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Isotope-Edited NMR of Cyclosporin A Bound to
Cyclophilin: Evidence for a Trans 9,10 Amide Bond

S. W. Fesik,* R. T. GAMPE, Jr., T. F. HoLzmMAN, D. A. EGAN,
R. Epayj, J. R. Lury, R. SIMMER, R. HELFRICH, V. KISHORE,

D. H. Ricu

The binding of a '3C-labeled cyclosporin A (CsA) analog to cyclophilin (peptidyl
prolyl isomerase) was examined by means of isotope-edited nuclear magnetic reso-
nance (NMR) techniques. A trans 9,10 peptide bond was adopted when CsA was
bound to cyclophilin, in contrast to the cis 9,10 peptide bond found in the crystalline
and solution conformations of CsA. Furthermore, nuclear Overhauser effects (NOEs)
were observed between the {; and e; protons of the methylleucine (MeLeu) residue at
position 9 of CsA and tryptophan'?! (Trp'?') and phenylalanine (Phe) protons of
cyclophilin, suggesting that the MeLeu® residue of CsA interacts with cyclophilin.
These results illustrate the power of isotope-edited NMR techniques for rapidly
providing useful information about the conformations and active site environment of

inhibitors bound to their target enzymes.

YCLOSPORIN A (CsA) IS A CYCLIC

undecapeptide (Fig. 1) that is wide-

ly used as an immunosuppressive
agent in organ transplantation (7). Al-
though its precise mechanism of action is
unknown, the immunosuppressive activity
of CsA may be linked to its affinity for the
protein cyclophilin (molecular mass ~17.8
kD), because the binding to cyclophilin
appears to correlate with the relative immu-
nosuppressive activities of CsA analogs (2-
4). Recently, cyclophilin was shown (5, 6)
to have the same amino acid sequence as
peptidyl prolyl isomerase, an enzyme that
catalyzes the cis-trans isomerization of Xaa-
proline peptide bonds (where Xaa is any
amino acid). Cyclosporin A was found to be
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a potent inhibitor of this enzyme, suggest-
ing that some of the biological effects of CsA
(7) may be mediated by blocking the enzy-
matic activity of cyclophilin (8, 9).

In order to aid in the design of CsA
analogs with reduced toxicity and potential-
ly greater clinical utility, structural informa-
tion on the binding of CsA to cyclophilin is
desired. To date, however, only the confor-
mation of CsA by itself has been determined
in the crystalline state by x-ray crystallogra-
phy and in apolar solvents by NMR spec-
troscopy (10). In three different crystal
forms of CsA involving different intermolec-
ular contacts and in two different solvent
systems (10, 11), CsA was found to adopt an
antiparallel B-pleated sheet consisting of res-
idues 11 — 7 with a type-II" B-turn at resi-
dues 2 — 5. The remaining residues (8 to
10) form a loop defined by a cis peptide
bond between MeLeu residues 9 and 10.
The only differences in the crystal and solu-
tion conformations are in the orientation of
the 1-MeBmt [(4R)-N-methyl-4-butenyl-4-
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Fig. 1. Structure of cyclosporin A.

methylthreonine] and MeLeu'® side chains
(10). These experimentally determined
three-dimensional structures of CsA have
been used to predict the bioactive CsA
conformation with molecular mechanics cal-
culations (proposed to be similar to the
x-ray crystal structure) (12), to rationalize
structure-activity relations (3, 7, 12-15), to
design conformationally restricted CsA ana-
logs (16), and to interpret the binding spec-
ificity of antibodies (11).

In this report we describe NMR studies
on the binding of [**C]CsA to cyclophilin
that provide structural information about
the conformation and active-site environ-
ment of CsA when it is bound to this
enzyme. To simplify the complicated proton
NMR spectrum of the complex, we con-
ducted isotope-edited proton NMR experi-
ments (17, 18) with a CsA analog, [U-'3C-

-MeLeu®'°]CsA, in which the MeLeu
residues in the 9 and 10 positions were
uniformly labeled (>95%) with '3C (19).
As illustrated in this study, these techniques
(17, 18), along with recently developed
complementary methods (20) for assigning
the NMR resonances of the bound ligand,
are extremely useful for rapidly obtaining
detailed structural information on enzyme-
inhibitor complexes. :

An isotope-edited two-dimensional (2-D)
NOE spectrum of [U-'3C-MeLeu®'°]CsA
bound to recombinant human cyclophilin is
shown in Fig. 2 (21). In the w, dimension,
only those protons attached to the '3C-
labeled nuclei of CsA are detected. In the w,
dimension, NOE cross-peaks between these
“labeled” protons and other nearby protons
of CsA and cyclophilin are observed. The
proton NMR assignments of the [*3C]CsA
residues are given to the left of the spectrum.

These assignments were made from an anal- -

ysis of YH-13C correlation experiments. In
the heteronuclear multiple quantum correla-
tion (HMQC) spectrum (22), shown in Fig.
3A, the a- and methyl protons were readily
identified from their chemical shifts and
relative signal intensities, and the B- and
vy-signals of both MeLeu residues were dis-
tinguished by their different *3C chemical
shifts (23).
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The NMR signals that correspond to the
nuclei belonging to the same spin system
were identified by a recently developed
NMR experiment (20) in which '3C-'3C
isotropic mixing was followed by '*C-'H
magnetization transfer. Because of the large
magnitude of '3C-'*C and '3*C-'H one-
bond J couplings (YJoc =35 Hz and
YJcr = 125 Hz), coherence transfers can be
effected in a short period of time in this
experiment, allowing the scalar (through-
bond) coupled protons and carbons to be
identified even in large molecules with broad
NMR signals (20). Correlations were iden-
tified between the B, v, 3, and &’ carbons
and the 3 methyl protons for both the
MeLeu® and MeLeu'® spin systems (vertical
lines, 3), as shown in Fig. 3B. In addition,
C® C¥, C*-H" (Fig. 3B, v) and C?, C*-H*
(Fig. 3B, a) correlations were observed. The
NCH; protons and carbonyl carbons were
assigned from a heteronuclear multiple-

bond correlation-(HMBC) experiment (24)
in which the NCH; protons of MeLeu'?
and the carbonyl carbon of MeLeu® were
correlated. The '3C chemical shifts of the
MeLeu® (171.3 ppm) and MeLeu'® (173.2
ppm) carbonyls that were observed are typ-
ical for amidés (23) and are inconsistent
with a tetrahedral adduct (6) at this site.
We interpreted the isotope-edited NOE
data using the proton NMR assignments of
the MeLeu® and MeLeu'® CsA residues.
The intense NOE observed between the
MeLeu'® NCH; and the MeLeu® H* of
CsA (Fig. 2) is characteristic of an extended
conformation of the peptide backbone with
a trans 9,10 amide bond. A cis peptide bond
would be characterized by an NOE between
the a protons of adjacent amino acids (25).
However, no NOE was observed between
the 9 and 10 a protons (Fig. 2). The
observation of a trans 9,10 peptide bond
indicates that the conformation of CsA
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Fig. 2. Contour plot of an isotope-edited 2-D NOE spectrum of a 1.3 mM solution of [U-13C-
MeLeu®!%]CsA and recombinant human cyclophilin (1/1). We prepared the complex as recently
described (27) by gently mixing a 1.5 M excess of [U-!3C*'%]CsA and cyclophilin in a 2H,O solution
containing 100 mM NaCl, 50 mM phosphate buffer (pH 6.5), and 2 mM deuterated dithiothreitol at
6°C for 12 hours under argon, and then removing the excess CsA by centrifugation. The cyclophilin was
isolated from Escherichia coli that overexpressed human cyclophilin (28). The w,-filtered 2-D NOE data
were acquired at 20°C on a Bruker AM500 NMR spectrometer cguipped with an inverse probe using
the pulse sequence: 90(*H)-7-180(*H),90(*3C),90(*3C)-1-t;-90(*H)-7,,,-90(*H)-acquire(t,) in which
the phase of the second 90° '3C pulse and receiver are inverted on alternate scans. We applied
13C-decoupling during t; and t, with a GARP pulse sequence (29). A total of 128 scans were acquired
for 2 by 150 t; increments with delays of + = 3.3 ms, 7, = 70 ms, and a recycle delay of 1.2 s. The
residual solvent signal was suppressed with low-power irradiation during 7., and delay between scans.
The NMR data were processed on a Vax 8350 with a slave Mini-MAP array processor (CSP, Inc.) by
using the Fourier transform NMR program of D. Hare and software written at Abbott Laboratories.
Gaussian and cosine window functions were applied in t, and t;, respectively, before Fourier
transformation. Assignmentsof the MeLeu® and MeLeu!® protons of CsA are given to the left of the
spectrum. (GARP, globally optimized alternating-phase rectangular pulses.)

REPORTS 1407



when bound to cyclophilin is markedly dif-
ferent from the reported (10) crystalline and
solution conformation of CsA, which con-
tains a cis 9,10 amide bond. A trans 9,10
peptide bond may be accommodated within
the macrocyclic ring of CsA by forming a cis
peptide bond elsewhere in the molecule.
However, recent NMR studies (26) of uni-
formly labeled [**C]CsA bound to cyclo-
philin indicate that only trans CsA peptide
bonds are present.

In addition to providing information
about the enzyme-bound inhibitor confor-
mation, these NMR experiments provide
structural information about the enzyme
binding site by means of the NOEs between
“labeled” protons of CsA and cyclophilin.
For example, NOEs were obseived between
several protons of the MeLeu® residue of
CsA and aromatic protons of cyclophilin
(Fig. 2), which is consistent with the upfield
shifts observed for the MeLeu® protons of
CsA when bound to cyclophilin. In particu-
lar, NOEs were observed (Fig. 2) between
the 8'CH; protons of MeLeu® and aromatic
portions of cyclophilin that resonate at 7.38

and 7.02 ppm, which correspond (27) to the
{3 and €; protons of cyclophilin’s only Trp
residue. In an isotope-edited 2-D NOE
spectrum acquired with a longer mixing
time (140 ms), an additional NOE between
the MeLeu® 8'CH; and the Trp*?! q proton
(7.50 ppm) was observed.

NOEs were also detected between the
MeLeu® 3CHj; protons of CsA and cyclo-
philin protons resonating at 7.29 and 7.01
ppm, and at 6.64 ppm in a 2-D NOE data
set acquired at a longer mixing time (200
ms); these are consistent with the chemical
shifts of cyclophilin Phe protons (27) (the
identification of which Phe residues awaits
the sequence-specific proton NMR assign-
ments). Although previous studies based on
structure-activity relations have inferred that
only CsA residues 1, 2, 3, 10, and 11 are
involved in binding to cyclophilin (3), it
appears from the NOE data that the Me-
Leu® residue of CsA is in close proximity to
the {5 and €; protons of Trp**! (Trp*?® in
bovine cyclophilin) and a Phe residue of
cyclophilin. The observed cyclophilin bind-
ing affinity and immunostippressive activity
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Fig. 3. (A) 'H-*C HMQC and (B) '*C TOCSY-REVINEPT spectrum (20) of the CsA-cyclophilin
complex described in the legend to Fig. 2. The **C TOCSY-REVINEPT experiment was conducted as
previously described (20) except that a DIPSI-2 pulse sequence (30) was used to cover a wider
bandwidth during the 12-ms isotropic mixing period. A BSV3 continuous wave amplifier connected to
the observe channel was used for the hard 90° '3C pulses (36 ps) and DIPSI-2 mixing scheme. An
additional BSV3 amplifier driven from a PTS synthesizer interfaced to a GARP box (Tschudin
Associates) was used for **C-decoupling during the acquisition period. The '3C NMR assignments are
given to the left of the spectra. (TOCSY-REVINEPT, total correlation spectroscopy—reverse insensitive
nucleus enhancement by polarization transfer; PTS, programmed test sources; DIPSI, decoupling in the

presence of scalar interactions.)
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displayed by 9-substituted cyclosporins may
be explained by a lack of selectivity of the
MeLev® binding pocket of cyclophilin,
which could allow binding of a variety of
structurally different 9-substituted CsA ana-
logs.

The formation of a trans amide bond
between MeLeu® and MeLeu'® when CsA is
bound to cyclophilin suggests that the bio-
active conformation of CsA is very different
from the crystalline (9) and solution confor-
mations of CsA, in which this amide bond is
cis. Furthermore, althotigh it has been pro-
posed (3) that the MeLeu® residue is not
involved in the interaction of CsA with
cyclophilin, we have identified NOEs be-
tween the MeLeu® residue of CsA and
Trp'?! and Phe protons of cyclophilin.
These results suggest that the interpretation
of structure-activity relations or the design
of CsA analogs based on the previously
reported crystalline or solution conforma-
tion of CsA must be treated with caution,
and they highlight the importance of obtain-
ing structural information on drug mole-
cules bound to their target sites.
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Detection of Radial Crossbridge Force by Lattice
Spacing Changes in Intact Single Muscle Fibers

G. CeccHI, M. A. BAGNI, P. J. GRIFFITHS,* C. C. ASHLEY, Y. MAEDA

Time-resolved lattice spacing changes were measured (10-millisecond time resolution)
by x-ray diffraction of synchrotron radiation in single intact muscle fibers of the frog
Rana temporaria undergoing electrically stimulated tension development during appli-
cation of stretches and releases. Ramp releases, which decreased fiber length at
constant speed, caused a lattice expansion. After the ramp, increasing tension during
recovery was accompanied by lattice compression. Ramp stretches caused a compres-
sion of the lattice. While the fiber was held at a constant length after the stretch,
tension decreased and lattice spacing increased. These observations demonstrate the
existence of a previously undetected radial component of the force generated by a
cycling crossbridge. At sarcomere lengths of 2.05 to 2.2 micrometers, the radial force
compresses the myofilament lattice. Hence, the myofilament lattice does not maintain

a constant volume during changes in force.

CCORDING TO THE MOST WIDELY

accepted theory of muscle contrac-

tion (1), tension development oc-
curs as a result of the interaction of actin and
myosin filaments along radial projections
from the myosin filament (crossbridges).
These projections contact the actin filament
during activation and exert a force directed
axially that is responsible for sarcomere
shortening. However, this force may also
have components directed radially with re-
spect to the axis of the myosin filament. The
action of such radial forces on the filament
lattice depends on the geometrical arrange-
ment of the components of the attached
crossbridge structure. A compression of
skinned fibers on entering the rigor state and
on calcium activation (2) has been reported,
but, until now, no such radial force compo-
nent has been detected experimentally in
intact fibers during electrically stimulated
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tension generation (tetanus). We report on
time-resolved lattice spacing measurements
performed on single intact skeletal muscle
fibers of the frog during rapid length
changes imposed on the fiber during tetani.
Changes in the myofilament lattice during
active tension development are consistent
with the existence of a radially compressive
force on the myofilament lattice associated
with crossbridge activity at slack length.
These results are inconsistent with constant
volume theory and allow testing of particu-
lar theories of crossbridge force generation.
In particular, they impose important con-
straints on the geometry of the structural
change accompanying tension development
by the crossbridge and suggest the impor-
tance of accounting for radial forces in cur-
rent crossbridge theories.

During tetani, single muscle fibers were
exposed to x-ray synchrotron radiation, and
the equatorial x-ray diffraction pattern of the
fiber was recorded. At the tetanus plateau,
ramp shortening of a fiber at a velocity
sufficient to reduce tension from its isomet-
ric level (P,) to 0.05 P, caused a rapid shift
in the position of the equatorial reflections
toward the center of the diffraction pattern,
which corresponds to an expansion of the
myofilament lattice (3) and a partial reversal

of the equatorial intensity changes associat-
ed with activation of the muscle toward the
relaxed intensity pattern. While force re-
mained low (because of the continuing
shortening of the preparation), the lattice
remained expanded. When shortening
ceased, the fiber recovered tension rapidly to
the new plateau level. The recovery of ten-
sion was associated with a compression of
the lattice. An example of this behavior is
shown in Fig. 1A. Although the expansion
of the lattice associated with the shortening
of the preparation is accompanied by a
decrease in sarcomere length, the compres-
sion of the lattice during the recovery of
tension occurs under virtually isometric con-
ditions (Fig. 1B).

If the activated fiber behaves as a constant
volume system as already reported for pas-
sive fibers (4), then sarcomere shortening
would be expected to result in a lattice
expansion, being apparently consistent with
the present observation. However, lattice
expansion is bigger than expected for con-
stant volume behavior. In fact, calculation of
lattice volume from the lattice spacing and
the sarcomere length changes shows that a
considerable increase in lattice volume oc-
curred during shortening (Fig. 1C). During
the subsequent recovery of tension after the
release was terminated, the lattice volume
returned to a value close to that found
before the release.

During a ramp stretch, force increased
rapidly at first, after which it stabilized at a
new level, and the remainder of the stretch
ramp occurred under isotonic conditions
(Fig. 2, A and B). Lattice spacing was
reduced during the rise of force and under-
went reextension after completion of the
stretch, during the return of force to the
isometric level. By plotting the lattice vol-
ume calculated from the sarcomere length
signal and the lattice spacing, we found that
this behavior cannot be accounted for if
constant volume of the lattice is assumed
(Fig. 2C).

Our findings show that, during shorten-
ing of a fiber at a rate sufficient to reduce
force to 0.05 Py, a lattice expansion occurs.
However, the time course of this expansion
is more similar to the time course of the fall
of force and is not similar to the ramp length
change as would be expected from constant
volume behavior. During the recovery of
tension after completion of a ramp, virtually
no change in sarcomere length was ob-
served. Since during this period tension is
rising, the expected behavior, according to
constant volume constraints, should be a
lattice expansion as series compliance is re-
extended and the contractile system shortens
(5). However, what is actually observed is a
compression of the lattice. A similar argu-
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