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ABSTRACT

An efficient way to rapidly generate protein-ligand co-structures based on solution-
NMR using sparse NOE data combined with selective isotope labeling is presented.
A docked model of the 27 kDa N-terminal ATPase domain of Hsp90 bound to a small
molecule ligand was generated using only 21 intermolecular NOEs which uniquely
defined both the binding site and the orientation of the ligand. The approach can

prove valuable for the early stages of fragment based drug discovery.
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INTRODUCTION

The availability of 3D structural information on protein-ligand complexes has become
an important driver to guide the pre-clinical stages of drug discovery. Structure based
drug design (SBDD) has enabled the development of a wide array of drugs that are
currently on the market such as inhibitors of the HIV protease and kinases."? In the
past 15 years fragment-based drug discovery (FBDD), which uses very small, soluble
drug fragments as starting points to develop new medicines, has become
widespread. Due to their small size, fragments typically bind the target with low
affinity (Kp > 10 pM). The development of weak fragment hits to more potent lead-like
structures is 2-3 times more successful when 3D structural information is available.
Thus the success of both SBDD and FBDD is heavily dependent upon the availability
of structural information. Presently both approaches are primarily driven by X-ray
crystallography. Crystallography has the advantage that when successful, it is both
rapid and high resolution. However, there are a number of cases in which
crystallography is not successful such as when crystals are not available, the crystal
packing precludes access to the active site or most commonly, weakly binding
fragments simply do not give rise to electron density. In the latter case there can be
many causes including insufficient occupancy of the binding site or multiple possible
binding orientations. In principle, NMR-based solution methods can also generate
atomic resolution structural information and NMR has indeed successfully supported
FBDD campaigns.® Since NMR is extremely sensitive to weak protein-ligand
interactions, it should be applicable exactly where crystallography is least effective,
i.e. for complexes of weakly binding ligands. However, traditional NMR approaches
involving uniform isotopic labeling are labor intensive and limited to proteins of

moderate size (e.g. < 30 kDa) and have therefore not been widely adopted in drug
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discovery.

In drug discovery it is often the case that the 3D structure of a target or a
homologous protein is available. If the resonance assignment of such a protein is
available, mapping of chemical shift perturbations (CSPs) onto the 3D structure is a
simple, fast procedure that can provide low resolution information about a small
molecule binding site.° CSP mapping is most commonly accomplished through
analysis of 'N- or '*C-edited heteronuclear correlation spectra of the protein.
However, the interpretation of 'H-'°N or 'H-"*C HSQC CSPs becomes ambiguous
when the chemical shift perturbations are caused by changes in protein dynamics or
a shift in equilibrium between two (or more) conformations. Various computational
methods primarily based on chemical shift perturbation analysis are most successful
at determining the location of the binding site to low resolution. The precise nature of
the intermolecular contacts are well beyond the capabilities of structural analysis
based on CSPs.®” In principle a limited set of intermolecular NOEs could provide
sufficient information to determine the orientation and binding mode of a small
molecule bound to a protein. Indeed, a number of approaches that use a combination
of amino acid selective labeling and intermolecular NOEs have been proposed.®'°
While these are quite powerful, they suffer from one or more of the following
limitations: (i) requirement for a priori knowledge of the ligand binding site in order to
be able to efficiently select the right combination of residues to label, (ii) requirement
for a large number of intermolecular NOE contacts, (iii) the resonance assignment
uses the pattern of chemical shift perturbations induced by ligand binding and
therefore may not be robust and (iv) requirement for extensive calculations to
generate structures that match the experimental data. We sought an NMR based

method capable of providing structures of sufficient resolution and reliability to
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support elaboration of “weakly” binding fragments to target proteins that met the
following criteria: widely applicable to small and large proteins, rapid (2-3 weeks per
complex), standard solution conditions and NMR experiments, requires samples that
can be easily made and the data interpretation is unambiguous. Here, we
demonstrate such a method based on selective ILV methyl-labeling and a sparse set

of intermolecular NOEs.

RESULTS AND DISCUSSION

The approach as outlined in Figure 1, requires an NMR sample of the protein in
which the target protein is highly deuterated and where NMR visible, isotopic labels
have been introduced along the backbone and selectively at ILV sidechains as
described by Tugarinov and Kay." Standard, through-bond double and triple-
resonance NMR spectra are used to obtain the backbone and ILV sidechain
resonance assignments of the protein. The ligand is then titrated into the protein in
small increments such that the shift in both backbone and sidechain resonance
positions can be readily followed using 2D heteronuclear correlation spectra. Once
binding of the compound to the protein is saturated, "*C- and '°N-edited NOESY-
HSQC spectra are recorded to generate a set of intermolecular NOEs between the
ligand resonances and ILV methyl groups as well as the backbone amide protons of
the protein. A known 3D structure or structures of the protein target (or a homology
model) is then used for molecular docking using HADDOCK to obtain the protein-
ligand structure based solely on the intermolecular NOE restraints.'® Given that the
isotopic labeling method has been used to obtain assignments for large proteins, it is
likely that the proposed scheme can also be used to determine experimentally

derived molecular models based on sparse NOE data for large protein-small
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molecule complexes in an efficient yet reliable manner.'""*'® Here the approach is
illustrated using the moderately sized 27 kDa N-terminal domain of the molecular

chaperone heat shock protein 90 (Hsp90), a known cancer target.

[ ILV methyl labeled, perdeuterated protein ]

I

[ Backbone and ILV Methyl Assignments ] [ Automated Methyl Assignments ]

Titrate Ligand to match
the resonance assignments

3C- and ®N- edited NOESY-HSQC to obtain
intermolecular NOEs

[ Molecular Docking using NOE restraints ]

[ Model Protein-Ligand structure ]

Figure 1. A flowchart scheme to illustrate the number of steps involved in the determination
of the model protein-ligand complex by solution NMR based on the sparse NOE data using
ILV methyl labeling approach.

The N-terminal domain of Hsp90 (9-233) was isotopically labeled in E. coli

according to the published procedure.

Heteronuclear correlation experiments
yielded highly resolved spectra with excellent sensitivity in which all expected methyl
peaks can be observed (Figure 2). The triazine 1 had been discovered as a ligand of
Hsp90 in a target immobilized NMR screen (TINS) of a fragment library constructed
from commercially available compounds.’®'” The binding of 1 to Hsp90 was
confirmed using surface plasmon resonance technology and the equilibrium Kp was
determined to be 58 puM via fitting to a 1:1 binding model (data not shown). We

investigated the effect of 1 binding to the protein by recording a high-resolution CT-

['H,®C] HSQC spectrum in the presence and absence of the compound (Figure
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2).'®" The methyl chemical shift perturbations are clear evidence of the binding of 1
to Hsp90. The peak pattern in the bound state is suggestive of a folded protein
indicating that the binding is specific and does not result in protein denaturation or
other undesirable affects. Surprisingly, the majority of the methyl resonances are
affected by the binding of 1 and a similar pattern was observed in the ['H, "*NJ-HSQC
(not shown). Using the sequential assignment determined below, the methyl and
backbone amide chemical shift perturbations (CSPs) have been mapped onto the
crystal structure of Hsp90 (Figure 3). Although the CSPs surround the known ATP
binding site, residues far from the site are also significantly affected. The widespread
changes in the spectrum of Hsp90 could be indicative of conformational changes in
the protein induced or stabilized by the binding of compound 1. Indeed,
conformational changes have been observed for a number of ligands binding to
Hsp90.% Thus it can be difficult to determine the ligand binding site simply on the
basis of CSPs (see below). Furthermore, the orientation of the ligand within the
binding site, and therefore the nature of the protein-ligand interactions, is not defined

by the CSP information.
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Figure 2. CT- ['H,"*C] HSQC spectra of an ILV methyl protonated sample of deuterated N-
terminal domain of Hsp90 recorded in the absence (in red) and in the presence of 1 (in
green) at a protein to ligand ratio of 1:6. Significant chemical shift perturbations for various
methyl groups are seen clearly in the presence of 1, indicative of binding.

Figure 3. The methyl (yellow) and amide (red) chemical shift perturbations caused by the
presence of 1 are mapped on the crystal structure of Hsp90 (PDB 1YER). The figure was
created in PyMOL.?'

The sequential backbone assignment of Hsp90 is available (e.g. BMRB 5355)
but was confirmed by analysis of TROSY-based HNCACB and HNcoCACB NMR

spectra. In total, 76% of the HN, N, Ca and CB chemical shifts were sequentially
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assigned, including 87% of the ILV residues. The methyl resonances were
subsequently correlated with the intraresidue Ca and C@ assignments by a CCH-
TOCSY experiment. Of the ILV residues that had been sequentially assigned, 92% of
the ILV methyl assignments were obtained in a straightforward manner. It is not
essential to obtain all ILV methyl assignments since only those within the binding site
will give rise to intermolecular NOEs. Based on the crystal structure of a complex of 1
with Hsp90 (see below), all methyl groups that are within NOE distance (8 A using a
highly deuterated protein) to the ligand have been assigned using only data from
these three experiments. Stereospecific methyl assignments for Leu and Val
residues were obtained by producing a 10% '*C labeled sample and CT-HSQC

analysis as described previously.?
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Figure 4. A] Representative strips from the 3D "*C- and "°N-edited NOESY-HSQC spectra
of methyl protonated {I(13CHs, 81 only), L(**CH;,®CDs), V("*CHs,*CDs)} U-["*N,"™C,*H]
Hsp90 in the presence of 1. The intermolecular NOEs between the methyl groups of the
protein (L107MD1, L107MD2) and the ligand H1, H2, H3 groups are circled. The strips for
residues 196 and G97 from a "N-edited NOESY-HSQC spectrum are shown from which
intermolecular NOEs to the H3 group of 1 are circled. The frequencies (ppm) of 'H and *C or
®N nuclei are shown at the bottom and the top of the strips respectively. B] The structure
(top) and 1D "H spectrum (bottom) of 1 in D,O with the resonance assignment.
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3D C-edited and '°N-edited NOESY-HSQC spectra were recorded on the
protein-ligand complex in order to detect intermolecular NOEs.>*** Due to the
selective labeling scheme employed, there was minimal overlap amongst the protein
resonances and therefore intermolecular NOEs were unambiguously assigned.
Selected strips from the "*C-edited NOESY-HSQC and "°N-edited NOESY-HSQC
spectra exhibiting intermolecular NOEs from the ligand are shown in Figure 4A. A
total of 21 intermolecular NOEs were identified between resonances of 1 and protein
residues including three to amide protons (196, G97 and M98) and 18 NOEs to
methyl groups (L107, L103, V150, V186 and [96). The peak intensities from the
intermolecular NOEs were converted to distances and used as restraints to carry out
the docking of the ligand using HADDOCK (See experimental section for more
information)."?

Typical of many pharmaceutical targets, a crystal structure of apo-Hsp90 (PDB
1YER) is available in the PDB. This structure was the starting point for the
experimentally restrained docking procedure. We performed HADDOCK calculations
using only the apo-Hsp90 structure and 21 intermolecular-NOE distances as
unambiguous restraints (Table 1)."> The lowest energy cluster exhibited a
HADDOCK score and minimal restraint violation energy of -7.0 and 3.8 kcal/mol
respectively, whereas the next ligand cluster exhibited a HADDOCK score of 3.4 and
minimal restraint violation energy of 20.0 kcal/mol. The difference between the

clusters indicates that the input data defines a single set of structures.
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Table 1. Intermolecular NOE distance restraints included into HADDOCK calculations are
shown. Note that a lower and upper distance margin of 1-2 A were employed to above target
distances.

Ligand | Protein | Protein Target
atom residue | residue | distance
atom (A)
H1 196 HD1 3.8
H1 L103 HD+ 4
H1 L107 HD1 4.3
H1 L107 HD2 4
H1 V150 HG1 3.8
H1 V150 HG2 3.8
H1 V186 HG2 4.3
H2 196 HD1 4
H2 L103 HD+ 5
H2 L107 HD1 4.6
H2 L107 HD2 4
H2 V150 HG1 5.3
H2 V186 HG2 5.3
H3 L103 HD+ 4.9
H3 L107 HD1 3.9
H3 L107 HD2 3.6
H3 V150 HG1 4.8
H3 L186 HG2 5
H3 196 HN 4
H3 G97 HN 4
H3 M98 HN 4

A crystal structure of the complex of 1 with Hsp90 was available in the PDB (3B24).%°
In 3B24 there are two protein molecules in the asymmetric unit and although 1 is
bound in the same site in each, it is rotated by approximately 180° in the different
structures (Figure 5A). Superposition of the protein in the three structures (NMR
model and two crystal structures) indicates that the sparse NOE method defines the
binding site of the ligand uniquely and accurately. Most Hsp90 ligands form critical
hydrogen bonds to residues D93 and T184 and these are present in both the X-ray
structures and the NMR model. The orientation of 1 in the NMR based model is quite
similar to one of the orientations in the asymmetric unit of the crystal structure (1.7 A
rmsd). In the NMR model, the orientation of 1 is defined by a network of 3

intermolecular NOEs from the ligand H3 group to the amide protons of residues 196,
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G97 and M98 (Figure 5B) and is thus unambiguous. Interestingly, PDB entries 2WI2
and 2WI3, are structures of a similar triazine bound to Hsp90 in which two
orientations differing by a 180° axial rotation are found. In this case the different
orientation was dependent on whether soaking or co-crystallization was used to form
the complex.?® Taken together the crystal structures suggest that there are two or
more low energy conformations for the complex of these simple triazines with Hsp90.
In contrast, the NMR data indicate that in solution, there is one predominant
conformation and this is likely to be the most physiologically relevant. Importantly,
despite the moderate number of intermolecular restraints, the NMR model defines
precisely the same binding site as the crystal structure and the critical intermolecular

hydrogen bonds suggesting that in addition to being fast, the method is robust.

A\ > Al S “ [N
Figure 5. A] Overlay of the lowest energy HADDOCK model of 1 bound to Hsp90 with a
crystal structure of the complex (PDB 3B24) in which 1 binds in two orientations (docked
model- magenta, 3B24: green and sky blue). The orientation of 1 in the NOE-based model is
similar to one of the binding modes (seen in sky blue color) of the ligand in PDB entry 3B24.
B] The orientation of 1 in the docked model is largely determined by the three intermolecular
NOEs observed between the H3 group of the ligand and HN of 196, G97 and M98 shown in
pink within the protein. The figure was created in PyMOL.?'

Numerous groups have attempted to use CSPs to determine the structure of
protein-ligand complexes.”?” We used the ability of HADDOCK to include CSPs as

ambiguous restraints for docking and modeled the structure of the Hsp90-1 complex
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using the most significant methyl and backbone amide CSPs (Figure 6). The
HADDOCK calculations generated 2 clusters whose HADDOCK scores were similar
and significantly lower than others. Interestingly, the clusters are both located at the
binding site of 1 defined in both the NOE model and the crystal structures. However,
despite the fact that electrostatics were used during the HADDOCK calculation, the
hydrogen bonds to D93 and T184 are not present. In fact, the amine group of 1 is

pointing away from these residues.

Figure 6.Overlay of the lowest energy HADDOCK model structures of 1 bound to Hsp90
obtained using the most significant methyl and backbone amide chemical shift perturbations
(Ad; > Adavg + 2 x standard deviation). Two clusters of 1 are observed which have similar
HADDOCK score. A] Overlay of the two structures from one of the clusters (magenta and sky
blue) with NOE-derived docked model shown in orange. B] Overlay of the two structures
from the other cluster (pink and dark green) with NOE-derived docked model shown in
orange. The figure was created in PyMOL.?'
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Figure 7. Overlays of the lowest energy HADDOCK model structures are shown when 1 is
docked with various N-term Hsp90 structures with different sidechain conformations (shown
as lines) in the PDB (1YER- yellow, 10SF-orange, 2QF6-magenta and 3B26-grey). The
ligand is found to bind in the same binding spot in comparison with the X-ray structure,
irrespective of the conformational flexibility of the helix formed by residues 100-124 seen in
the various PDB structures. The figure was created in PyMOL.*'

Frequently ligand binding is accompanied by a conformational change in the
protein. Conformational rearrangement of residues 100-124, which are in close
proximity to the ligand binding site of Hsp90, has been observed for a number of
ligands including in the two structures in the unit cell of 3B24 (Figure 5A). To
investigate any possible influence of conformational rearrangement on the structures
calculated from NMR data, we selected 3 different Hsp90 structures which differ in
the conformation of residues 100-124 for docking using HADDOCK." The binding
site and orientation of the ligand cluster in each of the 3 different Hsp90 structures
was very similar to that determined using the apo-protein (Figure 7). Importantly, the
intermolecular hydrogen bonds to D93 and T184 are conserved in all 4
experimentally constrained docking structures. This data suggests that, at least for

the case of Hsp90, binding induced conformational changes do not preclude
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determining the essential features of a small molecule-protein complex even if those
changes are unknown.

CONCLUSION

The method presented here appears to be capable of generating reliable protein-
ligand structures in a quick and efficient manner. We have shown that a universal
selective labeling scheme can be used to rapidly identify sufficient numbers of
restraints for a small molecule ligand weakly bound to protein. Moreover, universal
labeling precludes the necessity for a priori knowledge of the ligand binding site.
However, the present method depends on the availability of selectively labeled,
deuterated protein which can only be produced in E. coli. Note that the 3 NOEs
involving backbone amide protons of the protein were critical for orienting 1 in the
protein-ligand complex. This observation suggests that, at least in some cases, the
use of exclusively methyl labeled protein could result in the loss of important
constraints for the calculation procedure. Another obvious limitation is the
requirement for methyl groups at the ligand binding site. Although ILV residues tend
to be well located in proteins and clearly Hsp90 is a good example of this, it is not
always the case.® However, it is also possible to selectively label all methyl
containing residues providing even more complete coverage of protein structures and
ligand binding sites.?® While we have used standard, through-bond NMR techniques
for resonance assignment here, recently steps towards automating the assignment of
methyl resonances based either on intramolecular NOEs and/or through-space
paramagnetic effects have been taken.?® Implementation of selective methyl labeling
in conjunction with automated resonance assignment should enable structure
determination of complexes involving reasonably large proteins up to 75 kDa. We

feel the present method could prove valuable for the early stages of FBDD by
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providing 3D structure information on weakly binding fragment-protein complexes.

Experimental Section:
Sample Preparation

A methyl protonated {I("*CHs;, &1 only), L(*CH3,"*CD3), V(**CHs,"*CD3)} U-
["°N,"C,?H] sample of N terminal domain (9-233) of Hsp90 was obtained by protein
overexpression from a culture of E. coli BL21 (DE3) cells transformed with the
plasmid pQTEV as described."" The protein was expressed in 1 L D,O M9 medium
supplemented with 2 g/L of U-["*C, ?H]-glucose (Sigma) as the main source of carbon
and 0.3 g/L of "*NH4CI (Sigma) as the nitrogen source. One hour prior to induction at
~0.5 OD, 50 mg of 2-keto-3,3-d%1,2,3,4-"3C-butyrate and 100 mg of 2-keto-3-methyl-
d3-3-d'-1,2,3,4-*C butyrate ("*C labeled a-ketoisovalerate deuterated at the pB-
position and with one of the methyl groups - '>CD3) were added to growth medium.
The expression of the protein was induced by the addition of 1 mM IPTG for 16 hours
at 18°C. The protein was purified on Ni-Hitrap FF (GE Lifescience) followed by
purification on a superdex G75 gel filtration column (GE Lifescience). The seven-
histidine tag was removed by proteolytic digestion with TEV protease (Invitrogen)
according to the manufacturer recommended buffer condition. The cleaved tag and
the TEV protease were removed by affinity purification on Ni-Hitrap FF, and
subsequently the buffer of Hsp90 (9-233) was exchanged to 20 mM sodium
phosphate pH 7.5, 50 mM NaCl. The NMR sample was 0.7 mM in protein, 95% H0,
5% D20, 20 mM sodium phosphate, pH 7.5, 50 mM NaCl. The NMR sample on the
Hsp90-1 complex was obtained by addition of 6 equivalents of 1 to the protein. The
pH of the sample was adjusted carefully within +/- 0.05 units of 7.5 after addition of

the ligand. Stereospecific methyl assignments were obtained by producing a 10% *C
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labeled sample and CT-HSQC analysis as described. %2

Compound 1 was purchased from Maybridge, catalog number RF 02707.

NMR backbone sequential assignments and ILV methyl assignments

In order to detect binding of 1 to Hsp90, a CT- ['H,"*C] HSQC spectrum of 0.7 mM
protein and protein plus ligand (1:6 ratio) was recorded on a Varian 800 MHz
spectrometer equipped with a cryogenic probe. The chemical shifts of 1 in the bound
state were also followed by acquiring 1D 'H proton spectrum in the presence of
protein at different protein plus ligand ratios (1:0, 1:2, 1:4 and 1:6).

In order to perform sequential assignment of the backbone resonances and
correlate them to the intraresidue ILV methyl resonances of the Hsp90-1 complex,
the following experiments were acquired at 298K on 600MHz four-channel Bruker
DMX NMR spectrometer equipped with a TXI cryo-probe; ['H,"°N]-HSQC, trHNCACB
recorded with (2048x80x110) in (*HN,"N,"C) dimensions, trHNcoCACB recorded
with (2048x80x180) in ('HN,'N,"C) dimensions with a recycle delay of 1s and with
16 scans/FID.**®*' To correlate the backbone Ca and CPB frequencies to the
intraresidue methyl resonances of ILV residues, a CCH-TOCSY experiment was
recorded with (2048x80x152) in ("Hm, *Cn,">C) dimensions with a recycle delay of 1s
and with 8 scans/FID. The CCH-TOCSY pulse sequence was obtained by
modification of a standard (H)CCH-TOCSY pulse sequence by removal of the initial
INEPT pulses, addition of deuterium decoupling during the {7 and {2 period, starting
with a direct carbon excitation pulse, followed by a DIPSI-3 TOCSY transfer
sequence and final detection on the methyl protons. The optimal mixing time for the
TOCSY sequence was found to be 23.3 ms.*?

A series of 2D 'H-'"H NOESY planes with mixing time between 100-600 ms were

acquired in order to determine the optimal mixing time based on the decay of cross
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peak intensity. The optimal mixing time was defined to be a balance of being able to
detect long range NOEs and spin diffusion and was found to be 400 ms. In order to
observe intermolecular NOE cross peaks between the ligand and the protein, a 3c-
edited NOESY-HSQC (1024x40x160 points in 'H,"*C,"H respectively) and a 'N-
edited NOESY-HSQC (1024x44x160 points in 'H,"*N,"H respectively) were recorded
with , mixing time of 400 ms and a recycle delay of 1s and with 16 scans/FID
respectively.>*>® The NOESY experiments were acquired at 298K on a 900 MHz
four-channel Bruker DMX spectrometer equipped with pulsed field gradient,
conventional room-temperature ftriple resonance probe. The cross-peak
volumes/peak intensities from the intermolecular NOEs were converted to distances
based on the equation V=C/b” (V= cross-peak volume/peak intensity, C is a
constant, b is the upper distance bound and n is an exponent 4).>” The acquired
NMR data was processed using the NMRpipe/NMRDraw software package and
visualized in Sparky.*®3° The backbone assignment process was guided by the
predicted chemical shifts calculated by SHIFTX in the automatic assignment program
MARS using PDB 1YER as input.***! The use of ILV methyl labeling is attractive for a
number of reasons including: (i) the favorable relaxation properties of methyl groups
so that NMR spectra, even for larger systems, are of higher sensitivity and

resolution, '#42

(i) the well-dispersed distribution of the methyl groups throughout the
protein structure and particularly at ligand binding sites,*® (iii) restriction of the NMR
analysis to the backbone and sidechain resonances of ILV methyl groups of the
protein simplifies the process and allows unambiguous identification of intermolecular
NOEs and (iv) methods to produce ILV labeled samples in E. coli are robust and

economical.!!#44%
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Protein-Ligand Docking

Throughout the docking procedure using HADDOCK, 1000 protein structures were
used for initial rigid body docking. Explicit solvent refinement was performed on 200
structures after initial docking iterations. The final docking solutions were selected by
clustering of the structures and analysis of the HADDOCK scores. The Hsp90
structures used in HADDOCK calculations to investigate the conformational
rearrangement of the helix formed by residues 100-124 are derived from a number of

different complexes for which the ligand was removed prior to docking to compound
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