeled sample in a 95:5 H2O/D2O mixture and in
99.98% D2O, respectively. The pH was adjusted to 6.2 by
addition of DCl or NaOD. pH values were uncorrected for
the deuterium isotope effect.

NMR Spectroscopy.NMR experiments were performed
both on a Bruker AMX 600 spectrometer and on a Varian
INOVA 800 spectrometer equipped with a triple-resonance
(1H, 15N, and13C) probe and shielded triple-axis pulsed-field
gradients. The sample temperature was set to 27°C.
Quadrature detection in the indirect dimensions of the
multidimensional experiments was achieved by the echo/
antiecho detection scheme (26) for 15N, and by the TPPI-
States method (27) for 1H and13C. The carrier frequencies
were set to 4.75 ppm for1H, to 118.6 ppm for15N, to 35.5
ppm for 13Caliph, to 174.5 ppm for13C′, and to 55.5 ppm for
13CR. All chemical shifts were referenced with respect to DSS
for 1H and 13C, and liquid NH3 for 15N, according to the
IUPAC recommendations (28).

With the unlabeled samples, data sets of two-dimensional
(2D) experiments (DQF-COSY, z-TOCSY, and NOESY)
spectra were acquired in the phase-sensitive mode using the
States-TPPI method and using a time domain data size of
512t1 × 2048t2 (800t1 × 2048t2 for DQF-COSY) complex
points and 64 transients per complext1 increments. 2D data
sets were recorded at 37 and 27°C. Except for the DQF-
COSY spectra (where low-power irradiation was used), the
water resonance was suppressed by the WATERGATE
method. z-TOCSY spectra were obtained with a mixing time
of 80 ms and NOESY spectra with a mixing time of 150
ms.

With the 15N and13C doubly labeled sample, 2D1H-13C
HSQC and1H-15N HSQC correlation spectra were recorded
with 512 (1H) × 256 (13C) and 512 (1H) × 200 (15N) complex
points, respectively, for spectral widths of 12.5 (1H), 29.6
(15N), and 60 ppm (13C).

For sequential backbone assignment, a set of triple-
resonance experiments (29) comprising 3D HNCA, 3D
HNCO, and 3D CBCA(CO)NH experiments was performed.
The pulse sequences included standard features such as
sensitivity-enhanced quadrature detection (26) in the 15N
dimension, pulsed field gradient coherence pathway selection
(30), and water flip back pulses to align the water signal
along thez-axis prior to detection (31). The spectral widths
were set for1H to 12.5 ppm, for15N to 29.6 ppm, for13C′ to
20 ppm, for13CR to 30 ppm, and for13CR/â to 66 ppm. The
time domain data size was 512 (1H) × 67 (15N) × 128 (13CR)
complex points for HNCA using four scans per (t1, t2)
increment, 512 (1H) × 67 (15N) × 120 (13C′) and two scans
for HNCO, and 512 (1H) × 57 (15N) × 79 (13CR/â) and 12
scans for CBCA(CO)NH.

1H and13C side chain assignments were made on the basis
of 3D HC(C)H-TOCSY and 3D13C-edited NOESY-HSQC
spectra recorded on the sample dissolved in D2O. The1H-
NOESY mixing time was set to 100 ms. The13C-TOCSY
mixing time was set to 12 ms using a DIPSI-2 composite
pulse train applied at a field strength of 10 kHz [(γB1)/(2π)]
(32). Adiabatic broadband13C decoupling STUD+ (33) was
used during detection. Data sets of 512 (1H) × 110 (13C) ×
110 (1H) complex points were recorded for both experiments
for a spectral width of 12.5 ppm (1H) × 60 ppm (13C) × 10
ppm (1H) and four scans per (t1, t2) increment.

The1H, 13C, and15N chemical shifts of ProS are available
as Supporting Information.

Slowly exchanging amide protons were identified from
successive1H-15N HSQC spectra with a duration of 25 min
recorded at 27°C following the solubilization of ProS from
30 min to 3 months. Between experiments, the sample was
kept at 4°C.

Structure Calculations.The intensities of NOESY cross-
peaks were measured from the NOESY-(1H-15N)HSQC and
NOESY-(1H-13C)HSQC spectra recorded with a mixing
time of 100 ms and were divided into five classes, according
to their intensities. Very strong, strong, medium, weak, and
very weak NOEs were then converted to distance constraints
of 1.8-2.4, 1.8-2.8, 1.8-3.6, 1.8-4.4, and 1.8-5.0 Å,
respectively. For equivalent protons or non-stereospecifically
assigned protons, pseudoatoms were introduced. When
obtained, theø1 andø2 dihedral angle restraints were derived
from the combined analysis of DQF-COSY data recorded
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in D2O and intra- and inter-residue NOEs. No hydrogen bond
restraint was used.

To calculate the 3D structures of the all-trans and all-cis
conformers of ProS, the distance and dihedral angle restraints
were used as input in the standard distance geometry (DG)/
simulated annealing (SA) refinement and energy minimiza-
tion protocol using X-PLOR 3.8 (34). In the first stage of
the calculation, an initial ensemble of 60 structures was
generated from a template structure with randomized back-
bone dihedral anglesφ andψ and extended side chains, using
a DG protocol followed by restrained SA and refinement
(35). Analysis of the obtained structures and their comparison
with the NMR data allowed us to identify more NOE
restraints which were introduced into the subsequent calcula-
tion. After a number of these processes, for the all-trans
conformer, 1227 NOE-derived distance restraints (142
medium-range and 346 long-range) and 48 dihedral restraints
(36 φ and 12ø1) were used as final input data. Finally, 15
structures with a minimum number of restrained violations
were submitted to 5000 cycles of restrained Powell energy
minimization.

By using 1229 NOE-derived distance restraints and 46
dihedral restraints, a similar structure calculation was carried
out for the all-cis conformer.

Structure Analysis. Calculations of rmsds and visual
display were performed with INSIGHT 97 (Molecular
Simulations Inc., San Diego, CA). Hydrogen bonds were
considered present if the distance between heavy atoms was
less than 3.5 Å and the donor-hydrogen-acceptor angle was
greater than 120°. The Ramachandranφ andψ plot analysis
was performed with PROCHECK (36). The limits of the
secondary structure elements and the van der Waals surfaces
were determined with STRIDE (37).

The structure of the all-trans conformer of ProS was
compared with the X-ray structures of the ProS monomer
(PDB entry 1kwi) (23) and of the chicken cystatin (PDB
entry 1cew) (38) as well as the solution structure of the
chicken cystatin (PDB entry 1a67) (39, 40).

The coordinates of the energy-minimized all-trans and all-
cis conformers of ProS have been deposited in the Protein
Data Bank as entries 1n5p and 1n5h, respectively.

RESULTS

Resonance Assignments and Identification of Two Cis-
Trans Amide Bonds. NMR spectra of ProS were obtained at
27 °C, with a 1.5-2.0 mM sample at pH 6.2. As illustrated
in Figure 1, the1H-15N HSQC spectrum exhibited more
cross-peaks than expected, suggesting that the structure of
ProS could adopt several conformers in slow exchange on
the 1H and 15N chemical shift time scale. The sequential
assignment of the backbone atoms (HN, 15N, and13CR) and
the assignment of13Câ and 3C′ were obtained from the
combined analysis of1H-15N HSQC and HNCA, HNCO,
and CBCA(CO)NH spectra recorded at 600 and 800 MHz,
respectively. A total of 99% of1HN (excluding the 10
prolines), 98% of15N (excluding the 10 prolines), 100% of
1HR, 100% of13CR, and 87% of C′ resonances were assigned.

The assignment of the side chain resonances, including
the 10 prolines, was obtained in part from the NOESY-(1H-
15N)-HSQC and complemented with HC(C)H-TOCSY and
13C-edited NOESY-HSQC spectra recorded in D2O. Eight

of the 10 amide bonds involving proline residues were found
to adopt the trans conformation. In contrast, both the R87-
P88 and D118-P119 amide bonds adopt the cis and trans
conformations in slow exchange on the NMR time scale (41);
this explains the presence of the four conformers. As shown
in Figure 2, the typicaldRD118-RP119 and dRD118-δδ′P119

sequential NOEs allowed us to characterize both the cis and
trans conformations for the D118-P119 amide bond (42). For
the R87-P88 amide bond, the cis conformation was clearly
characterized from the strongdRR87-RP88 NOE, while weak
dRR87-δδ′P88NOEs were observed for the trans conformation,
suggestingdR-δδ′ distances larger than those observed for a
typical trans conformation. Since these conformers are in
slow exchange, four chemical shifts were observed for
residues which experience different environments in the four
conformers. In the1H-15N HSQC spectrum, this is clearly
the case for several residues mainly located in the R40-R56

segment (R40, A41, V42, D43, R44, L45, N46, E47, S49, Y55, and
R56). For the R87-E94 segment, due to the overlapping of
two cross-peaks, only three cross-peaks of the four (R87, T89,
R90, Q91, and E94) were observed (Figure 1), while for others,
only two resonances (C107, I122, V111, and D114) were
observed. Residues characterized by a unique cross-peak (L58

and E100) are those which have a similar environment in all
conformers. By a detailed analysis of the 2D and 3D NMR
data, except for residues in the four conformers which really
give identical chemical shifts, the almost full assignment was
obtained for each conformer. This allowed us to further
determine the structural differences induced by the cis-trans
isomerization of the D118-P119 and R87-P88 amide bonds.
The1H, 15N, and13C chemical shifts of the four conformers
are provided as Supporting Information. The details of the
NMR experiments and chemical shifts for the four conform-
ers were deposited in the BioMagResBank database (http://
www.bmrb.wisc.edu) under accession number 5688.

Secondary Structure Determination.The elements of
secondary structure of ProS were identified first from the
analysis of the chemical shift deviations measured for HR,
13CR, and 13C′ nuclei (CSI) (43) and then on the basis of
sequential, medium-range, and long-range NOEs involving
HN, HR, and Hâ protons. These data are summarized in
Figure 3A. Because of the negative chemical shift deviations
for HR and the positive chemical shift deviations for CR and
C′ nuclei, the presence of a large helical structure could be
inferred for the N-terminal part of ProS (Figure 3B).
Moreover, strongdNN, weak dRN, dRN(i,i+3), dRâ(i,i+3), and
dRâ(i,i+4) successive NOEs characterized thisR-helical struc-
ture, spanning residues S33-S50. In contrast, positive chemical
shift deviations observed for HR and negative chemical shift
deviations for CR and C′, along with strongdRN and weak
dNN NOEs, allowed us to identify fourâ-strands located
approximately in fragments N53-Q62, V76-C85, R103-T112,
and I122-N125. Moreover, in the diagonal plot presentation
of NOEs displayed in Figure 3C, the distribution of long-
distance constraints clearly shows three clusters perpendicular
to the diagonal. Such a distribution is indicative of three
interfaces between four antiparallelâ-strands supported by
several interstranddRR NOEs.

Slowly Exchanging Amide Protons.The hydrogen-
deuterium exchange of amide protons was followed by
recording the1H-15N HSQC spectra. After 30 min, 5 days,
and 3 months, 36, 17, and 13 cross-peaks were still observed,
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respectively (Figure 3B). These slowly exchanging amide
protons suggest that several amide bonds are either involved
in strong hydrogen bonds or buried. Interestingly, most of
these amide protons belong to four main fragments of the
sequence spanning residues A37-N46 of the helix and residues
Y55-E59, T79-V84, and R103-V111 of the â-strands.

Three-Dimensional Structure Determination.The combi-
nation of the cis-trans isomerization of the R87-P88 and
D118-P119 amide bonds leads to four conformers: transP88-

transP119, transP88-cisP119, cisP88-transP119, and cisP88-
cisP119. Therefore, four conformer calculations must be taken
into account.

The analysis of the HN, HR, and15N chemical shifts for
the different conformers showed that the effects due to the
R87-P88 amide bond involved mainly the chemical shifts of
the residues in fragments R87-Q91 and to a lesser extent L39-
L45 and L53-Y55. A similar analysis showed that for the
isomerization of the D118-P119 amide bond, the chemical

FIGURE 1: Sequence of ProS and1H-15N HSQC spectrum of ProS showing the complete assignment (pH 6.2 and 27°C). (A) Alignment
of ProS and chicken cystatin (1cew) sequences (20% identical). For the two proteins, their own numbering was used. Notice the alignment
of the four cysteines displayed in red which are involved in a similar disulfide bonding pattern (C85-C96 and C107-C124 for ProS and
C71-C81 and C95-C115 for chicken cystatin). (B) Assignment of the1H-15N HSQC resonances of ProS. The inset shows the cross-peaks
of the four conformers observed for the D43 residue due to the cis-trans isomerization of the R87-P88 and D118-P119 amide bonds. The
cross-peak intensity suggests that the four conformers are roughly equally populated. The V84 and G102 cross-peaks are folded back. Red
and green circles distinguish cross-peaks belonging to D118-P119 and R87-P88 cis conformers, respectively. The cross-peaks are labeled
with the amino acid type and position in the protegrin-3 precursor.
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shifts of fragments T112-I122 and R40-L45 were strongly and
weakly affected, respectively (see Figure 5A). This chemical
shift analysis suggests that the main structural alterations are
located in the vicinity of the two amide bonds, although on
the basis of chemical shift variations some minor changes
were detected for the helix. Preliminary calculations showed
that the isomerization of the two amide bonds induced
localized conformational alterations. Therefore, the structure
calculation was only carried out for the two extreme
conformers, transP88-transP119 and cisP88-cisP119, later
termed the all-trans and all-cis conformers, respectively.

In the case of the all-trans conformer, a total of 1227
distance constraints derived from NOE experiments recorded
in H2O and D2O were used for structure calculations. Figure
4A shows for the all-trans conformer the distribution of these
interproton distance restraints all along the sequence. The
structure of the all-cis conformer was obtained by using
practically the same number of NOE-derived distance
restraints (a total of 1229) similarly distributed.

A set of 60 structures was calculated for both the all-trans
and the all-cis conformers. The PROCHECK analysis of the
15 best structures showed that allφ and æ angles were
localized to allowed (96.6%) and generously allowed (3.4%)
areas of the Ramachandran plot. The statistics are sum-
marized in Table 1.

Figure 4B shows the family of the 15 best all-trans
structures superimposed by using the backbone atoms of
residues 32-126. The mean value of the rmsd per residue
as a function of the sequence indicates that the global 3D
structure is well-defined except for the N- and C-terminal
parts (Figure 4C).

The structure of the all-trans conformer consists of an
N-terminal R-helix (Y34-Q48) cradled by four antiparallel

â-strands,â1 (N53-L60), â2 (K74-P86),3 â3 (V104-V111), and
â4 (I122-C124). These fourâ-strands are connected by three
loops, L1 (D61-P73), L2 (T112-D121), and a third longer one
(T83-G102, including the C-terminal part ofâ2), termed the
appending domain (see below). This domain, which joins
theâ2 andâ3 strands, contains the C85-C96 disulfide bridge
and three proline residues (P88, P92, and P93). Its well-defined
structure consists of aâ-turn for the P86RPT89 sequence,
which contains the R87-P88 amide bond that is able to adopt
both the cis and trans conformations, and a 310-helical turn
(P92PEL95), including proline residues P92 and P93.

Comparison of the All-Trans and All-Cis Conformers of
ProS.The structures of the all-trans and the all-cis conform-
ers display the same elements of secondary structure. Their
superimposition highlights their similar global fold and
reveals that the structure of the two conformers differ mainly
in the neighbor of the R87-P88 and D118-P119 amide bonds.
This is supported both by the analysis of chemical shift
alterations and by the local rmsd per residue measured for
the two structures (Figure 5A,B). Indeed, except for the N-
and C-terminal parts, the analysis of the rmsd per residue
plot as a function of the sequence shows higher values for
the two regions spanning residues P86-R90 and Q115-D121

than for the other parts of the molecule. Moreover, this

3 The limits of theâ2 strand were determined with STRIDE. On
the basis of the interstrand hydrogen bonds, theâ2 strand would span
residues K74-E82.

FIGURE 2: Strips of the13C-edited NOESY-HSQC spectrum of ProS
recorded in D2O showing the assignment of the cis and trans
conformers due to R87-P88 or D118-P119 amide bond isomerization.
The cross-peaks involving the trans C85-P86 amide bond are shown
for comparison. The inter-residue NOE cross-peaks are displayed
in red and the intraresidue cross-peaks in blue.

Table 1: Structural Statisticsa of the All-Trans and All-Cis
Conformers of ProS

all-trans all-cis

distance restraints
intraresidue (i - j ) 0) 290 290
sequential (i - j ) 1) 449 448
medium-range (i - j e 5) 142 145
long-range (i - j > 5) 346 346
total 1227 1229

dihedral angle restraints
φ 36 37
ø1 12 9
total 48 46

mean rmsd from experimental
restraints

NOE (Å) 0.0579( 0.0027 0.0548( 0.0031
dihedrals (deg) 0.464( 0.188 0.405( 0.146

mean rmsd from idealized
covalent geometry

bonds (Å) 0.00357( 0.00008 0.00342( 0.00008
angles (deg) 0.616( 0.007 0.611( 0.008
impropers (deg) 0.416( 0.011 0.413( 0.007

mean energy (kJ/mol)
Enoe 61.46( 5.75 55.11( 6.10
Ecdih 0.182( 0.137 0.132( 0.086
EvdW -249.72( 14.06 -261.53( 11.92
Ebond 20.99( 0.92 19.33( 0.95
Eimproper 21.56( 1.17 21.22( 0.67
Eangle 173.49( 4.01 170.97( 4.61
Etotal -442.67( 25.82 -460.88( 32.83

pairwise atomic rmsd
difference (Å)

backbone atoms (32-126) 1.13( 0.20 0.89( 0.14

a For these calculations, the XPLOR all-hydrogen force fields
topoallhdg and parallhdg all were used. The final minimization of the
structures was carried out with force constants of 15 kcal mol-1 Å-2

and 50 kcal mol-1 rad-2 for the NOE and dihedral angle potentials,
respectively. None of the structures exhibited distance violations of
>0.3 Å or dihedral violations of>5°. The program PROCHECK was
used to assess the overall quality of the structures.

NMR Structure of the Cathelin-like Domain of Protegrins Biochemistry, Vol. 42, No. 16, 20034673



analysis indicates that the extent of alterations due to the
cis-trans isomerization is more localized for the R87-P88

amide bond isomerization, which is in aâ-turn, than for the
D118-P119 amide bond, which is in the L2 loop upstream
from theâ4 strand. The superimposition of these two areas
of the two all-trans and all-cis conformers is displayed in
panels C and D of Figure 5.

DISCUSSION

The initial length of the cathelin-like domain of the
protegrin precursor is 101 residues. The overexpression of
ProS inE. coli contains four additional amino acids in its
N-terminus that were generated by subcloning into theNdeI
andBamHI sites of pET-15b as previously described (24).

The ProS sequence is particularly poor in aromatic residues
(4%; Y34, Y55, F78, and F98). This contrasts with the high
content of proline, valine, and leucine residues (10% for
each). Furthermore, the C85-C96 and C107-C124 disulfide
bonds are conserved in all the cathelin-like domains (24).

Because of the presence of four conformers at pH 6.2, it
initially appeared to be difficult to carry out the NMR
structural study of ProS. However, despite the risk of the
cleavage of the acid labile DP amide bonds (D69-P70 and
D118-P119) (3, 44), an attempt to perform this study was
carried out at pH 3.0, since one conformer is significantly
favored at this pH. It was then identified as being the
transP88-transP119 conformer. Nevertheless, as previously
discussed, because of the presence of the numerous proline

FIGURE 3: (A) Chemical shift deviations from random coil chemical shifts of HR, CR, and C′ resonances as a function of the sequence.
Notice that the mean value of the chemical shifts of the four conformers was used for the calculation of deviations. The random coil
chemical shifts are those of Wishart and Case (43). The locations of helical andâ-strand structures are displayed above as stacked circles
and rectangles, respectively. (B) Summary of the sequential and medium-range NOEs for the all-trans conformer of ProS. The relative
intensity of NOEs is represented by the thickness of the bars. Slowly and intermediate-exchanging protons are identified by filled and
empty squares, respectively. The two disulfide bonds are displayed in red. (C) Diagonal plot of the NOEs observed for the all-trans conformer
of ProS. Backbone and side chains NOEs are displayed in the upper and lower parts, respectively. Short and long distances are displayed
in black and gray squares, respectively.
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residues, only 80% of the assignment was obtained for this
major conformer, and the minor ones could not be character-
ized (24).

Therefore, despite the presence of the four conformers,
by using the 15N and 13C doubly labeled sample we
performed the study at pH 6.2 for two main reasons. The
first one was because it was interesting to know why the
protein adopts four conformers. Moreover, given the fact that
they are almost equally populated, it could be expected that
each one could be characterized. The second reason takes
into account the fact that electrostatic interactions were
hypothesized to be essential in the interaction between the
antibacterial peptide, usually positively charged, with the
acidic side chains of the prosequence. This hypothesis was
proposed in the case of the humanR-defensin HNP-1 (18).
Therefore, experimental conditions of pH in which the
carboxyl groups are fully ionized, supposed to better mimic
biological conditions, appeared to be more relevant to our
study.

Fold and Structure of ProS.On the basis of the analysis
of chemical shift deviations, elements of secondary structure
were approximately located and confirmed for the all-trans
and the all-cis calculated conformers. Structure calculations
obtained from NMR-derived constraints showed that the ProS

global fold consists of an N-terminal helix wrapped by a
antiparallel four-strandedâ-sheet linked by the L1 (D61-
V76) and L2 (T112-D121) loops and the appending domain
(T83-G102). The C107-C124 and C85-C96 disulfide bonds
provide stabilization to theâ-sheet and to the appending
domain, respectively. Theâ-sheet is stabilized by a network
of six, eight, and five hydrogen bonds at theâ1-â2, â2-
â3, andâ3-â4 interfaces, respectively. This is supported
by the H-D exchange study, which showed that most of
the slowly exchanging amide protons belong to the helix and
to theâ-sheet, and therefore highlights the stability of these
two structural elements which, whatever the conformer,
constitute the hydrophobic core of the ProS structure (see
below). Nevertheless, the large hydrogen bond network and
the hydrophobic core are not sufficient to maintain the
integrity of the 3D structure of ProS. Indeed, the DTT
treatment of ProS induced alterations in the1H NMR
spectrum, thus suggesting that the disulfide bonds are
essential to maintenance of the global fold of ProS (data not
shown).

For the structure of the all-trans conformer, on the basis
of the last hydrogen bond between theâ1 andâ2 strands
(D61 HN-S77 O), the L1 loop spans residues Q62-V76 and
includes five prolines (P63, P64, P70, P73, and P75). Its structure

FIGURE 4: Distribution of NOE-derived restraints, calculated structures, and rmsds per residue for the all-trans conformers of ProS. (A)
Number and distribution of the NOE-derived interproton distance restraints per residue as a function of the sequence. Intraresidue and
short-, medium-, and long-range distance restraints are displayed from light gray to black, respectively. (B) Stereoview of the backbone of
the global fold of a family of 15 ProS structures. The backbone atoms of residues 32-126 were used for the superimposition. Elements of
secondary structure are labeled on the structure prepared with Molscript (52). The locations of P88 and P119 residues are shown by arrows.
Disulfide bonds are shown in yellow. (C) Mean value for the rmsd per residue calculated for the backbone of the 15 best structures.
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consists of a large macrocycle which starts with a well-
defined bulge (P63-A66) identified by NOEs between the Y34

aromatic ring and the P63, A66, and D67 side chains. P70 is
located in the middle of the L1 loop, whereas P73 and P75

belong to the C-terminal part of the loop. Four of these five
prolines are solvent-exposed, whereas P63 is relatively buried.

Similarly, the last hydrogen bond between theâ3 andâ4
strands (T110 HN-D121 O) delimits the L2 loop, which spans
residues V111-D121 and consequently includes the D118-P119

amide bond that is able to adopt the cis and trans conforma-
tions. This loop consists of a large macrocycle whose
structure was defined by several NOEs involving residues
T112-Q115, T112-P119, and T112-D118. In addition, NOEs
between residues of the L2 loop with those of the helix
(D114-A31, V111-Y34, and L113-A37) and with those of the
â2 strand (L113-K74, L113-P70, T112-P73, and T110-P75) were
essential to positioning the L2 loop with regard to the helix
and the L1 loop, respectively. Unlike theâ-strands which
lie approximately in the same plane to give rise to the
â-sheet, the L1 and L2 loops are located in two different
planes. NOEs involving the L113 side chain were particularly
useful in defining the L1-L2 interface. The L2 loop was
found to overlap with the middle of the helix, whereas the
L1 loop is close to the N-terminus of the helix.

The ProS hydrophobic core consists of the interface
between the helix and the concave side of theâ-sheet. It
involves Y34, V38, L39, V42, and L45 side chains of the helix
and L54, Y55, L57, L60, P63, A66, V76, F78, V80, C107, V111, L113,
L120, I122, and C124 side chains of theâ-sheet.

The chemical shifts of E82 HR (2.79 and 2.72 ppm) and
C107 Hââ′ (1.84 and 1.02 ppm) showed two unusual values
since they are particularly upfield shifted. The structure
shows that the E82 HR experiences the shielding area of the
Y55 aromatic cycle since it is located 3.5 Å from the cycle.
With regard to the C107 ââ′ protons, they are located in the

shielding area of the F78 ring with a mean distance of 3.0 Å.
In contrast, the1H and15N chemical shifts of the N46 amide
side chain are downfield shifted (8.56-8.29 and 116.7-
116.4 ppm, respectively). Indeed, the structure shows that
the N46 side chain is buried in a hydrophobic cluster (V42,
L45, L54, Y55, L57, and P93) and involved in two hydrogen
bonds with the Y55 backbone, thus explaining the observed
downfield shift.

The resonances of the hydroxyl protons of threonine are
rarely observed due to their exchange with water. Interest-
ingly, that of T83 was observed at 4.58 and 4.60 ppm,
suggesting that it is particularly buried and/or involved in a
hydrogen bond. The structure shows that it is both surrounded
by hydrophobic residues (L54, Y55, R56, V84, P93, C85, C96,
and F98) and involved in a hydrogen bond with the oxygen
atom of the L54 residue (T83 Oγ-L54 O distance of 2.9 Å)
and is therefore in slow exchange with the solvent.

Structure Alterations Induced by the Isomerization of R87-
P88 and D118-P119 Amide Bonds.Whatever the conformer,
it appeared that the chemical shifts of some residues were
not affected by the isomerization of the D118-P119 and R87-
P88 amide bonds and displayed a unique resonance. This was
the case for L58 and E100, located at the surface of the
molecule. In contrast, chemical shifts of some residues were
strongly affected by the isomerization of the two amide
bonds. For example, around the P88 residue (HR at 4.54 and
4.68 ppm), the chemical shifts of R87 (HN at 9.27 ppm, HR
at 3.96 and 8.05 ppm, and HR at 4.42 ppm) and T89 (HN at
7.55 ppm, HR at 4.10 and 8.48 ppm, and HR at 4.57 ppm)
residues are very different (Figure 1). These chemical shifts
are mainly representative of the trans and cis conformers of
the R87-P88 amide bond, respectively. A similar observation
was made for the P119 amide bond, where the main chemical
shifts differences were measured for D118 (HN at 8.09 ppm,
HR at 4.80 and 8.13 ppm, and HR at 4.76 ppm), P119 (HR at

FIGURE 5: Comparison of the chemical shift of the cis and trans conformers as well as of the structures of the all-trans and all-cis conformers
of ProS. (A) Chemical shift differences of amide resonances between the cis and trans conformers due to the isomerization of the R87-P88

(black line) and D118-P119 (blue line) amide bonds, respectively. For proline residues, the chemical shift differences measured for theδ
proton were used. (B) Mean rmsd values per residue (backbone atoms) obtained with a three-residue smoothing window all along the
sequence. (C and D) Superimposition of the backbone of the cis (purple) and trans (green) conformers (C) around the R87-P88 amide bond
and (D) around the D118-P119 amide bond. Disulfide bonds are shown in yellow.
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4.45 and 4.85 ppm), L120 (HN at 8.40 ppm, HR at 4.34 and
8.62 ppm, and HR at 4.24 ppm), D121 (HN at 8.79 ppm, HR
at 4.83 and 9.06 ppm, and HR at 4.90 ppm), and I122 (HN at
7.57 ppm, HR at 4.72 and 7.10 ppm, and HR at 4.77 ppm)
residues. These chemical shifts are mainly representative of
the trans and cis conformers of the D118-P119 amide bond.
Residues R40-Y55 and R87-E94 are roughly located between
the R87-P88 and D118-P119 amide bonds. Therefore, they
experience conformational alterations from the two amide
bonds, leading to four chemical shifts representative of the
four different environments in the four conformers. The four
cross-peaks are clearly observed for the R40-R56 sequence,
indicating that this sequence experiences the cis-trans
isomerization of the R87-P88 and D118-P119 amide bonds.

Comparison of the all-trans and all-cis conformers of ProS
showed that the main structural changes are located in the
vicinity of the two R87-P88 and D118-P119 amide bonds and
that they do not involve the global fold. An rmsd of 0.616
Å was measured for the superimposition of the 72 residues
of the core (33-85, 96-110, and 122-125). As shown in
Figure 5, the main conformational changes are localized in
the L2 loop (rmsd of 1.47 Å for the superimposition of
residues 107-124). Indeed, the cis-trans alterations are
extended all along the L2 loop (V111-D121). The L120 δCH3-
R40 HR NOE which is strong and weak for the cis and trans
conformers, respectively, and the NOEs between T112 and
K117 side chains, only observed for the all-cis conformer,
characterize some of the structural alterations of the L2 loop
due to isomerization of the D118-P119 amide bond (Figure
5). In the case of the R87-P88 amide bond, which belongs to
a â-turn structure, the induced conformational changes are
more localized than they are for the D118-P119 amide bond
and in the appending domain (rmsd of 1.19 Å for the
superimposition of residues 86-96). Nevertheless, the
isomerization of the R87-P88 and D118-P119 amide bonds
induced some minor alterations detected by the analysis of

chemical shifts for R40-Y55 and A37-E46, respectively. They
could result from a small displacement of theâ-sheet
structure with regard to the helix upon isomerization of the
two amide bonds.

Comparison of the Solution and Crystalline Structures of
ProS.ProS was crystallized under acidic conditions (pH 3.8),
and two types of crystals were obtained: one type with the
monomeric form, for which the electronic density for the
L1 and L2 loops was not observed, and another type in which
the domain-swapped dimer was observed (23).

In solution at pH 6.2, on the basis of the line width, ProS
was assumed to be monomeric. Moreover, critical NOEs
involving the Y34 aromatic ring and P63 and A66 side chains
are inconsistent with the domain-swapped dimer as deter-
mined in the crystal (23). Indeed, these distances are∼6-7
and∼10-11 Å. Nevertheless, it should be noticed that if
the ProS sample is stable around neutral pH for 3-4 months,
under acidic conditions, broad signals suggesting dimeriza-
tion were observed.

Interestingly, the solution structure allowed us to determine
the structures of the L1 and L2 loops, which were not defined
in the X-ray structure of the monomer. Therefore, the
structure of the D118-P119 amide bond, which belongs to the
L2 loop, was not observed. In contrast, the well-defined
electronic density of the R87-P88 amide bond characterized
its trans conformation in the crystal structure. Therefore, the
all-trans conformers and the crystal structures could be
compared.

The superimposition of the all-trans and X-ray structures
is displayed in Figure 6. The global fold of the two structures
is very similar with an rmsd value of 0.938 Å for the
superimposition of backbone atoms of residues 34-61, 72-
85, 101-113, and 121-124 (59 residues), excluding the
appending domain, and of 1.181 Å for the superimposition
of residues 34-61, 72-113, and 121-124 (74 residues),
including the appending domain. An rmsd of 1.002 Å was

FIGURE 6: Comparison of the backbone structure of ProS in solution (all-trans conformer in red) and in the crystal (1kwi). Disulfide bonds
are displayed as dashed lines. (A) Stereoview showing the global fold of ProS. The appending domain was excluded from the superimposition,
which used 59 residues (rmsd of 0.938 Å). The locations of some residues are indicated. (B) Superimposition of the appending domain
(residues 81-103, rmsd of 1.002 Å), showing the location of the proline residues.
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measured for the superimposition of residues 81-103 (23
residues), corresponding to the appending domain. These
rmsd values indicate that the solution and the X-ray structure
of the ProS monomer are very similar.

Can the ProS Structure Explain the pH-Mediated Con-
formational Changes PreViously ObserVed?To explain the
pH-mediated conformational changes, observed in the pH
range for the ionization of carboxyl groups, the location of
acidic residues in the close environment of the R87-P88 and
D118-P119 amide bonds was examined. The E47 side chain
is located in the vicinity of the R87-P88 amide bond, whereas
the D43 side chain is farther away. In contrast, the E51 side
chain is oriented in the opposite direction. The D118 and D121

side chains are located in the close environment of the D118-
P119 amide bond. Nevertheless, it is difficult to conclude that
for these two amide bonds the ionization change of their
closest acidic side chains is the only explanation for the
conformational change or to suggest a mechanism responsible
for this. Furthermore, although more distant, some other
acidic side chains are possibly involved in salt bridges that
are thought to contribute to the stability of the structure
(D118-R40, E51-K105, E47-R87, and to a lesser extent E82-
R103 and E94-R56). We therefore cannot exclude their indirect
contribution in the equilibrium among the four conformers.
To address this point, the mutation of either P88, P119, or both
could be an interesting approach.

Comparison of the ProS Structure with That of the Chicken
Cystatin. The structure of the chicken cystatin was first
established by X-ray (38) and then by NMR (39, 40). Its
fold is basically characterized by a helix cradled by a five-
strandedâ-sheet and is the typical representative of the
cystatin fold family. The cystatin family fold, which belongs
to the cystatin/monellin superfamily (http://scop.mrc-
lmb.cam.ac.uk/scop/data/scop.b.e.ca.b.html), contains phy-
tocystatin (oryzacystatin-I, PDB entry 1eqk) (45), chicken
cystatin (PDB entry 1cew) (38-40), cystatin A (stefin A,

PDB entries 1dvc and 1dvd) (46), cystatin B (stefin B, PDB
entry 1stf) (47), and cystatin C (PDB entry 1g96) (48). These
structures which share the same fold differ in the presence
of the appending domain as well as in the presence of two
disulfide bonds (40, 48).

The all-trans ProS structure was compared to both the
solution and X-ray structures of chicken cystatin (Figure 7).
Whatever chicken cystatin structure was considered, it
appeared that ProS and the chicken cystatin structures share
a similar global fold. An rmsd of 1.014 Å (1cew) was
measured for the superimposition of the backbone atoms of
44 residues (15 residues in the helix and 29 in theâ-sheet),
excluding the appending domain. In contrast, for a similar
superimposition with its solution structure (1a67) a higher
value (2.573 Å) was measured. Nevertheless, as shown in
Figure 7, the cystatin and ProS structures differ significantly
both in their L1 and L2 loops and in their appending domain
structures.

The â-strands are longer in cystatin, resulting in a more
extendedâ-sheet structure stabilized by a regular network
of 30 hydrogen bonds, as opposed to 19 for ProS. Conse-
quently, theâ2 and â3 strands are more tightly linked
together in the cystatin structure than they are in ProS, and
the L1 and L2 loops are very short in chicken cystatin.

This difference in theâ-sheet structure can be easily
explained by a sequence analysis. The high content of proline
residues (P63, P64, P70, P73, P75, and P119) of ProS significantly
decreases the number of interstrand hydrogen bonds when
compared to that of the chicken cystatinâ-sheet which
contains only one proline residue (P103), located in the L2
loop. The lack of hydrogen bonding in ProS results in larger
loops at the expense of theâ-sheet structure.

The ProS and chicken cystatin appending domains were
also compared. They are approximately similar in size and
contain two cysteines involved in a disulfide bond generating
macrocycles of 12 and 11 residues, respectively. It appears

FIGURE 7: Stereoview of the superimposition of ProS (the all-trans conformer) and the chicken cystatin (1cew) structures displayed in red
and black, respectively. For the global fold superimposition, 44 residues (rmsd of 1.014 Å) were used. The superimposition shows the
similar fold and theâ-sheet differences. The appending domain structures of ProS and cystatin are significantly different. Notice the similar
location of the disulfide bonds displayed as dashed lines in the two structures. Proline residues of the ProS structure are labeled.
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that the appending domain of ProS is closer to the helix than
that of the chicken cystatin structures (1cew and 1a67). The
appending domain superimposition shows that they roughly
have a similar global fold, although the 1cew appending
domain displays a higher helical content, possibly due to
the crystal packing (40). However, their detailed structures
are significantly different, with rmsds of 3.954 (1cew) and
3.983 Å (1a67) for the backbone superimposition focused
around the disulfide bridge (K81-P86 and L95-R103 for ProS
with G67-P72 and S80-E88 for cystatin) since their loops have
different sizes. Their macrocycle sequences are unrelated
since they only share the two cysteines and a proline residue
(P87 in ProS and P72 in the chicken cystatin). The sequence
of the appending domain of ProS is also characterized by a
high proline content (P86, P87, P92, and P93) compared with
only one (P72) in cystatin.

Despite a low level of sequence identity between it and
cystatins (<20%), the ProS structure shares the cystatin fold
(Figure 1). Moreover, like the chicken cystatin, ProS displays
an equivalent appending domain as well as two equivalent
disulfide bonds similarly located. In contrast, the N-terminal
â-strand is lacking. From this comparison, it is clear that
the ProS structure, and therefore the cathelin-like domain
structures, belongs to the cystatin fold family. Moreover,
although the biological role of the cathelin-like domain has
not yet been clearly identified, it appears that the cystatin
fold is able to host diverse biological functions from protease
inhibition (cystatins) to sweetness (brazzein, a sweet protein)
and here to a possible involvement in the processing of
antibacterial peptides in mammals. This suggests that the
cystatin fold could be a common ancestral scaffold which
acquired various biological functions during evolution.

CONCLUSION

The solution structure of ProS, in which two amide bonds
are able to adopt the cis and trans conformations, has been
determined by double-isotope labeling (15N and 13C) and
heteronuclear NMR at pH 6.2. To our knowledge, this is
the first example of protein for which all four conformers
have been assigned. The solution structures of the all-trans
and all-cis conformers of ProS were determined. The
structure of the cathelin-like domain of protegrins was found
to display the cystatin fold despite a low level of sequence
similarity. This structural study complements previously
published solution (24) and X-ray studies (23) and allowed
us to characterize the four conformers for the monomeric
form of ProS. In contrast, the crystal structure revealed the
ability of the ProS structure to give rise to a domain-swapped
dimer which appears to be a feature of the cystatins (48-
50). However, it seems that if such swapped dimers are
physiologically relevant for some proteins, this is not the
case for others (51).

The determination of the ProS structure is a first step in
the study of the processing of antibacterial peptides in
mammals. It is interesting to note that the P88 and P119

residues are only found in pig precursors of antimicrobial
peptides, whatever their structure (â-sheet or helical).
Consequently, it is difficult to establish a relevant relationship
between the structure of the antimicrobial peptide and the
role, if any, of the cis-trans isomerization in their maturation
process. To gain insights into the interactions between the

protegrin-3 and its cathelin-like domain, a structural study
of the holoprotein is in progress to validate the previously
proposed model (23). This structure of this model which
displays an accessible elastase cleavage site consists of a
two-stranded extension of the ProSâ-sheet by the protegrin.
Such a structure could help in the understanding of the
processing of cathelicidin antimicrobial peptides that are
essential host-defense molecules of innate immunity in
mammals. Moreover, some aspects of this structural study
could be useful in the design of new antibacterial peptides
of therapeutic interest.
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