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ABSTRACT: Protein-protein interactions are driven by specific properties of the molecular surfaces.
Cytochromec, a small electron transfer protein, is involved in a number of biologically relevant interactions
with macromolecular partners. Small molecules may interfere with such interactions by binding to the
surface of cytochromec. Here we investigated the possibility of weak intermolecular interactions between
reduced cytochromec and a library of 325 small molecules, using WaterLOGSY NMR spectroscopy.
Specific binding was found forp-aminophenol. The solution structure of thep-aminophenol-cytochrome
c adduct was determined using a combination of in silico tools and NMR-based restraints. The ligand
interacts in a specific binding site on the protein surface through a combination of stacking and H-bond
interactions. Small but meaningful rearrangements of the solvent-exposed side chains are observed upon
ligand binding and contribute to the stabilization of the complex.

The field of drug discovery is dominated by screening
small molecules toward enzymes as pharmaceutical targets.
Among the various strategies, a combination of in silico tools
and NMR analysis represents a fruitful approach for the fast
obtainment of structural models highlighting the key interac-
tions of ligands in the enzymatic cavity and for guiding a
cyclic procedure for optimization of drug candidates (1-4).
However, the discovery of an increasing number of functional
interactions among proteins is moving the focus of drug
design toward the characterization of the binding properties
of protein surfaces. Therefore, the number of pharmaceuti-
cally relevant targets increases and extends to proteins that
do not contain specific cavities or binding sites for ligand
molecules. Protein surfaces frequently contain hot spots (5),
i.e., small patches that are the main mediators of binding
affinity. The idea of targeting these protein areas is gaining
new attention after the recent identification of small-molecule
inhibitors of several protein-protein systems in the oncology
area, culminating with the discovery of selective druglike
inhibitors of the murine double minute-2-proto-oncogene
(MDM2-p53) interaction (6).

We present here a study of the binding properties of the
mitochondrial yeast cytochromec surface toward a number
of small organic molecules. Cytochromec is a small electron
transfer protein (108 amino acids) (7). The protein fold is
characterized by the presence of fiveR-helices and fairly
extended loop structures. The covalently bound heme
prosthetic group is buried within a hydrophobic pocket. The
heme iron coordination is completed by a His and a Met as
axial ligands: the proximal His18 belongs to the consensus
sequence Cys-X-Y-Cys-His, with the two Cys residues being
involved in the thioether bonds that provide the covalent
linkage of the heme to the protein chain; the axial Met80
belongs to a relatively long loop preceding the long C-
terminal helix. The Met80 bond is relatively labile and may
be easily replaced by exogenous ligands (8-13). The protein
is highly basic, with several surface lysines that impart anion
binding properties to the cytochromec surface (14-17). The
binding ability of a number of potential organic ligands was
here tested, and the structure of the adduct with the best
behaving ligand was calculated. As the oxidized iron(III)
form of the protein has a strong tendency to autoreduce
during NMR measurements (18), the reduced diamagnetic
iron(II) form was used in this study. The determination of
the structure of the protein-ligand adduct was achieved
through an implemented protocol (3) that allows the quick
determination of the binding mode of small molecules on
the protein surface through a NMR-assisted in silico ap-
proach. The results underline the potentiality of the NMR
approach to characterizing weak interactions between pro-
teins and their ligands.

EXPERIMENTAL PROCEDURES

Sample Preparation.Unlabeled,15N-enriched, and15N-
and 13C-doubly labeled yeast iso-1-cytochromec was
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expressed and purified as previously described (18). The
reduced protein was obtained by adding 2 equiv of sodium
dithionite under anaerobic conditions. Ligand molecules for
WaterLOGSY1 experiments were added from stock solutions
in dimethylsulfoxide (DMSO) of a library of molecules (4
µL of stock solution in a total volume of 500µL, to provide
a final concentration of 0.8 mM in ligand). For further
characterization, ligand molecules were added directly as a
solid, to avoid chemical shift differences in protein reso-
nances induced by the presence of DMSO. The protein
concentration in WaterLOGSY experiments was 8µM. For
1H-15N HSQC experiments, the protein concentration was
on the order of 60µM. The three-dimensional (3D)15N
HSQC-NOESY spectrum was acquired on a 1 mMprotein
sample, with a protein:p-aminophenol molar ratio of 1:6. All
the samples were in 50 mM phosphate buffer at pH 7.

NMR Experiments.NMR spectra were recorded at 303 K.
For the interaction studies, WaterLOGSY (19) experiments
were conducted on a Bruker AVANCE 700 MHz spectrom-
eter equipped with a 5 mmtriple-resonance TXI, Z-gradient
probe, and an automatic sample changer. WaterLOGSY
NMR experiments employed a 2 msselective rectangular
180° pulse at the water signal frequency and a NOE mixing
time of 2 s.1H-15N HSQC (20) and 3D15N NOESY-HSQC
(21) (mixing time of 100 ms) experiments were conducted
on Bruker AVANCE 900 and 800 MHz spectrometers, both
equipped with a cryoprobe. The acquisition parameters for
these NMR spectra are provided as Supporting Information
(Table S1).

For the assignment of backbone and side chain resonances
of the free protein sample, the following experiments were
conducted at 800 MHz, in the same buffer conditions
specified above for the 3D NOESY spectrum: HNCA, HN-
(CO)CA, CBCA(CO)NH, H(C)CH-TOCSY, and CCC(CO)-
NH. An HNHA experiment was performed at 700 MHz to
obtain dihedral angle restraints, and a 3D15N NOESY-HSQC
(mixing time of 100 ms) experiment was conducted to obtain
distance restraints.

Structure Calculations and Refinement.Assignment of
NOESY cross-peaks was performed with the aid of CORMA
which predicts NOEs expected for a given structure (22).
Distance restraints for structure determination of the free
protein were obtained from 3D15N NOESY-HSQC experi-
ments and from two-dimensional (2D) NOESY, by convert-
ing NOE cross-peak intensities into upper distance limits of
interproton distances with CALIBA (23). 3JHNHR coupling
constants were determined from the HNHA experiment (24)
and transformed into backbone dihedralφ angles via the
Karplus equation. Backbone dihedralψ angles for residuei
- 1 were also determined from the ratio of the intensities
of the HRi-1-HNi and HRi-HNi NOEs found on the15N
plane of residuei in the 3D 15N NOESY-HSQC spectrum
(25). Residual dipolar couplings (RDC) restraints were
previously obtained from measurements of amide15N-1H
1J couplings at 800 and 500 MHz and were introduced into
the structure calculations as reported previously (26). The
relative weights of all restraints were taken to be equal to 1,
and the tolerance values (Ti) for the RDC were taken to be

equal to the estimated experimental errors. A family of
structures was generated starting from random conformations
with an implementation of DYANA (27) (information on
program available at www.postgenomicnmr.net). The heme
cofactor was introduced into the structure calculations as
described previously (28). The coordination bond between
the iron ion and the axial ligands was introduced using upper
and lower distance limits between the iron and the donor
atoms. The molecular magnetic susceptibility tensor for the
diamagnetic iron(II) protein was treated as described else-
where (26), using the tensor values reported previously (26).
Five hundred random structures were annealed in 10 000
steps under the effect of NMR restraints. The final family
of structures with the lowest target function was energy-
minimized with AMBER 8.0 (29), imposing the same set of
experimental restraints used in DYANA. The NOE and
torsion angle restraints were applied with force constants of
50 kcal mol-1 Å-2 and 32 kcal mol-1 rad-2, respectively.

The structure calculations of the cytochromec-p-ami-
nophenol complex were performed using a combination of
Autodock and XPLOR-NIH (3). Initial protein-ligand
adducts were generated by running a lamarckian genetic
algorithm docking with Autodock. The search grids were
centered around the protein residues that exhibited significant
chemical shift perturbations upon ligand addition and were
constituted by 70× 70 × 70 grid points with a spacing of
0.253 Å. One hundred runs were allowed for each calcula-
tion. The resulting structures were clustered according to
Autodock energy. The lowest-energy structures were used
as input for a subsequent refinement procedure using
XPLOR-NIH in the presence of distance restraints derived
from the 906 intraprotein and the four intermolecular NOEs
obtained from the 3D15N NOESY-HSQC spectrum of the
adduct, as well as using 39 angle restraints based on the
HRi-1-HNi/HRi-HNi NOE ratios. Intermolecular connec-
tivities were all converted into upper distance limits of 6 Å.
Intraprotein connectivities were translated into upper distance
limits using CALIBA (23). The resulting structures were
ordered according to a target function calculated considering
the ligand-residue and residue-residue interactions.

RESULTS AND DISCUSSION

Identification of Cytochrome c Ligands.A now well-
established approach for NMR-based drug screening of large
libraries of compounds is based on the so-called Water-
LOGSY experiments (19). The WaterLOGSY (water-ligand

1 Abbreviations: CSP, chemical shift perturbation; HSQC, hetero-
nuclear single-quantum coherence; NOESY, nuclear Overhauser effect
spectroscopy; PAF,p-aminophenol; WaterLOGSY, water ligand ob-
served via gradient spectroscopy; RDC, residual dipolar couplings.

Table 1: Main Features of the Molecules Constituting the Screened
Library of Compounds

descriptor minimum value maximum value

molecular weight 68.07 776.87
no. of atoms 8 80
no. of rings 0 6
ring size (no. of atoms) 3 7a

LogPb -2.48 8.8
ClogPc -9.20 9.32
no. of H-bond donors 0 5d
no. of H-bond acceptors 0 6

a A single compound has a ring size of 12.b Logarithm of the
partition coefficient betweenn-octanol and water.c Logarithm of the
octanol:water partition coefficient (LogP) computed using the semiem-
pirical fragment-based method.d A single compound contains eight
H-bond donors.
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observed via gradient spectroscopy) technique relies on
excitation of the receptor-ligand complex through a selective
radiofrequency pulse scheme that is achieved indirectly by
selective perturbation of the bulk water magnetization.
Distinguishing binding from nonbinding compounds in the
WaterLOGSY experiment is achieved by observing the
differential cross-relaxation properties of these ligands with
water. The bound ligands interact directly or indirectly with
inverted water spins via dipolar interactions with sufficiently
long rotational correlation times (τc) to yield negative cross-
relaxation rates. By contrast, the dipolar interactions of
nonbinders with water have much shorterτc values, leading
to positive cross-relaxation rates. As a consequence, Water-
LOGSY peak intensities provide an easy means of discrimi-
nating between binders and nonbinders. This method allows
screening of large libraries of compounds using relatively
small amounts of unlabeled receptor. The analysis of the
possible interactions involving cytochromec and potential
ligand molecules was performed by a NMR screening against
a library of 325 compounds. The main features of the library
of molecules are reported in Table 1. For 25 molecules, listed
in Figure 1, WaterLOGSY experiments indicated binding
to cytochromec.

The interaction mode of each of these 25 molecules with
cytochromec was further investigated using the chemical
shift perturbation (CSP) mapping approach. As opposed to
the WaterLOGSY experiment which can be described as a
ligand-observe method, CSP mapping is based on observation
of the protein signals. Generally, a15N-labeled receptor is
analyzed in the presence of unlabeled ligands using hetero-
nuclear correlation spectroscopy experiments, such as1H-
15N HSQC. Because chemical shifts are very sensitive
indicators of the local electronic environment of the nuclei,
monitoring their perturbations provides a straightforward
means of detecting binding events as well as of determining
the involved amino acid residues, once the cross-peak
assignments are available. Having reduced the number of
potential binders from the compound library by Water-
LOGSY screening, we were then able to use the more costly
15N-labeled protein for CSP mapping. The experiments were
conducted in the presence of an excess of the ligand
molecule, with the aim of identifying specific binding sites
on the protein surface. It appears that bulky ligands like 4,4′-
isopropylidenediphenol and 1,1-dimethyl-4,4′-bipyridinium
dichloride (Figure 1, compounds10 and 11, respectively)
are aspecifically interacting and induce chemical shift

FIGURE 1: Chemical structures of molecules for which a change in sign or significant signal reduction in intensity in the WaterLOGSY
experiments recorded in the presence of the protein was observed.
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changes on a very limited number of resonances scattered
in different protein areas. Condensed and conjugated aromatic
compounds (Figure 1, compounds5-9) have a similar
behavior. Polyalcohols and sugars (Figure 1, compounds20-
25) also exhibit weak aspecific interactions. Long chain
aliphatic molecules (Figure 1, compounds1-4) with a polar
term interact with surface residues of cytochromec. While
SDS induces protein unfolding (30), other long chain
molecules do not alter the protein structure. The presence
of bulky polar edges causes a loss of affinity and specificity
(this is the case for molecule4). Binding of 11-bromo-1-
undecanol induces heme iron oxidation. Nevertheless, in the
presence of all the molecules mentioned above, the observed
combined 1H-15N shift perturbation upon complexation
(given by ∆av ) {[∆δHN

2 + (∆δN/5)2]/2}1/2) (31) for
cytochromec backbone amides is always smaller than 0.04
ppm, suggesting a weak dynamic binding (2, 32) that is rather
scattered on the protein surface (Figure S1 of the Supporting
Information), suggesting a lack of specificity.

On the other hand, monoaromatic molecules with H-bond
donor and/or acceptor substituents (Figure 1, compounds12-
19) are found to bind specifically in the same protein area,
giving rise to chemical shift differences as large as 0.13 ppm.
These molecules all induce chemical shift changes on a few
selected residues on the protein surface. For all of them, fast
exchange between the bound and unbound protein resonances
was observed. The relative affinity within this series of
compounds is modulated by the nature and relative position
of the ring substituents. Para-substituted compounds are
invariably better than the corresponding ortho and meta
derivatives. Among the para derivatives, the largest effect
is obtained withp-aminophenol (see Figure 2). The distance
between the amino and hydroxyl groups appears to be critical
for the interaction, the chemical shift changes being smaller
in the case of tyramine (compound17 in Figure 1).

From the chemical shift deviations observed upon complex
formation (2) and from WaterLOGSY experiments (19) with
different amounts of inhibitor, a rough estimate ofKd in the
range 50-100 µM for the binding of p-aminophenol to
cytochromec was obtained. Given its higher specificity, the
p-aminophenol was selected for investigation of the nature
of the interactions leading to the formation of the adduct.
3D 15N NOESY-HSQC experiments were conducted with
cytochromec in the presence and absence of the ligand

molecule. This spectrum allowed the detection of four NOEs
between ligand protons and protein protons. The latter are
the backbone amides of residues Glu61, Asn62, and Asn63
on the 60S helix and Lys99 on the C-terminal helix. As
depicted in Figure 3, the cross-peaks for the observed
intermolecular NOEs (Glu61 HN-PAF H2,6, Lys99 HN-PAF
H2,6, Asn62 HN-PAF H3,5, and Asn63 HN-PAF H3,5) were
absent in the free protein spectrum and not attributable to
nuclei of other neighboring protein residues.

As verified by monodimensional1H NMR experiments,
the heme iron coordination was not affected by the presence
of the exogenous ligand.

Refinement of the Solution Structure of Unbound Yeast
Cytochrome c.In the case of reduced yeast cytochromec,
both X-ray and NMR solution structures are available (33,
34). Deciphering the surface properties of cytochromec
requires a high-resolution structure. To avoid biases on
protein conformation due to crystal packing effects, we
decided to start from the NMR solution structures of the
target protein. The NMR structure of reduced yeast cyto-
chromec had been determined many years ago by some of

FIGURE 2: (A) Cytochromec surface residues experiencing chemical shift differences upon binding of aromatic molecules with H-bond
donor and/or acceptor substituents. Residues highlighted in gray experience CSPs in the range of 0.01-0.04 ppm. Residues highlighted in
black experience CSPs larger than 0.04 ppm. (B) Plot of the observed CSP, extrapolated to 100% bound, as a function of the residue
number.

FIGURE 3: 3D 15N NOESY-HSQC strips for the four protein amino
acids showing NOEs with respect to the ligand molecule. For each
amino acid, the first strip represents the NOESY spectrum in the
presence of the ligand and the second strip the corresponding
spectrum recorded in the absence of the ligand molecule.
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us using 1H-only NMR experiments (34). Prior to the
obtaining the solution structure of the adduct, we refined
the solution structure of cytochromec here, with the use of
1H-15N-based NMR experiments that provide an increased
spectral resolution and the use of a larger set of experimental
restraints. Indeed, we have increased the number of mean-
ingful NOEs; there are now 1686, compared to 1442 of the
previous structure. We have added a total of 108 dihedralφ

andψ angle restraints derived from HNHA (24) and from
the ratio between sequential and intraresidue HR-HN cross-
peaks in 3D NOESY NMR experiments (25), and we have
made use of residual dipolar coupling restraints due to self-
orientation of the diamagnetic protein (26). The resulting
family of structures is larger (35 members vs 20 members
of the original family of structures with a target function
lower than 0.82 Å2) and more precise, with backbone rmsd
values and all heavy atom rmsd values with respect to the
mean for residues-1 to 102 of 0.54( 0.08 and 0.99(
0.08 Å, respectively. The previous family of 20 structures
(PDB entry 1YFC) (34) had backbone rmsd and all heavy
atom rmsd values with respect to the mean of 0.61( 0.09
and 0.98( 0.09 Å, respectively, considering only residues
6-100. The analysis of the quality for this structure is
provided as Supporting Information (Table S2), and the
coordinates have been deposited in the Protein Data Bank
(entry 2HV4). The use of a larger set of experimental
restraints as well as restraints of a different nature made us
more confident in the obtained structural data.

Solution Structure of the Adduct.The structure calculations
for the adduct were performed using Xplor-NIH (35). As a
starting protein structure, the best one (in terms of agreement
with experimental restraints) of the family of structures of
unbound cytochromec determined as described above was
taken. The1H-15N HSQC-determined chemical shift varia-
tions upon ligand binding were used to define the grid for
in silico docking with Autodock. The lowest-energy struc-
tures from Autodock were used for the subsequent Xplor-
NIH complex structure calculations (3). The four experi-
mental intermolecular NOEs and the 906 intramolecular
NOEs derived from 3D15N NOESY-HSQC experiments
were translated into upper distance limits and used as
experimental restraints together with 39 NOE-derived angle
restraints. This approach is a modification of that proposed
by some of us (3), where only the interresidue NOEs were
used as experimental restraints and the backbone atoms of
residues experiencing chemical shift differences in1H-15N

HSQC experiments and all the protein side chains were left
free to move, thus allowing a better docking with respect to
programs where the protein is completely rigid. Here we
employ as experimental restraints the whole set of upper
distance limits derived from 3D15N NOESY-HSQC NOEs
(both inter- and intraresidue), and the whole protein is left
free to move. Using a complete set of experimental con-
straints for all protein residues made us confident that all
the observed conformational changes are experimentally
supported and that the mapping of possible residues involved
in the interaction is not limited only to those experiencing
chemical shift variations for their backbone amides in
1H-15N HSQC experiments.

A final family of 25 structures characterized by the lowest
energy values was selected (PDB entry 2ORL), and the
member of the family with the lowest total energy is reported
in Figure 4. In all these structures, thep-aminophenol ring
and the aromatic ring of Phe36 interact in an offset or slipped
stacking (36-39). The average distance between the aromatic
ring centers is on the order of 4.5 Å, and the two planes are
invariably parallel to one another in all the structures of the
family (average angle between the two planes of 9( 4°),
with an average distance between them of 3.4( 0.1 Å. The
parallel displacement therefore corresponds to∼2.9 Å. The
other major intermolecular interaction involves the OH group
on the ligand molecule, which gives rise to a H-bond with
the side chain of Lys99, with O-N distances on the order
of 2.8 Å. The latter residue sensibly changes its orientation
with respect to the unbound cytochrome. In general, the rmsd
values for the backbone and heavy atoms between the
average structures of unbound and bound cytochromec are
0.49 ( 0.21 and 0.84( 0.36 Å, respectively. These
deviations are much larger for the heavy atoms of Lys99,
being on average 2.2 Å. This finding is strongly supported
by our experimental observation that Lys99 is the residue
that experiences the largest changes in chemical shift for the
side chain protons and has the largest changes in intra- and
interresidue NOE intensities upon ligand binding. The Lys99
side chain is further stabilized in its new orientation through
the interaction with the side chain of Glu61 (with N-O1
and N-O2 distances on the order of 2.7 and 2.9 Å,
respectively), which also shows a conformational change
with respect to unbound cytochromec.

The residues involved in the interaction (i.e., Phe36, Lys99,
and Glu61) are all well-defined, with rmsd values for the
side chain heavy atoms of 0.34, 0.40, and 0.43 Å, respec-

FIGURE 4: Binding site ofp-aminophenol. The families of structures of unbound (A) and bound (B) cytochromec are shown to highlight
the different orientation of Lys99 and Glu61. The Phe36 ring is also displayed to show the stacking interaction between its aromatic ring
and that of the ligand molecule in the adduct.
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tively. The heavy atom rmsd for the ligand molecule is 0.44
Å. Our spectra show that the interaction with Phe36 does
not appreciably slow the flip rate of its aromatic ring.

CONCLUSIONS

Cytochromec is a small, globular, and soluble protein.
For this reason, it has been the subject of many structural
studies in solution by NMR. Most of these studies aimed to
characterize the protein conformation in the two functional
redox states, iron(III) and iron(II) (18, 28, 34, 40-42), even
in the presence of exogenous ligands substituting the native
Met80 in the sixth coordination position of the heme iron
(8, 9, 43-47). Typical small molecules able to enter the distal
site of the heme are CN-, NH3, and imidazole, i.e., molecules
with a high affinity for the distal site of the protein. The
determination of the structure of the protein in the presence
of such molecules has provided important insight into the
role of some amino acid side chains in the distal site of the
protein for stabilizing such ligands as well as into the
electronic structure and structural stability of the protein. A
number of other studies aimed to identify anion binding sites
on the protein surface (14-17). To the best of our knowl-
edge, our study represents the first determination of the
structure of cytochromec bound to a non-heme binding non-
anionic ligand.

These results underline how the combination of NMR and
in silico investigations allows the determination at atomic
resolution of the mode of binding of small molecules to the
surface of proteins lacking any deep pocket. Chemical shift
mapping had a fundamental role in defining the surface area
to be investigated by the docking procedure. Few but well-
defined intermolecular NOEs represented the key restraints
for the definition of the position of thep-aminophenol on
the protein surface and for the correct filtering of the docking
solutions.

We tried initially to identify cavities and clefts with the
use of standard software for surface analysis (48), but no
such features were found on the cytochromec surface. Still,
the chemical properties of certain amino acids on the protein
surface are able to create a site that can properly interact
with thep-aminophenol molecule. Analogous adaptive spots
on protein surfaces undergoing reorientation of protein side
chains upon binding of a small molecule have been reported
by other authors (49, 50). In particular, the adaptive spot on
the cytochromec surface identified here seems to be capable
of supporting binding of ligands thanks to a combination of
effects: the presence of an exposed aromatic residue, Phe36,
that may give rise to stacking interactions with the aromatic
ring of the ligand and polar side chains that could reorient
upon binding to optimize H-bonds with the amino and phenol
groups on the ligand molecule. The stacking interaction
appears to be the key factor for the binding of any of the
monoaromatic species in Figure 1. However, the presence
of selected side chains (Lys99 and Glu61) of the protein at
given distances makes thep-aminophenol the best ligand.
Long chain aliphatic molecules with a polar terminus were
also found to interact with cytochromec surface residues,
although with an affinity and specificity lower than those of
p-aminophenol. From the chemical shift perturbation plot,
the binding site appears to be distinct from that of monoaro-
matic species. Long chain molecules could be considered in
a later development of the project, aimed at fragment-based

design of high-affinity ligands for the cytochromec surface
(51, 52). Indeed, during the past decade, mitochondrial
cytochromec has emerged as a one of the key players in
cellular apoptosis (53) in multicellular organisms. Mapping
of its surface binding properties is therefore relevant for the
inhibition of anti- and pro-apoptotic intermolecular interac-
tions. Although these experiments were conducted on the
yeast protein, the results are also relevant for the mammalian
and, in particular, human cytochromec. Indeed, in all these
proteins, the key residues for the interaction withp-
aminophenol (i.e., Phe36, Glu61, and Lys99) are conserved
(54).

SUPPORTING INFORMATION AVAILABLE

Acquisition parameters for the NMR experiments, statisti-
cal analysis of the solution structure of unboundSaccharo-
myces cereVisiae iso-1-cytochromec, the number of in-
tramoleuclar NOEs involving side chains in the binding site
of PAF, and CSP for some of the screened molecules. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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