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ABSTRACT: Debio 025 is a cyclosporin A (CsA) analogue that interferes strongly with the hepatitis C viral life
cycle. Compared to CsA, Debio 025 has an additional methyl group at position 3 of the cyclic undecapeptide
and an N-ethylvaline instead of an N-methylleucine at position 4. Unlike CsA, Debio 025 lacks immuno-
suppressive activity in vitro and in vivo. We show here that, in vitro, the cyclophilin A (CypA)-Debio 025
complex cannot interact any longer with calcineurin (CaN), a determinant for the immunosuppressive activity
of CsA. We further use NMR spectroscopy to investigate at the molecular level the interaction of Debio 025
with CypA and thereby understand the basis for this loss of CaN interaction. NMR data and molecular
modeling indicate that Debio 025 optimally interacts with CypA, which underlies the anti-HCV properties of
Debio 025. However, the interaction between CaN and the CypA-Debio 025 complex is impeded by sterical
hindrance of the CaN with the side chain of its Val4 residue. This is in sharp contrast with the case for the
CypA-CsA-CaN ternary complex, where the Leu4 side chain can enter a hydrophobic cavity at the CaN
interface. The structure of the CypA-Debio 025 complex thus provides a rational explanation for the non-
immunosuppressive character of Debio 025.

Cyclosporin A (CsA), an 11-amino acid cyclic peptide pro-
duced by the fungus Tolypocladium inflatum Gams, is clinically
used as an immunosuppressor to prevent graft rejection in organ
transplantation. Several classes of drug-targeted cyclophilin (Cyp)
prolyl cis/trans isomerases (1, 2) have been described, including
the cytoplasmic and nuclear CypA and the secreted and intra-
endoplasmic reticulum-locatedCypB (3, 4). Cyclophilins catalyze
in vitro the cis/trans conversion of the peptide bondN-terminal to
the prolyl residue (5). CsA inhibits this activity through overlap
of its binding site with the catalytic pocket. Immunosuppression,
however, is not linked to this inhibitory function.Rather, the novel
molecular surface resulting from the tight CypA-CsA interac-
tion allows the complex to inhibit the calmodulin-dependent
(calcium-activated) protein phosphatase calcineurin (CaN) requi-
red for T-cell activation (6, 7). Neither Cyp nor CsA alone can
inhibit this phosphatase or its downstream pathway.

Beyond immunosuppression, CsA also inhibits human immu-
nodeficiency virus type 1 (HIV-1) replication in human cells by
targeting the endogenous Cyp of the infected cell (8, 9). At an
early step in the viral life cycle, prior to reverse transcription,CypA
indeed interacts with the HIV-1 CA domain of the Gag poly-
protein, thereby enhancing the viral infectivity in humans (8, 10).
More recently, the CypA-CA interaction was shown to alter the
recognition of the virus by host restriction factors (11, 12). Drugs

such as CsA that disrupt the CypA-Gag interaction can inhibit
the replication of HIV-1 in tissue culture (13).

In addition, CsA inhibits the in vitro replication of hepatitis
C virus (HCV) in HCV replicons (14) and human hepatocytes
infected with HCV (15, 16), with the endogenous Cyp as a mole-
cular target (17). Conflicting results with respect to which Cyp is
essential for HCV replication exist as CsA inhibits Cyp proteins
in the nanomolar range (18). A decreased level of active CypB,
but not CypA, was initially shown to inhibit the accumulation of
HCV RNA in the HCV replicons (19). However, the essential
role of CypA for HCV replication was subsequently demonstra-
ted (17, 20-25), and cyclosporine resistance development in vitro
has also been linked to this cyclophilin (20, 21).

Because the HCV replicons do not encode structural proteins
of the virus (14), a parallel mechanism for Cyp in HIV and HCV
infectivity can be eliminated. A direct binding of Cyp to the non-
structural protein 5B (NS5B) was proposed as the molecular
mechanism underlying both CypB (19, 26, 27) and CypA (20, 23)
function. A direct interaction between CypA andNS5A (28) and
the analysis of CsA resistance mutations (21, 24, 27, 29) both
indicate that NS5A, involved in a poorly understood manner in
viral replication and particle production, may also be targeted by
CypA. CypA could also functionally interact with additional
viral proteins, presumably NS2, which is involved in polyprotein
processing (30). The roles of CypA in HCV replication and virus
production might thus be multiple and await further elucidation.

HCV causes serious liver diseases, treated currently with a com-
bination of the antiviral ribavirin andpegylated interferon (31, 32).
This therapeutic protocol has proven to be effective only in a frac-
tion of patients, hence the necessity of new treatments. Initiated
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by the discovery of its antiviral activities, new drugs based on the
CsA peptide structure have been under investigation (33-36).
Debio 025 is such a CsA analogue, which differs from CsA
with the replacement of the nonnatural amino acid sarcosine at
position 3 with D-Ala and at position 4 with the replacement of
N-methylleucine with N-ethylvaline (37).

A promising antiviral drug candidate, Debio 025 has superior
antiviral activity compared to that of CsA in inhibition experi-
ments based on HCV replicons (38, 39). Debio 025 is indeed able
to clear hepatocyte cells from their replicons, while CsA is unable
to do so at comparable concentrations. Debio 025 is also tole-
rated better than CsA in virus-infected chimeric mice, with good
antiviral activity in this in vivo model when used in combination
with pegylated interferon (40). The Debio 025 anti-HCV effect
has been confirmed in patient studies, alone in patients co-
infected with HCV and HIV (41), or in combination with PEG
interferon (42) and has now progressed to phase 2b studies.

Most importantly, Debio 025 was shown to have significantly
decreased or no immunosuppressive activity compared to that of
CsA, indicating that its antiviral activity is independent of its
immunosuppressive activity. Debio 025 exhibited a much lower
activity than CsA in an NFAT-dependent IL-2 reporter gene
assay and in a murine mixed lymphocyte reaction (43). Unlike
CsA, Debio 025 did not inhibit calcineurin-dependent transloca-
tion of GFP-NFAT to the nucleus in Jurkat T cells, nor does it
prevent activation of restingmouse T lymphocytes (44). In the rat
KLHmodel, treatment withDebio 025 at 10, 25, or 50 mg/kg for
4 weeks did not have an effect on the IgM response or influence
the relative amounts of lymphocyte subpopulations, whereas
10 mg of CsA/kg significantly reduced anti-KLH IgM levels as
well as T-lymphocyte and cytotoxic T-cell populations (43).

Whereas this suggests that the CypA-Debio 025 complex has
less affinity for CaN than the CypA-CsA complex, formal proof
of this has been lacking. Using size exclusion chromatography,
we first investigate the formation of the ternary complex of the
CypA-Debio 025 or CypA-CsA complex with CaN. Although
CypA and Debio 025 form a complex with nanomolar affinity,
the resulting binary complex is unable to assemble into a ternary
complex with CaN, in agreement with its lack of immunosup-
pression activity. This is in stark contrast with the CypA-CsA
complex that forms a stable ternary complex with CaN. Because
understanding the non-immunosuppressive character of CsA
analogues such as Debio 025 is a conditio sine qua non for their
clinical use as antivirals and might eventually lead to the deve-
lopment of even better antivirals, we set out to study the struc-
tural aspects of Debio 025 when it interacts with human CypA.
On the basis of experimental data for both the ligand and the
protein in the complex and the existing crystallographic structure
of the CypA-CsA complex (45), Debio 025 was found to occupy
the active site of CypA in a manner closely resembling that of
CsA. Molecular modeling starting with our NMR-derived CypA-
Debio 025 structure and the X-ray structure of the CypA-
CsA-CaN complex [ProteinData Bank (PDB) entry 1M63 (46)]
allows us to explain at the molecular level the non-immuno-
suppressive character of the Debio 025 molecule. Whereas the
CaN hydrophobic pocket is optimally occupied by the Leu4
side chain in the complex with the CypA-CsA binary complex,
the Val4 side chain of Debio 025 cannot enter this pocket
and thereby impedes the formation of a stable ternary complex.
We thus conclude that the non-immunosuppressive character
of Debio 025 stems from an impaired interaction of the CypA-
Debio 025 complex with CaN because of the replacement of

the N-methylleucine at position 4 of CsA with N-ethylvaline in
Debio 025.

METHODS

Preparation of Isotope-Labeled Recombinant CypA
Protein. The CypA cDNA was inserted in the pET15b vector
that contained an efficient T7lac promoter driving the expression
of CypA fused to an N-terminal His tag in Escherichia coli strain
BL21(DE3)star. Induction was achieved via addition of 0.4 mM
isopropyl β-D-thiogalactopyranoside (IPTG). For stable isotope
labeling, the bacteria were grown in minimal medium (M9) with
15NH4Cl as the sole nitrogen source and/or [13C]glucose as the
carbon source. [15N,2H]CypA production was more difficult as
bacteria had to be grown in deuterium and the glucose was also
deuterated (glucose-d7, Isotech). We used a modified version of
M9medium, supplementedwith 10%rich labeledmedium (Isogro,
Isotech). To minimize the addition of water to the culture, the
inoculumwas directly collected from an agarose plate and diluted
in the culture, yielding an A600 of 0.04. Bacteria were grown for
∼24 h to reach a sufficient density before induction by IPTG.The
culture was then pursued for 16 h at 20 �Cbefore being harvested.
Harvested bacteria were suspended in 50 mMNaPi (pH 7.8) and
300 mM NaCl (buffer A) with 10 mM imidazole supplemented
with protease inhibitors without EDTA (Roche) and 0.5%
Triton X-100 and lysed via sonication after addition of lysozyme
and DNase. The protein was then loaded on a nickel-NTA resin
(HiTrap 1 or 5 mL column, GE Healthcare). Washing was
conducted with buffer A with 50 mM imidazole and elution with
a gradient from 50 to 250 mM imidazole. Concentrations of
imidazole in extraction buffer and in washing buffer were opti-
mized to yield a protein with good homogeneity in this single
purification step (>95% pure). The protein was stored at 4 �C
following buffer exchange against NMR buffer [50 mM NaPi

(pH 6.3), 20 mM NaCl, 1 mM DTT, and 2 mM EDTA] and
concentrated using centrifugal concentrators (Vivaspin, cutoff of
10 kDa) to 8mg/mL.CypA (20-40mg)was obtained from1Lof
E. coli culture, depending of the labeling scheme, after purifica-
tion from the bacterial extract.
NMRSamples of CypAComplexes.Debio 025 (D-MeAla3-

N-EthVal4-cyclosporin) andCsAwere obtained fromDebioPharm
S.A. Two analogues of CsA, chemically modified at the nitrogen
of residue 4 with a methyl (MeVal4Cs) or an ethyl (EthVal4Cs)
and without modification of residue 3, were kindly provided by
Dr. Wenger (Wenger Chemtech, Riehen, Switzerland). To pre-
pare CypA-ligand complexes, the ligand was directly added as
powder to the protein solution because CsA and its analogues are
poorly soluble in water. The mixture was kept at room tempera-
ture for 2 h on a rotating wheel before measurements were taken.
The excess solid ligand was removed by centrifugation.
Size Exclusion Chromatography of CypA-CsA and

CypA-Debio 025 Complexes and Calcineurin. Lyophilized
calcineurin (subunits A and B) was dissolved in 50 mMTris-HCl
(pH 7.4), 100 mMNaCl, and 0.2 mMEDTA, and the remaining
precipitate was removed by centrifugation. On the basis of UV
measurements at 280 nm, the CaN protein concentration was
estimated by UV (280 nm) to be 39 μM and the CypA, CypA-
CsA, and CypA-Debio 025 samples were adjusted to 200 μM.
CypA, CypA-CsA, and CypA-Debio 025 samples were mixed
with calcineurin in a 1:5 ratio (6 μM to 29 μM) before being
analyzed by size exclusion chromatography on a Superdex 200
HR10/30 column (GEHealthcare). Analysis of various fractions
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by SDS-PAGE and Coomassie staining was performed after
TCA precipitation of the proteins.
NMR Spectroscopy. All spectra were recorded on a Bruker

Avance 800 MHz spectrometer with a standard triple-resonance
probe head, at 293 K. The spectra were processed with Bruker
TOPSPIN. The CypA-Debio 025 complex backbone assign-
ment was performed by the classical strategy of three-dimensional
(3D) triple-resonance NMR spectra on a 340 μMdoubly labeled
[15N,13C]CypA sample at 298 K. The chemical shifts of atoms of
the free CypA backbone were obtained fromK.Wutrich (Zurich,
Switzerland) (47), and those of the CypA-CsA complex were
retrieved from the BioMagResBank (entry 2208) (48). In both
cases, chemical shift data were corrected for our experimental
conditions through the recording and analysis of 3D HNCACB
and HNCO experiments.

A two-dimensional (2D) NOESY spectrum (200 ms mixing
time) was used to assign signals and to obtain conformational
constraints of the boundDebio 025 in the [15N,2H]CypA-Debio
025 complex in D2O phosphate buffer. The NOE-derived dis-
tances listed in Table S2 of the Supporting Information were
obtained by normalization of the NOE peak integrals against
integrals of intraresidual NOE peaks arising from identical
chemical groups (for example, an ethyl group to a methyl group)
separated by known distances. 2D natural abundance 1H-13C
HMQC spectra of bound CsA and Debio 025 were recorded in
D2O phosphate buffer (49). On samples in aqueous buffer, we
additionally recorded a 3D NOESY-HSQC spectrum of the
[15N,2H]CypA-Debio 025 complex or CsA with a mixing time
of 400 ms (49). The 2D 1H-15N HSQC spectra of the protein in
the presence of ligandswere recorded on [15N]CypA inphosphate
buffer to map the binding site of CsA, Debio 025, and addition-
ally MeVal4Cs and EthVal4Cs.
Molecular Structures. To obtain starting coordinates of the

Debio 025 ligand, CsA bound to CypA [PDB entry 1CWA (45)]
was taken to be the template. Chemical groups of residues 3 and
4 in the peptide ring were manually modified using the Pymol
builder (The PyMOL Molecular Graphics System, DeLano
Scientific, San Carlos, CA). All nine possible rotamers were
considered for residue 4 (three dihedral χ1 angles, three dihedral
COi-1-N/NC1-NC2 angles) before the energy minimization
step performed with the DISCOVER module of Insight. After
selection of the Debio 025 rotamer compatible with the observed
NOEs, the structure of the complexwas obtained via replacement
of the CsA ligand in theCsA-CypA complex (PDB entry 1CWA)
by superposition of the backbone of residues 7-10 of CsA with
those of the minimized Debio 025. The experimental NMR data
were then used to define the part of the molecules that were
allowed to evolve during the energyminimization of the complex,
residues 52-56, 63-76, and 101-112 for CypA and residues
6-11 for Debio 025. As a control for the procedure, the same
protocol was followed to regenerate a minimized CsA-CypA
complex. Further parameters for both minimizations (ligand
alone and complex) were derived from the CVFF force field after
charge assignment by ESFF. The dielectric constant was fixed at
a value of 4.0, and 1000 conjugate gradient steps were performed.
Pymol was used for graphical inspection ofmodeled proteins and
ligands and to generate the various figures. A homologymodel of
the CypA-Debio 025-CaN complex was obtained via replace-
ment of the CypA-CsA complex in the 3D structure the
CypA-CsA-CaN complex (46) with the CypA-Debio 025
complex structure obtained as described above, by superposition
of the CR atoms of residues 1, 2, and 8-11 of the ligands.

RESULTS AND DISCUSSION

Interaction of CypA-CsA and CypA-Debio 025 Com-
plexes with CaN. Debio 025 has lost its immunosuppressive
character (43), resulting from the nonactivation of the NFAT
pathway and thus most probably from a weakened interaction
of the Debio025-CypA complex by CaN. To examine this
hypothesis, the ability of CypA to interact with CaN (PP2B)
was assessed in the presence of CsA orDebio 025 using size exclu-
sion chromatography to detect formation of the ternary complex.
Analysis of the isolated molecular components showed that CaN
is partially present in a multimeric or aggregated form (peaks 1
and 2 in Figure 1), but the peak expected at the elution volume
corresponding to CaN’s molecular mass (∼78 kDa) is well
observed (peak 3 in Figure 1). When the CypA-CsA complex
was mixed with CaN (Figure 1, orange curve), a shift and an
increased intensity are observed for the monomeric CaN peak
(peak 3; compare the blue and orange curves inFigure 1), while in
parallel, the intensity of peak 4 corresponding to the binary
CypA-CsA complex was reduced (peak 4; compare the black
and orange curves in Figure 1). These changes indicate a mole-
cular interaction between the CypA-CsA complex and CaN. To
confirm the formation of the CypA-CsA-CaN ternary com-
plex, samples of the various peaks were collected and analyzed by
SDS-PAGE (13%). In the presence of CsA, peak 3 indeed con-
tains CypA (inset in Figure 1A). Similar changes were not obser-
ved for the CypA-Debio 025 complexmixedwithCaN. Both the
elution peak of the CypA-Debio 025 complex and the peak
corresponding to the monomeric fraction of CaN do not change
when the three components are mixed together (in Figure 1, red

FIGURE 1: Superimposed chromatograms of the size exclusion ana-
lysis (Superdex 200) of (A) the CypA-CsA complex (black), CaN
(blue), and the CypA-CsA complex with CaN (orange) and (B) the
CypA-Debio 025 complex (green), CaN (blue), and the CypA-
Debio 025 complex with CaN (red). Elution was monitored at 215 nm.
The insets show the separation of the proteins collected as peak 3
(as annotated on the chromatogram) by SDS-PAGE followed by
Coomassie blue staining.



4682 Biochemistry, Vol. 49, No. 22, 2010 Landrieu et al.

curve vs blue and green curves). Moreover, no CypA could
be detected by SDS-PAGE in the CaN fraction (peak 3) of
the ternary mixture fraction. Our observation that the CypA-
Debio 025 complex does not form a ternary complex with CaN
that can be isolated by size exclusion chromatography, provides
a molecular basis for the non-immunosuppressive character of
Debio 025.
Conformation of Debio 025 in the Complex with CypA.

We next started a NMR study of the structure of Debio 025 in its
complex with CypA, in an effort to understand the structural
features that impair the interaction of the complexwithCaN. The
Debio 025 molecule differs from CsA in the presence of an addi-
tional methyl group on the CR atom of the amino acid at position
3 (Sar3 toN-MeDAla3) and the replacement of N-MeLeu4 with
N-EthVal4. Whereas earlier NMR studies used 13C-labeled CsA
isolated from the fermentation of the fungus in a 13C-labeled
medium (49, 50), the chemical steps used to produceDebio 025 (37)
made such an approachmore problematic. A [15N,2H]CypA pro-
tein deuterated at all its positions (51) was used as an alternative
toobserve the ligandmoleculewithoutaproteinbackground (51).
Following this latter strategy, proton spectra of Debio 025 in its
CypA-bound form were recorded without the interference of
protein signals, and homonuclear NOESY and TOCSY experi-
ments led to the full assignment of all Debio 025 resonances in the
complex (Table S1 of the Supporting Information). We found
excellent agreement with the published assignment of the CsA
molecule bound to CypA (48, 50). Comparison of the 1H-13C
HMQC spectra of both ligands in their bound conformation
confirms this conclusion and extends this near identity to the
carbon chemical shifts (Figure 2). Only a few deviations of the
chemical shifts are observed beyond the chemically modified
residues, such as the Hδ2 methyl protons of the MeLeu6 residue
or theHηmethyl protons of theMeβmt11 residue (Figure 2). The
observed chemical shift conservation between Debio 025 and
CsA in their complex with CypA is the first strong argument in
favor of the conservation of the global conformation and binding
mode for the two analogues.

The assignment of all the Debio 025 proton resonances was
used to identify the conformation-dependentNOE cross-peaks in
the [15N,2H]CypA-Debio 025 complex. Long-range cross-peaks
were observed between the N-methyl protons of MeLeu6 and
MeLeu11 of Debio 025, where both residues are located on
opposite sides of the ring in CsA (Figure 3 and Figure S1 of the

Supporting Information). Further key long-range NOEs previ-
ously described as defining the bound conformation of CsA (50)
were also observed in the CypA-Debio 025 spectrum (Figure S1).
NOE cross-peaks betweenMeLeu6HNCH3

andMeβmt1HNCH3
,

Meβmt1HNCH3
andMeLeu10HNCH3

, andMeLeu6HNCH3
and

MeLeu10HNCH3
underline the proximity ofN-methyl protons of

residues 1, 6, and 10 in Debio 025. Additional long-range NOEs
equally orient the side chain of residues 1, 5, and 10 toward the
center of the ring (50): Meβmt1 HNCH3

-Val5 Hγ, MeLeu6
HNCH3

-MeLeu10 Hδ, and Meβmt1 Hζ-N-EthVal4 Hβ. The
pattern of NOE contacts shows that Debio 025 adopts the
“open” conformation previously described for the CsA bound
to CypA (45, 48). We conclude that the overall structure of the
Debio 025 peptide ring in the CypA complex is very similar to
that of bound CsA. Accordingly, Debio 025 was manually con-
structed, starting from the CsA structure in the CypA complex
(PDB entry 1CWA) and energy minimized against the CVFF
force field.

The ethyl group introduced on the nitrogen at position 4 has
three possible rotamers, and the same is true for the valine 4 side
chain. The nine possible combinations were all generated indivi-
dually and allowed to evolve in the force field. From the nine pos-
sibilities, only four different rotamer combinations were stable
during the energy minimization process, with calculated energies
within 5 kcal/mol of one another (Table S2 of the Supporting
Information).With these conformers, we re-examined the experi-
mental NMR spectra. The strong NOE cross-peaks connecting
HNCH2

of N-EthVal4 protons with the extremity of the lateral
chain of residueMeβmt1 (Hη, Hζ, and Hε protons) and with the
Hβ N-EthVal4 proton (Figure 3) all selected the single rotamer
characterized by a value of -88� for the N-ethyl angle [N-CR-
C1-C2 dihedral angle (Table S2)] and 73� for the Val4 side chain
χ1 torsion angle. The Hβ protons of N-EthVal4 also show no
NOE contact with the HR atom of residue 5 but strong NOE
contacts with the HR atom of residue 3, again in agreement with
this rotamer. Finally, in our energy-minimized structures, this
rotamer was also found at the lowest total energy (Table S2).
Experimental and modeling data hence all converge toward the
existence of a stable conformation of Debio 025 in its complex
withCypA,with a clear definition of the chemical groups that are
altered in comparison with CsA. Comparison of the CsA and
energy-minimized Debio 025 structures did reveal subtle effects
due to the introduction of an N-ethyl (rather than an N-methyl)
group at position 4. This modification indeed tends to separate

FIGURE 2: Annotated 1H-13CHMQCspectrumof theCypA-bound
Debio 025 (black) and CsA (red) molecules recorded in natural
abundance. The region showing the methyl resonances is annotated
(except MeLeu11 Hγ at -0.69 ppm). Specific resonances of Debio
025 are annotated in green and those of CsA in red. Resonances
corresponding to identical residues in both ligands are annotated in
black.

FIGURE 3: Model of the CsA (PDB entry 1CWA)molecule and com-
parisonwith the experimentalmodel of theDebio 025 rotamer (boxed).
Residues are represented as sticks, without hydrogen atoms, with
nitrogens colored blue, oxygens red, and carbons yellow for CsA
and green and pink for Debio 025. The chemical modifications in
the Debio 025 molecules are highlighted in pink.

1Abbreviations: Meβmt1, 4(R)-4-[(E)-2-butenyl]-4-N-methyl-L-threonine.
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the side chain of residue 4 farther from the D-Ala3 side chain
(Figures 3 and 7). The altered spatial proximity between the
N-ethyl Val4 protons and theMeLeu6 andMeβmt1 side chains is
underscored by the small but significant differences in chemical
shift values for those two latter residues in the CypA-bound CsA
versus Debio 025 spectra (Figure 2).
Molecular NMR Structure of CypA in Its Complex with

Debio 025. 15N-labeled and 15N- and 13C-labeled CypA samples
with the Debio 025 or CsA ligands were prepared, and the
resulting 1H-15NHSQC spectrawere used tomap those residues
that are in direct contact with the ligands. Nearly 50% of the
resonances exhibited a more or less pronounced chemical shift
difference upon addition of the ligand (Figure 4 and Figure S2 of
the Supporting Information). Such a global perturbation of the
chemical shift was already described for the interaction of the
FK506 binding protein (FKBP) PPIase with the immunosup-
pressor ascomycin (52) and might be due to the fact that the
ligand blocks theCypAenzyme in a particular conformation (53).
We therefore exploited the differential chemical shift changes
induced by CsA or Debio 025 binding to define the region(s) of
the protein that could sense either different chemical groups or
different conformations. Most of the [15N]CypA resonances shif-
ted identically upon CsA or Debio 025 binding, and only a limi-
ted number of resonances distinguish both ligands from the
protein perspective (Figure 4 and Figure S2).

Together with the absence of major chemical shift differences
for the common CsA andDebio 025 residues (Figure 2, Table S1
of the Supporting Information, and refs 48 and 50), the limited

differential CypA chemical shifts uponCsAorDebio 025 binding
confirm the absence of major global differences in the bound
conformation and position of CsA and Debio 025 in the CypA
binding pocket. The CypA-CsA complex crystal structure (PDB
entry 1CWA) hence is a good starting point for the construction
of a CypA-Debio 025 structure, using the differential chemical
shiftmapping to evaluate potential differences in both complexes.
The structure of the complex was obtained via replacement of the
CsA ligand in the CypA-CsA complex (PDB entry 1CWA) with
the minimized Debio 025 and superposition of the backbone of
residues 7-10. The experimental NMR data were then used to
define the parts of the molecules that were allowed to evolve
during the energy minimization of the complex, residues 52-56,
63-76, and 101-112 for CypA (Figure 4 and Figure S2 of the
Supporting Information) and residues 6-11 for Debio 025.
Debio 025 residues 7-10 were kept fixed on the basis of the
absence of chemical shift differences between both complexes
(Figure 2), whereby this constraint eliminated the need to fix the
translational and rotational degrees of freedomof the ligand with
respect to the protein surface.With a root-mean-square deviation
(rmsd) of 0.222 Å for all the CR atoms of CypA and of 0.468 Å
for the CR atoms of those residues of CypA that were allowed to
evolve during the minimization process, the resulting CypA-
Debio 025 structure indicates a small conformational modifica-
tion for the loops in the proximity of Debio 025 when compared
to the CypA-CsA complex.

To explore further the structural basis of the differential
chemical shift perturbations, we first recorded 3D NOESY-
HSQC spectra on a sample of [15N,2H]CypA in complex with
CsA or Debio 025 in aqueous buffer. Intermolecular NOEs were
identified between residues Meβmt1, Abu2, Me-D-Ala3 (Sar3),
MeLeu9, MeLeu10, and MeLeu11 of Debio 025 or CsA and
CypA. In both CypA-CsA and CypA-Debio 025 complexes,
identical intermolecular NOE patterns were observed for the
backbone amide HN protons of Asn102, Ala103, and Gly104
and protons from the ligand (Figure 5 and Figure S3 of the
Supporting Information). The HNε proton in side chains of
Trp121 and His126 equally displayed the same NOE patterns
(Figure S3). However, comparison of NOE contacts fromGly72
HN (Figure 4) in the CypA-CsA and CypA-Debio 025 com-
plexes showed contacts exclusively detected in the latter complex,
namely toward the Meβmt1 HNCH3

and Me-D-Ala3 HNCH3

protons, despite the presence of those chemical moieties in both
ligands. We can deduce from all these observations that the
relative orientations of the Ala101-Phe112 loop fromCypA and
of the ligand are identical, while the Thr68-Gly75 loop adopts a
different conformation in CypA-CsA and CypA-Debio 025
complexes. The side chain of N-EthVal4 sticks outward toward
the solvent, and we did not observe any intermolecular NOE
contacts with protein amide protons.

To pinpoint the exact nature of the chemical modification that
leads to the observed differential chemical shifts in CypA-CsA
and CypA-Debio 025 complexes, HSQC spectra were recorded
on samples of [15N]CypA and two analogues of CsA, chemically
modified on the nitrogen of residue 4 with a methyl (MeVal4Cs)
or an ethyl (EthVal4Cs, similar to Debio 025) but without
modification of residue 3. The spectra of CypA-CsA andCypA-
MeVal4Cs complexes were nearly identical, providing direct
proof that the chemical modification of the side chain of residue
4 in CsA (MeLeu4 toMeVal4) does not influence the interaction.
The HNCH2

ethyl group at position 4 led to chemical shift modi-
fications in the Cyp spectrum as compared to the spectrum of the

FIGURE 4: Mapping on the surface of theCypA-Debio 025 complex
of the differential chemical shift observed between the CypA-CsA
and CypA-Debio 025 complexes. The differences in chemical shift
perturbation upon addition of CsA or Debio 025 (Figure S3 of the
Supporting Information) are reported on the molecular surface of
CypA (A) and colored red (combined 15N and 1H shift Δppm
of >0.07), orange (Δppm of >0.03), or yellow (Δppm of >0.02).
The side chains of residues 3 and 4 ofDebio 025 are coloredmagenta.
(B) Detailed view of superimposed HSQC spectra corresponding to
CypA alone (black), the CypA-Debio 025 complex (blue), and the
CypA-CsA complex (red). Annotated resonances of CypA showed
the same chemical shift perturbation uponCsA orDebio 025 binding
(D27, G96, and G124), or a differential perturbation depending on
the ligand (G59, G72, G109, and T107).
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CypA-CsA complex but restricted to residues Asn102 and
Ala103 (Figure 6). In the final structure, this loop region with dif-
ferential chemical shift perturbations is in the vicinity of the addi-
tional N-ethyl group of N-EthVal4 [d(Ala103 Hβ-N-EthVal4
HNCH2

) = 2.9 Å]. From these data, we conclude that the
additional methyl group at position 3 is the sole contributor to
the differential chemical shifts observed inCypA loop 63-76 and
strand 52-56, and the main contributor in loop 101-112. Loop
63-76, characterized by the most important differential shifts
upon CsA or Debio 025 binding [and the largest rmsd between
CypA-CsA andCypA-Debio 025 complexes (rmsd=0.511 Å)],
faces directly the methyl group on residue 3 [d(Me-D-Ala3 Hβ-
Thr73HR)=2.2 Å] (Figure 3). Residue 3 inDebio 025, but not in
CsA, is sufficiently close to loop 63-76 to provide NOE contacts
(Figure 5) but is not at NOE distances from residues in strand
52-56 or loop 101-112. This can be explained if the shifts are
not merely due to the chemical modification but also arise from a
conformational modification and/or a change in dynamics due to
the introduction of the methyl group at position 3 of CsA.
HomologyModel of theCypA-Debio025-CaNComplex.

The absence of interaction of the cyclophilin-Debio 025 complex
with CaN explains that this CsA analogue has lost its immuno-
suppressive character (Figure 1). To determine a structural basis
for this experimental observation, we constructed a homology
model of the CypA-Debio 025-CaN complex by replacing the
CypA-CsA complex in the 3D structure of the CypA-CsA-
CaN ternary complex [PDB entry 1M63 (46)] with our structure
of the CypA-Debio 025 binary complex. When we focus on the
interface between Debio 025 and CaN, it is clear from our model
that theN-EthVal4 side chain ofDebio 025 cannot enter the CaN
hydrophobic pocket occupied by the N-MeLeu4 side chain of
CsA in the CypA-CsA-CaN complex (Figure 7). We indeed

detected a clear steric clash between bothmethyls and the Trp352
aromatic ring that constitutes one wall of this CaN pocket. It
should be pointed out that theN-MeLeu4 side chain adopts diffe-
rent orientations in the different Cyp-CsA complexes (Figure S4
of the Supporting Information), indicating a certain degree of
flexibility. Comparisons of 11 CsA analog structures with the
native CsA structure have accordingly shown that the largest
differences are seen between the side chain conformations of
residue MeLeu4 and Val5 (54). That flexibility seems absent in
Debio 025 as the steric clash we observe in our model indeed is
with the exact conformer of theVal4 side chain thatwe previously
identified on the basis of our combined energy calculations and
NOE pattern.

The N-ethyl group of Val4 also points toward the same CaN
pocket but does not seem to cause steric hindrance in our model.
However, we at present have no experimental evidence to assess
the role of the N-ethyl moiety in the precise positioning of the
Val4 side chain. Finally, the additional methyl group of residue 3
also points toward the CaN surface but does not interfere directly
with the interaction.

CONCLUSIONS

We have shown that Debio 025 adopts a conformation in its
complex with CypA that is very similar to that of CsA. The
homologymodel of the CypA-Debio 025 complex with theCaN
partner based on theCypA-CsA-CaN crystal structure and our
CypA-Debio 025 structure indicates that the N-EthVal4 side
chain ofDebio 025 is responsible for the absence of interaction of
the complex with CaN. This therefore constitutes the likely
mechanism for the non-immunosuppressive character of Debio
025. The position of the lateral chain of Debio 025 residue 4, not
only its chemical nature, does matter in this mechanism. The
design of new candidate molecules should thus take into account
the flexibility of the lateral chain of the residue pointing toward
CaN to maintain the non-immunosuppressive character.

FIGURE 5: Comparison of the strips from the 3D 1H-15N NOESY
spectra of [15N,2H]CypA in H2O of Ala103 HN (left) and Gly72 HN
(right), both residues located in loops showing differential chemical
shifts in the 1H-15N HSQC spectrum upon CsA (red) or Debio 025
(black) binding (Figure 4). NOE contacts are labeled.

FIGURE 6: Superimposition of enlarged zones of 1H-15N HSQC
spectra of [15N]CypA-CsA (red), [15N]CypA-Debio 025 (gray),
and [15N]CypA-EthVal4Cs (purple) complexes.

FIGURE 7: Model of the CypA-Debio 025-CaN ternary complex.
CsAandDebio 025 ligands are superimposed in the bindingpocketof
CypA. Only the residues of CaN (red) and of CypA (black) located
within 3 Å of any atomofDebio 025 (green andpink) orCsA (yellow)
are represented. Nitrogen atoms are colored blue and oxygens red.
The aromatic walls of the CaN hydrophobic pocket occupied in the
CypA-CsA-CaNcomplex by theLeu4 side chain are represented as
red sticks. The close contact of theN-EthVal4 side chain ofDebio 025
with the Trp352 side chain of CaN chain A is clearly visible.
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SUPPORTING INFORMATION AVAILABLE

Tables S1 and S2 andFigures S1-S4. Thismaterial is available
free of charge via the Internet at http://pubs.acs.org.
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