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ABSTRACT: Molecular replacement in X-ray crystallography is the prime
method for establishing structure−activity relationships of pharmaceutically
relevant molecules. Such an approach is not available for NMR. Here, we
establish a comparable method, called NMR molecular replacement
(NMR2). The method requires experimentally measured ligand intra-
molecular NOEs and ligand−protein intermolecular NOEs as well as a
previously known receptor structure or model. Our findings demonstrate
that NMR2 may open a new avenue for the fast and robust determination of
the interaction site of ligand−protein complexes at atomic resolution.

■ INTRODUCTION

X-ray crystallography molecular replacement (MR)1 is a highly
versatile tool for the detailed characterization of lead
compounds and binding modes in the pharmaceutical
industry.2 The two major limitations of its application to
drug research are (i) the availability of a similar protein
structure and (ii) obtaining well-diffracting crystals of the
ligand−protein complexes of interest. Although nowadays the
first point is often not a limitation anymore, obtaining well-
diffracting crystals can be difficult. In such situations, structure
determination of protein−ligand complexes by liquid-state
NMR appears to be an option. Unfortunately, the established
standard structure determination protocol3 is in general time-
consuming, and a shortcut using available structural data as in
the case of MR in X-ray crystallography is not available. More
recently, attempts to derive structures of protein−ligand
complexes by NMR more efficiently have been proposed
including the use of ambiguous distance restraints4,5 derived
from nuclear Overhauser enhancements (NOEs), chemical shift
perturbations,6−10 or saturation transfer experiments11,12 in
combination with computational methods such as docking and
scoring.13−16 (See Table S1 for a detailed comparison.) Here,
we establish a MR-like approach in NMR called NMR
molecular replacement (NMR2) for the structure calculation
of the binding pocket of ligands at atomic resolution bypassing
protein resonance assignments. The method relies on the
collection of assigned intraligand and not assigned semi-

quantitative intermolecular NOE distance restraints17−19 as
well as on a known (homologuous) protein structure. As we
shall see, when applied to the cancer-relevant proteins HDMX,
HDM2, and ABL,20,21 NMR2 yielded the structures of protein−
ligand interaction sites with high accuracy.

■ RESULTS AND DISCUSSION

The workflow of NMR2 comprises six steps: (i) production of
13C,15N-labeled protein, (ii) sample preparation of 13C,15N-
labeled protein with unlabeled ligand, (iii) measurements and
analysis of F1,F2-[

15N,13C]-filtered [1H,1H]-spectra for reso-
nances assignment and structure calculation of the ligand,22−24

(iv) measurements and analysis of a series of F1-[
15N,13C]-

filtered [1H,1H]-NOESY experiments22−25 with different
mixing times for the collection of semiambiguous, semi-
quantitative ligand−protein NOE restraints, (v) selection of
an appropriate protein structure from the Protein Data Bank
(PDB), including eventually the preparation of a homology
model of the protein,29 and (vi) multiple cycles of high-
throughput series of structure calculations carried out by an in-
house program using the CYANA software.30 The restraints of
step iv are of a semiambiguous nature because of the lack of a
resonance assignment of the protein, they are between an
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assigned proton of the ligand and an unassigned proton on the
protein (Figure 1a). To reduce the ambiguity, a classification is

made that evaluates on the basis of the 1H chemical shift
whether the unknown 1H is from an amide or a methyl moiety.
By following the previous formalism and the eNOE

protocol17,26−28 without spin diffusion correction, these
restraints are semiquantitative.
This software package gradually includes the intermolecular

distances, selects for the most promising intermediate
structures, and discards the irrelevant ones after each cycle in
order to keep the computation time requirement under control.
The structure calculations are done with the protein structure
obtained from step v, the ligand structure determined in step iii,
and the intermolecular restraints from step iv, which for each
subcalculation are assigned to one of the many possible
assignments as outlined in Figure 1a (also below). The
calculated structures with the smallest violations of the input
restraints are selected to represent the protein−ligand complex
(Figure S1). This protocol provides a fast and reliable
determination of the interaction site structure because only a
few days of measuring time and analysis are required.
Although the proposed protocol of NMR2 appears

straightforward, there is the major bottleneck of the number
of structures to be calculated because of the ambiguity of the
intermolecular restraints. Figure 1a highlights the tree of all
possible distance combinations, 46, of a simplified case with 6
intermolecular NOEs connecting 4 protein methyl groups with
3 ligand protons assigned. When applied to a real protein
system such as the protein HDMX discussed below with 54
methyl groups and 10 intermolecular restraints, the number of
possible combinations is very large (∼1017) making it
impossible to calculate structures for all possible assignments.
However, bounds smoothing on the basis of the triangle and
tetra-angle inequalities, which can be applied to any pair of
intermolecular distance restraints (Figure 1c,b), decreases the
amount of structures to be calculated significantly. In
conjunction, a recursive algorithm that starts with a subset of
selected distance restraints and gradually incorporates the
others into the structure calculation allows a reduction of the
number of structures to be calculated by more than 10 orders of
magnitude (Table 1).
NMR2 was applied to the oncoprotein HDMX20,21 in

complex with the peptide-analogue Ac-Phe-Met-Aib-Pmp-
6Cl,Trp-Glu-Ac3c-Leu-NH2 (cmpd2, Figure S2b) using ex-
perimental data.31 First, the NOE-derived structure of cmpd2

Figure 1. Key ideas of the NMR2 method. (a) Tree of all possible
distance combinations with 6 intermolecular NOEs connecting 4
unassigned methyl groups (M1−M4) to 3 assigned ligand protons
(H1−H3). Two possible networks of intermolecular distance
restraints (red dashed lines) are depicted within the boxes below the
tree, each representing one path (red) on the tree. (b) Intersection of
three distances define two possible positions of the proton H2 in a 3D
space, both points defining a line perpendicular to the methyl’s plane.
(c) Graphical representation of the triangle and tetra-angle bounds
smoothing inequalities, using three and four distances, respectively.
(d) Experimentally derived distances depicted in dashed red lines with
values in Å connecting ligand protons to methyl (M1−M9) or amide
(HN1) groups.

Table 1. Summarized Results of Structure Calculations by NMR2

ligand−protein complex (PDB
structure)a flexibilityb

reference
structurec

first structure rmsd
(Å)d

best rmsd
(Å)e

distance
restraintsf cyclesg

true positives
(%)h calculationsi

HDMX−cmpd2 (3fea, X-ray) none 3fea 0.9 0.4 16 3 100 24868
HDMX−cmpd1 (3fe7, X-ray) side chains 3fea 0.9 0.9 16 3 100 56659
HDM2−β-hairpin (2axi, X-ray) side chains 3fea 1.1 1.0 21 5 100 82503
apo-HDM2 (1z1m, NMR) full 3fea 1.8 1.8 21 9 30/60* 78632116
HDM2−nutlin-3a (3v3b, X-ray) side chains 5c5a 0.9** 0.9** 16 5 100 17919188
HDM2−pip1 (4erf, X-ray) side chains 2lzg (NMR) 1.5 1.5 23 6 100 1881884
HDM2−spiro (4lwt, X-ray) none 4lwt 0.6** 0.6** 19† 2 100 857367
ABL−dasatinib (2gqg, X-ray) side chains 2gqg 1.1 0.9 29† 9 100 4650907

aThe PDB code with the method used for the structure determination is indicated in parentheses. bRegions with allowed flexibility of the protein in
the structure calculations labeled with either “none” for a rigid protein, “side chains” for side chain flexibility, or “full” flexibility preserving the
secondary structure elements by H-bond restraints. cPDB code of the reference protein−ligand complex structure. dHeavy atom rmsd of the best-
ranked ligand structure computed after optimal superposition of the protein coordinates on the reference structure. eSimilarly, the smallest ligand
rmsd to reference among the first 10 NMR2 structures. **, The rmsd was calculated by excluding nutlin-3a moiety that points toward the solvent
shown in Figure 4b and the heterocyclohexane for the spiroindolinone with voluntary erroneous conformation (Figure S10). fNumber of
intermolecular distance restraints; † designates in silico restraints. gNumber of calculation cycles after each of which the amount of intermolecular
distance restraints is increased and only a subset of the calculated structures is taken further in the process according to the criteria mentioned in the
main text. hPercentage of NMR2 structures with rmsd < 2 Å (*, rmsd < 4.5 Å) among the 10 final structures. iTotal number of structure calculations
with different assignments of the intermolecular distance restraints.
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only in the complex with HDMX was determined in good
agreement to the crystal structure (Protein Databank: 3fea;
Figure S2a and Table S3).31 To get a clear assessment of the
success of the NMR2 method, the latter was used further.
Second, 21 semiquantitative intermolecular distance restraints
were derived from a series of NOESY experiments and the
rotational correlation time of the complex (Figure 2a,b). Third,
NMR2 structure calculations were carried out with several
distinct input structures in order to show the broad application
potential of the NMR2 method as well as its robustness (Table
1): (i) crystal structure of HDMX from the HDMX−cmpd2
complex, (ii) crystal structure of HDMX in complex with a
different ligand cmpd1 (shown in Figure S1c), (iii) homology
model derived from the crystal structure of HDM2 (53%
sequence identity to HDMX) bound to a different ligand, and
(iv) homology model derived from the NMR structure of
HDM2 in its apo-state.
The NMR2 structure calculation with the HDMX holo-

protein in complex with cmpd2 as the input structure
converged after 3 cycles (Table 1) and yielded a structure of
the interaction site (Figure 3a) with an accuracy relative to the
crystal structure of the HDMX−cmpd2 complex of 0.4 Å heavy
atom root-mean-square deviation (rmsd) for the ligand after
superposition of the protein. The 10 calculations with the
lowest number of violations (i.e., lowest CYANA target
function, Table 1) all show an accuracy below 1 Å (Table 1)
and no false positives (i.e., structures with low target function
but high rmsd) were observed. The robustness of the NMR2

method can also be gathered from the fact that only 16 of the
21 available NOE-derived distance restraints were used while
the four remaining ones were also in agreement with the NMR2

calculated structures. When starting from a structure of the

holoprotein of HDMX in complex with cmpd1, the calculation
converged again after 3 cycles (Figure 3b and Table 1) with an
accuracy better than 1 Å (Table 1).
Next, NMR2 structure calculations were started from a

homology model derived from the structure of the homologous
protein HDM2 in complex with a cyclic β-hairpin ligand (PDB
code 2axi). NMR2 yielded a structure of the HDMX−cmpd2
complex with a ligand heavy atom rmsd to the reference of 0.9
Å (Figure 3c and Table 1). Finally, the NMR structure of the
apoprotein HDM2 (PDB code 1z1m) was used as the template
for a homology model of HDMX. This is a highly demanding
case for NMR2 because the ligand-binding site is closed in the
apo state and allosteric conformational changes involving
helices are necessary to accommodate the ligand (Figures S3
and S4) as indicated on experimental grounds by NMR
spectroscopy (Figure S5). To show the full capabilities of the
method with allowing such significant structural alterations of
the protein, the NMR2 protocol was extended by the
introduction of loop plasticity using a potential for backbone
dihedral angles during all computational steps, while the helices
and β-sheets were retained and constrained solely through a
hydrogen-bond network. This extended version of NMR2,
including flexibility in loops and side chains, produced
structures with an accuracy of 1.8 Å (Table 1, Figure 3d).
We also calculated the NMR2 structure of the complex
HDMX−cmpd2 using the protein structure from the complex
HDMX−cmpd1 and the NMR-derived ligand structure in its
bound conformation (Figure S2a and Table S3) yielding similar
results (Figure S6).
To explore the potential of NMR2 to determine the structure

of ligand−protein complexes with small molecules, the complex
of HDM2−nutlin-3a was investigated (Figure 4). Nutlin-3a

Figure 2. Experimental intermolecular NOEs of 15N,13C-labeled HDMX in complex with cmpd2. (a) F1-[
15N,13C]-filtered 2D-[1H,1H]-NOESY

spectrum showing intermolecular NOEs between the ligand and unknown methyl groups of HDMX. (b) Ligand 1H magnetization autorelaxation
curves (left) and intermolecular cross-peak build-up curves (right) versus the mixing time of the filtered NOESY experiments.
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(Figure 5a) is a highly potent inhibitor of HDM2−p53
interaction.32 The 3D structure of this complex is also
interesting because the two high-resolution X-ray crystal
structures determined (PDB code 4hg7 and UniProt: Q0097,
1.9 Å resolution; PDB code 4j3e and UniProt: P56273, 1.6 Å
resolution) exhibit significant differences in their nutlin-3a
binding modes: The dimethyl group targeting the hydrophobic
binding pocket of HDM233 is rotated by 80° in 4hg7 with
respect to 4j3e, and overall nutlin-3a binds less deeply into the
binding site (i.e., shifted by ∼1.1 Å, Figure 4a). We employed
the NMR2 method on the HDM2−nutlin-3a complex using
HDM2 in complex with p53 peptide (PDB code 3v3b) as the
starting structure (Table 1). The superposition of the NMR2-
derived structure with the two X-ray structures shows
significant structural differences with 4hg7 (Figure 4b,c) that
are attributed to crystal-packing artifacts because the ligand is
located at the crystal interface.
To validate the NMR2 structure we screened successfully for

crystals, which do not have the ligand involved in crystal
contacts (PDB code 5c5a, 1.3 Å resolution, Table S2). The
NMR2 and the newly determined X-ray structure show the
same binding mode of nutin-3a to HDM2 with an rmsd of 0.9
Å (Figure 4d,b).
We furthermore carried out successfully NMR2 on another

HDM2 complex with a small ligand called pip1 using published
conventional NOE data (Biological Magnetic Resonance Data
Bank entry 18755;34 Figure 6 and Table 1). This finding opens
the possibility to reduce greatly the time required for data

acquisition because only one mixing time was sufficient for this
example.
To explore the principle versatility of NMR2 to larger

systems, the human ABL kinase−dasatinib complex was
explored in silico (Figure S7). From the X-ray complex
structure (PDB code 2gqg), the 3D structure of the ligand and
intermolecular distance restraints up to 5 Å were extracted.
NMR2 calculations yielded the structure of the pharmacophore
in the binding pocket with an accuracy of 0.9 Å (Figure S8 and
Table 1).

■ CONCLUSIONS

It has been demonstrated on eight examples that NMR2 is a fast
and robust method for the determination of the 3D structure of
the ligand and ligand-binding pocket at atomic resolution in
solution without the requirement of protein resonances
assignment. The NMR2 method uses thereby a data-driven
conformation search rather than a docking-scoring approach
and does not require a force field as used for example by other
NMR-based methods (Table S1). NMR2 opens therefore an
avenue for a fast establishment of structure−activity relation-
ships of lead compounds in drug research without the need of
diffracting crystals.

■ EXPERIMENTAL SECTION
Biochemistry. HDMX(14−111). C17S (UniProt: O15151) was

cloned into a pET15b (Novagen)-derived vector encoding an N-
terminal His6-tag and a HRV-3C cleavage site. Proteins were expressed
in minimal medium with 13C-glucose and 15NH4Cl as single sources of

Figure 3. NMR2 structures of HDMX in complex with cmpd2 under different starting scenarios using (a) the 3D structure of the native holo-protein
(3fea), (b) the X-ray crystallography structure of HDMX in complex with a different ligand (3fe7), (c) a homology model of a X-ray crystallography
structure of HDM2 bound to a different ligand (2axi), or (d) a homology model derived from the NMR structure of the homologous protein HDM2
(1z1m) in its ligand-free state. The reference X-ray structure of the HDMX−cmpd2 complex is colored green. The NMR2-derived structures are
color-coded red for the ligand and blue for the protein with the exception of the protein structure in a because the structure is identical to the
reference structure.
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carbon and nitrogen, respectively, in 1.5 l fermenters (Labfors 4,
Infors) typically yielding 15 g of wet cell mass. Cells were resuspended
in 10 mL of lysis buffer per 1 g of cell pellet (lysis buffer: 50 mM Tris
pH 8, 300 mM sodium chloride (NaCl), 10% glycerol, 25 mM
imidazole, 2 mM tris(2-carboxyethyl)phosphine (TCEP), 0.05%

Tween 20, pH 8.0, 1 tablet/50 mL of complete, ethylenediamine-
tetraacetic acid (EDTA)-free protease inhibitor, (Roche). Cells were
lysed by two runs through a microfluidizer and lysates were cleared by

Figure 4. NMR2 and X-ray structures of HDM2 in complex with the small molecule nutlin-3a. (a) Superposition of two X-ray structures of the
HDM2−nutlin-3a complex. The superposition shows structural inaccuracy/inconsistency of the X-ray structures of nutlin-3a attributed to crystal
packing. The HDM2 protein is represented as a pink ribbon for PDB code 4hg7 and blue for PDB code 4e3j, respectively. Nutlin-3a is represented
with sticks and colored accordingly. (b) NMR2 structure of HDM2 in complex with nutlin-3a is superimposed to the crystal structure with PDB code
4hg7. (c) NMR2 structure of HDM2 in complex with nutlin-3a is superimposed to the crystal structure with PDB code 4e3j. The NMR2-derived
structure is color-coded red for the ligand and light blue for the protein. The NMR2 structure of HDM2−nutlin-3a is an accurate description of the
nutlin-3a binding site as revealed by a de novo crystal-packing artifact-free structure elucidation of the HDM2−nutlin-3a complex by X-ray
crystallography shown in d. This de novo X-ray structure with PDB code 5c5a is shown by a ribbon colored green for the protein and nutlin-3a with
sticks and colored accordingly.

Figure 5. (a) Chemical structure of nutlin-3a. (b) Superposition of the
NMR2 and the artifact free X-ray structures of HDM2 in complex with
nutlin-3a using the 3D structure of the p53-peptide−HDM2 complex
(3v3b) as starting model. The reference X-ray structure electron
density of the HDM2 nutlin-3a complex is colored blue, and the
ribbons are colored green. The NMR2-derived structures are color-
coded orange for the ligand. Sticks representation of nutlin-3a follows
the atom colors red for oxygen, blue for nitrogen, and orange for
carbons.

Figure 6. 3D structure of the protein−ligand complex of HDM2−
pip1. (a) Chemical structure of [(3R,5R,6S)-5-(3-chlorophenyl)-6-(4-
chlorophenyl)-1-(cyclopropylmethyl)-2-oxopiperidin-3-yl]acetic acid
denoted pip1. (b) Structural superposition of the NMR2-derived
ligand structure in red and the crystal structure of the HDM2−pip1
complex (PDB: 2lzg) in green.34 The rmsd of the predicted ligand
with respect to the reference pip1 is 1.5 Å rmsd, and the twentieth-
ranked ligand prediction still exhibits a rmsd of 1.5 Å. Because the
NMR protein sequence was 9 residues longer than the crystal structure
used for NMR2, full flexibility was applied to the angles for these
residues in the NMR2 calculation. (c) Best 20 NMR2 conformers of
pip1 with the lowest CYANA target functions. The smallest number of
violations are shown in red and superimposed to pip1 in the reference
HDM2−pip1 complex structure (PDB: 2lzg).
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centrifugation at 20 000 g for 1 h at 4 °C (Sorval RC6 plus with SS34
rotor) and subsequent filtration. Proteins were captured on a self-
packed 12 mL Ni-NTA superflow column (GE Healthcare), washed
(50 mM Tris, 300 mM NaCl, 10% glycerol, 25 mM imidazole, 2 mM
TCEP, pH 8) and eluted with a gradient to the elution buffer (50 mM
Tris, 150 mM NaCl, 10% glycerol, 500 mM imidazole, 2 mM TCEP,
pH 8). The His6-tag was cleaved with HRV-3C protease (from our
laboratory) overnight at 4 °C. The sample was concentrated using a 5
kDa cutoff filter and applied to a HiLoad Superdex 75 column (GE
Healthcare), which was run at 10 °C (Buffer: 50 mM Tris, 200 mM
NaCl, 1 mM TCEP, 1 mM EDTA, 10% glycerol, pH 7.5). Pure
HDMX fractions were buffer-exchanged using a PD-10 column (GE
Healthcare) to the NMR buffer (97% H2O, 3% D2O, 20 mM NaPi, 25
mM NaCl, with 2 mM TCEP, and 0.1 mM EDTA, at pH 7) and
concentrated with a 3 kDa cutoff Amicon filter together with the
ligand.
HDM2(15−111). The sequence 15−111 was cloned into a pET15v-

derived vector (Novagen), containing a His6-tag and a cleavage site,
which is recognized by 3C-protease (precision protease). The
expression and purification protocol was obtained from Kallen and
co-workers and optimized.31 The construct was transformed in
BL21(DE3)*, first in 2 mL of LB at 37 °C, 180 rpm, for 2−4 h
and further divided into precultures of 100 mL using standard minimal
media overnight at 37 °C and distributed into 1 L of minimal media.
The expression was induced with 0.4 mM isopropyl-β-D-thiogalacto-
pyranosid (IPTG) at an OD600 of 0.8. The cells were grown overnight
at 18 °C and harvested with a GS3 rotor at 4 °C, 6000 rpm, for 15
min. The pellet was used for further purification or frozen with liquid
N2 and stored at −80 °C. For the purification, the cells were
resuspended in 200−250 mL of lysis buffer (containing 50 mM Tris-
HCl, pH 7.5, 300 mM NaCl, 10% glycerol, 25 mM imidazole, 2 mM
TCEP, 0.05% Tween20) per 25 g of pellet. Complete EDTA-free
tablets were added (one tablet per 50 mL) and stirred gently at 4 °C
for 30 min. The cells were lysed with the microfluidizer (Micro-
fluidics), cycles at 40 psi, with proper cooling. Further the lysate was
centrifuged at 20 000 g at 4 °C for 60 min. The supernatant was
filtered through a 0.45 μM filter and then loaded on a nickel-chelate
superflow 10 mL column (Quiagen) at 4 °C very slowly at 0.8 mL/
min. Washing was carried out with Buffer A (containing 50 mM Tris-
HCl, pH 7.5, 300 mM NaCl, 10% glycerol, 25 mM imidazole, 2 mM
TCEP) with 1 mL/min and further eluted using a gradient to Buffer B
(containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol,
500 mM imidazole, 2 mM TCEP). The gradient was chosen from 0 to
100% in 60 min with a speed of 2 mL/min. PreScission protease was
added in a ratio of 1:100 to the protein concentration, and the cleavage
was carried out overnight with gently shaking at 4 °C. The purity was
controlled by mass spectrometry. The sample was concentrated down
to a maximum of 13 mL using 5000 Da concentrating columns. The
solution was loaded on a HiLoad Superdex 75, HR 26/60 column
previously equilibrated with Buffer C (containing 50 mM Tris-HCl,
pH 7.5, 200 mM NaCl, 1 mM TCEP, 1 mM EDTA, 10% glycerol)
with a speed of 1 mL/min. The respective fractions were collected and
concentrated with a 5000 Da concentrating column up to 5.5 mg/mL.
The final yield of 15N-labeled sample was 57 mg/L and of uniformly
[13C,15N]-labeled 13 mg/L.
The buffer was exchanged into the buffer for NMR measurements

(25 mM phosphate buffer, 25 mM NaCl, 0.1 mM deuterated EDTA, 2
mM deuterated TCEP, and 7 mM dithiothreitol (DTT) at pH 6.5)
with a PD-10 column (GE Healthcare). Nutlin-3a was dissolved in
deuterated dimethyl sulfoxide (DMSO) and added to the protein with
a final ratio of 1:1.1. The complex was concentrated to a final protein
concentration of 425 μM.
Cocrystallization of HDM2 with Nutlin-3a. Purified HDM2 was

diluted to 0.1 mM with 50 mM Tris pH 7.5, 200 mM NaCl, 1 mM
TCEP, 1 mM EDTA, and 10% glycerol. Nutlin-3a was dissolved in
DMSO to give a 40 mM stock concentration. Nutlin-3a was added to
the 0.1 mM HDM2 solution in 2-fold excess and incubated overnight
at 4 °C. Subsequently, for crystallization trials the solution was
concentrated to reach a final protein concentration of 1 mM. Initial
crystallization screens were dispensed using a TTP Mosquito LCP

robot (TTP LabTech) using Griener Crystal Quick-X vapor diffusion
plates. Drop sizes of 200 nL reservoir and 200 nL protein were used.
Crystallization was obtained in the ammonium sulfate screen from
Qiagen containing 0.2 M tripotassium citrate and 2.2 M ammonium
sulfate. The crystal was tested using in situ X-ray diffraction at
beamline X06DA at the Swiss Light Source and did diffract up to 2 Å
but showed multiple overlaying diffraction patterns characteristic of
polycrystalline. Next, a seed stock was made of this crystal, and
microseed matrix screening was carried into another Qiagen
ammonium sulfate screen.35 Crystals from the new screen appeared
within 2 days under a condition containing 0.2 M potassium iodide
and 2.2 M ammonium sulfate and were first tested using in situ X-ray
diffraction, which confirmed that they were protein crystals with a
singular diffraction pattern

Data Collection and Structure Determination. For data
collection, crystals were cryoprotected in 80% saturated lithium sulfate
and flash-frozen in the cold N2 stream. Diffraction data were collected
at 100 K using the beamline X06DA of the Swiss Light Source. A total
of 180° of data were collected at a wavelength of 1.0 Å with 0.1 degree
oscillation and 0.1 s exposure. Data were processed using XDS36 to 1.1
Å. Processing statistics are shown in Table S2. The structure was
solved using molecular replacement with Phaser using the protein with
PDB code 4hg7 as a model. Refinement was carried out with phenix-
refine,37 and model rebuilding was carried out in Coot.38 Iterative
rounds of model building and refinement yielded the final structure.
The refinement statistics are shown in Table S2. The structure was
deposited in the Protein Data Bank with accession code: 5c5a.

NMR Measurements. NMR measurements on the protein
HDMX were carried out with 300 μL of a 0.53 mM, 13C,15N-labeled
1:1 protein/ligand solution in the buffers described above in the
“Biochemistry” section. The measurements were carried out on a
Bruker 700 MHz 1H frequency spectrometer equipped with a triple-
resonance cryoprobe at 291 K for HDMX. A series of five 2D
interleaved t1-

13C,15N sweep purged filter [1H,1H]-NOESY spectra25

with mixing times τm = 20, 40, 60, 80, and 100 ms were recorded for
the measurement of intermolecular NOE buildup curves (2048-
(t2)*270(t1) complex points, t1max = 29.6 ms, t2max = 225.3 ms, 160
scans, interscan delay 0.8 s). The NOESY spectra at 60 ms mixing time
exhibit signal-to-noise ratios for the intermolecular NOE peaks ranging
from 6 to 109 with a median at 34. 15N-T1 and

15N-T1ρ experiments
3

were carried out with 10, 30, 70, 160, 350, 700, and 1500 ms and 3, 6,
12, 20, 40, 80, 160, and 200 ms relaxation delays, respectively. Bound
ligand proton resonance assignment was done with double purging
filtered [1H,1H]-NOESY, TOCSY, and COSY experiments.

NMR measurements on the protein HDM2 were carried out with
300 μL of a 0.425 mM 13C,15N-labeled 1:1 protein/ligand solution in
the buffers described above in the “Biochemistry” section. The
measurements were perfomed on a Bruker 700 MHz 1H frequency
spectrometer equipped with a triple resonance cryoprobe at 288.15 K.
A series of three 2D t1-

13C,15N sweep purged filter-[1H,1H]-NOESY
spectra25 with mixing times τm = 20, 40, and 60 ms was recorded for
the measurement of intermolecular NOE buildup curves (2048-
(t2)*298(t1) complex points, t1max = 27.6 ms, t2max = 170.4 ms, 112
scans, interscan delay 0.8 s). The NOESY spectra at 60 ms mixing time
exhibit signal-to-noise ratios for the intermolecular NOE peaks ranging
from 5.5 to 30 with a median at 8. Proton resonance assignment of the
bound ligand was done with double purging filtered [1H,1H]-NOESY
and TOCSY and COSY experiments.

Data Analysis. All spectra were processed with NMRPipe39 or
topspin 3.1 (Bruker). The evaluation of the spectra was carried out
with ccpNMR analysis 2.3.40 Semiquantitative distance measurements
were derived from NOE build-up curves using a simple two-spin
system model following the eNOE and previous formalisms (Table
S4).17,26−28 First, autorelaxation rates, ρi, and initial magnetizations,
ΔMii(0), for the ligand protons were extracted using a mono-
exponential decay model, ΔMii(t) = ΔMii(0) exp(−ρit), whereas the
autorelaxation rate of the protein methyl groups was set to the median
of the experimentally derived autorelaxation rates. Second, cross-
relaxation rates, σ i j, were extracted following a two-spin
sys tem approx imat ion mode l fo r the in te rmolecu la r
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Finally, the distances, rij, are derived from the cross-relaxation rates,

σij = ω −J J(6 (2 ) (0))b
rij

2

6 with J(ω) =
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ωτ+( )2

5 1 ( )
c

c
2 , b = γℏμ

π H
1
2 4

20 , μ0 as

the permeability of free space, ℏ as the reduced Planck constant, γH as
the gyromagnetic ratio of the nucleus, and τc the rotational correlation
time of the protein−ligand complex, which was obtained as 8.9 ns
from the 15N-T1 and 15N-T1ρ relaxation rates using the software
TENSOR2.41

Protein Structures and Models. The PDB code of the initial
structure of the HDMX−ligand is 3fea,31 the PDB code for the starting
protein structure of HDMX bound to a ligand derivative is 3fe7,31 the
PDB code of the protein HDM2 in complex with another ligand
solved by X-ray crystallography at 1.4 Å resolution is 2axi,42 and the
PDB code of the apo-structure of HDM2 solved by NMR is 1z1m,43

where the conformer with lowest energy has been used. Every
structure was cured if necessary for missing atoms. The homology
modeling of HDMX from the HDM2 structures were carried out by
the Swiss-Model homology modeling software.29

Structure Calculation and Design Evaluation. Structure
calculations were carried out by simulated annealing using torsion
angle dynamics with the software CYANA.30 Distance restraints were
applied with equal upper and lower bounds. Each restraint was used
under the triangle smoothing and eventually tetra-angle smoothing
equations in order to limit the amount of structure calculations
(around 0.5 million for a desktop computer). Distance restraint
violations were measured by the target function, and in intermediate
cycles structures were accepted if the target function value was ≤20 Å2

for distance restraints and ≤100 Å2 for repulsive van der Waals (no
force field was used) violations. In the calculation with fully flexible
protein conformation, intermediate structures with heavy atom rmsd >
4 Å with respect to the apoprotein were also discarded for later cycles
of calculations, and concerning the final NMR2 predictions, the
structures with the smallest backbone rmsd to the apo-receptor were
selected as best predictions. 1500, 3000, and 5000 torsion angle
dynamics steps were used, respectively, for the calculations with a rigid
protein, fixed protein backbone and flexible side chain, and fully
flexible protein with secondary structures restrained by H bonds and
loops softly restrained by ϕ/ψ torsion angle restraints. Calculations
took 1−5 s per structure and were carried out on a desktop computer
with 8 cores, except for the large calculations in the fully flexible case
of the apo protein structure, which were run on the Brutus cluster
system of ETH (∼700 cores).
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