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Abstract: Two one-dimensionadiH NMR techniques for efficiently screening libraries of compounds for binding to
macromolecules are described that exploit the changes in relaxation or diffusion rates of small molecules which
occur upon complex formation. The techniques are demonstrated by detecting ligands that bind to the FK506 binding
protein and the catalytic domain of stromelysin in the presence of compounds that do not bind to these proteins.
These one-dimensional methods detect complex formation between a ligand and a macromolecule and thus eliminate
false positives often observed with other techniques. In addition, since these methods monitor signals of the
uncomplexed compound rather than the bound ligand or macromolecule, ligands for macromolecules of unlimited
size can be detected. Furthermore, active compounds can be directly identified from a mixture, significantly reducing
the time and material needed for screening large libraries of compounds.

Introduction compounds, which bind weakly to the protein, are subsequently
linked together to produce high affinity ligands. By using this

A critical aspect of the drug discovery process is the ability m . o=
. . . . . ethod (called SAR by NMR), high affinity ligands for the
to reliably detect and identify small molecules which bind to FK506 bi(nding proteiﬁgnd the)catagljytic domyaingof the matrix

macromolecular targets. Current high-throughput screening . . . .
. : . -~~~ metalloproteinase stromelySihave been rapidly discovered.
strategies have enabled the testing of large chemical libraries o . . .
and have been very effective at identifying useful lead com- Hoyvever, the appllcatlpn of this technique in its curren.t form
is limited to small proteins that can BeN-labeled and obtained

pounds. In some cases, however, the molecules identified in. .
in large quantities.

these screens do not bind to the target of interest. Instead, they i o . .
may trigger the assay due to an artifact of the method of Relaxation and diffusion rates have also been widely used in
detection (e.g., color or fluorescence) or by binding to other the study of molecular recognition, and a variety of protein
components of the assay system. In addition, compounds areProtein and proteirligand complexes have been investigated
usually tested as mixtures to efficiently screen large numbers With these techniques? In addition, the NMR signals of small

of molecules. This approach is especially important for molecules have been selectively obsefved suppressed!!
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!Stry'. .Th.e screening .Of mixtures reqwrgs the SUbS,e,quemJ.; Waterfield, M.; Campbell, IProtein Sci 1994 3, 1020-1030. (b)
identification of the active component, which can be difficult Emerson, S. D.; Madison, V. S.; Palermo, R. E.; Waugh, D. S.; Scheffler,
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in the presence of macromolecules by exploiting differences in Table 1. Inactive CompoundsTested Against FKBP and
their relaxation or diffusion rates. Even very small differences Stromelysin
in diffusion rates can be exploited, as has recently been
demonstrated in the analysis of small molecule interactions in
organic solvent$? However, no relaxation- or diffusion-based 3 /@\
strategies have been described for efficiently screening large HO o~
libraries of compounds for binding to macromolecules.

Here we describe two NMR-based methods for screening /©\

. : HO OH

compounds that bind to proteins or other macromolecules. The

Compound No. Structure

methods exploit the changes in either the relaxation rates or 5 @-COQH
diffusion rates of a small compound which occur upon binding

to the biomolecule and thus eliminate the need for isotopically 6 s S O2H
labeled targets. Due to the method of detection and the lack of | )
components in the mixture often required by other assays, the

identification of false positives caused by mechanisms unrelated 7 ;DCOzH
to ligand binding are minimized. Furthermore, since these

methods rely on detecting the NMR signals of uncomplexed 8

molecules rather than bound ligands or macromolecules, the E:(olo

techniques are applicable even to very large systems.

: ' 0
Results and Discussion O X
o)

Relaxation-Edited Detection of Ligand Binding. The ° H
ability to identify compounds that bind to macromolecules by 10 N<n
using a one-dimensional relaxation-edited approach is demon- w
strated with the FK506 binding protein (FKBF). A mixture NH,

of nine compounds was prepared containing 2-phenylimidazole 2 Compounds were considered inactive based on the absence of amide

(1), which binds to FKBP with an affinity of 20@M,5 and chemical shift changes &MN-labeled protein (usingN-HSQC spectra)
upon addition of ligand up to concentrations of 1 mM.

a N b c
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®

eight compounds3-10, Table 1) that do not bind to the protein.
Since the relaxation-edited approach exploits the rapid relaxation
of the macromolecule and bound ligands, a CPMG spinifock
time was needed that would reduce or eliminate the signals of 02 - 8
the protein and bound ligands, without significantly affecting
the signals of unbound molecules. Figure 1 depicts a plot of ] < -
protein and free ligand signal intensity as a function of spin- 000 010 020 030 040 050
lock time. From these data, average profemelaxation times spin-lock time (s)
of 0.04 and 2.1 s were obtained for FKBP ahdespectively. Figure 1. Intensity decay rates of signals from FKBP (filled squares)
Thus, for a spin-lock time of 400 ms, greater than 99% of the andl(filled circles) in the absence of protein. Data points are an average
protein signal intensity was eliminated, whereas #HeNMR of all §igr_1a|s of_l and five signals from FKBP. The sqlid curves are
signals corresponding tb were only reduced by 17%. zisz_ngs;m“'a“ons of the data with use of the relationski(t) =

To detect ligand binding with this approach, several relaxation- P 7
edited'H NMR spectra were acquired with a CPMG spin-lock  the presence of FKBE. A comparison of the spectra in parts
time of 400 ms. First, a relaxation-edited spectrum of the test A and B of Figure 2 indicates that ligand signals have
compounds in the absence of FKBP was obtained (Figure 2A). disappeared in the presence of the protein, which are clearly
The signals corresponding to all of the compounds in the mixture visualized by subtracting these two spectra (Figure’®Gjrom
(1, 3—10) appear in this spectrum. Next, relaxation-edited this difference spectrum, the compound that binds to FKBP can
spectra of FKBP alone and the test compounds in the presencebe readily identified from an analysis of the chemical shifts
of FKBP were obtained and subtracted to produce a spectrumwhich correspond to those of the free molecule (see reference
(Figure 2B) that only contains th_e resonances of those Com_- (15) Although the overall signal intensity of FKBP was reduced by
pounds whose transverse relaxation rates were not reduced Irbreater than 99% in the relaxation-edited spectrum, a few residual peaks
remained. Thus, a relaxation-edited spectrum of FKBP alone was subtracted

e
[s2]
1

relative intensity

(10) (a) Larive, C. K.; Rabenstein, D. Magn. Reson. Cher991, 29, from the relaxation-edited spectrum of the compounds in the presence of

409-417. (b) Rabenstein, D. L.; Isab, A. A. Magn. Reson1979 36, the protein.

281-286. (16) Narrow Lorenztian line shapes (as expected for low molecular weight
(11) Ponstingl, H.; Otting, GJ. Bio. NMR1997, 9, 441-444. compounds) can often give rise to dispersion signals in difference spectra.
(12) Lin, M.; Shapiro, M. J.; Wareing, J. R. Am. Chem. Sod997, For the compounds tested against FKBP, Gaussian apodization of the free

119 5249-5250. induction decay essentially eliminated the dispersion signals in the difference
(13) Liu, J.; Farmer, J. D., Jr.; Lane, S.; Friedman, J.; Weismann, |.; spectra, resulting in clearly identifiable resonances for the active compound.

Schreiber, S. LCell 1991 66, 807. However, as a result of the line broadening caused by the apodization, the

(14) Meiboom, S.; Gill, D.Rev. Sci. Instrum 1958 29, 688. spin—spin splittings for these compounds were not observed.
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Figure 3. PFG-STE spectra of (A, B) stromelysin and a mixture of
compounds3—10 and (C, D) compound8—10 in the absence of
protein. The spectra shown in parts A and C were acquired by using
gradient strengths of 1.2 G/cm, while those shown in parts B and D
were acquired by using gradient strengths of 48 G/cm and have been
scaled by a factor of 2.

Diffusion-Edited Detection of Ligand Binding. The utility
of diffusion editing is illustrated in the identification of small
molecules that interact with the catalytic domain of the matrix
metalloproteinase stromelysih. For these experiments, a
mixture of nine compounds was prepared containing 4-cyano-
4'-hydroxybiphenyl 2) and eight compound$3{-10, Table 1)

9.0 7.0 5.0 30 1.0
'H (ppm)
Figure 2. Analysis of ligand binding to FKBP with use of a relaxation- R ==
edited approach. (A) Relaxation-editddl NMR spectrum of a mixture NCOH
of nine compoundsl( 3—10) in the absence of FKBP. (B) Relaxation-
edited’H NMR spectrum of a mixture of nine compounds 8—10) 2
in the presence of FKBP after correcting for residual protein signals

by subtracting an analogous spectrum of FKBP alone. (C) A difference which do .not b.'nd tQ the protein. In _the presen_ce Of. apeto-
spectrum obtained by subtracting the spectrum in B from A. The hydroxamic acid,2 binds to stromelysin with a dissociation

resonances of occur at 7.89 (b), 7.63 (overlap of ¢ and d), and 7.41 constant of approximately 20M.° Since these experiments
ppm (a) in the absence of protein and are indicated by the vertical employed a pulsed field gradient stimulated echo (PFG-STE)
dashed lines. (D) A reference spectrumloélone. (E) A difference sequencé appropriate gradient strengths were determined which
spectrum obtained in an analogous fashion to the spectrum shown incould discriminate between the uncomplexed test compounds
C, but on a mixture of eight compound3-{10) which do not bind to and the protein. At a low gradient strength of 1.2 G/cm, the
FKBP. All relaxation-edited spectra utilized a CPMG spin-lock time  NMR signals of the protein and the compounds are observed
of 400 ms. (Figure 3, spectra A and C). However, at a high gradient
) S . ) strength of 48 G/cm, the signals from the free compounds are
spectrum, Figure 2Dy Figure 2E depicts a control experiment  ompletely eliminated (Figure 3D), while those from the protein
performed on a separate mixture containing only compounds ¢ only reduced by 50% (Figure 3B).
3—10, which do not bind to FKBP. In this spectrum, no ligand To identify compounds that bind to stromelysin from a
resonances are observed. _ mixture of nonbinding compounds with use of a diffusion-edited
By using the relaxation-edited approach, a wide range of gpproach, several PFG-STE spectra were recorded and analyzed.
ligand affinities can be monitored. Knowing the approximate First, a PFG-STE spectrum of the test compounds in the absence
values for the transverse relaxation rates of the uncomplexedof protein (Figure 4A) was acquired at a low gradient strength
compounds and the macromolecule, the length of the spin-lock (1.2 G/cm). At this gradient strength, the resonances from all
time can be selected to optimize the NMR experiments for of the compoundsX-10) are observed. Next, PFG-STE spectra
spin-lock times will preferentially detect high-affinity ligands, optained at low and high gradient strengths (analogous to the
while longer spin-lock times can be used to include the detection spectra shown in parts A and B of Figure 3) and subtracted to
of weaker binding ligands. An optimal screening strategy would produce a spectrum (Figure 4B) that only contains the signals
employ multiple spin-lock times for each sample to allow the of compounds that do not bind to the protéinBy subtracting
detection of both high and low affinity ligands. the spectra shown in parts A and B of Figuré4he 'H NMR

(17) The spin-lock times and gradient strengths used in the examples (18) Beckett, R. P.; Davidson, A. H.; Drummond, A. H.; Huxley, P.;
presented here resulted in complete elimination of the bound ligand signals. Whittaker, M. Drug Discaery Today1996 1, 16—26.
Hence, only positive peaks appear in the final difference spectra at the  (19) Acetohydroxamic acid and 2 bind to stromelysin in a cooperative
chemical shifts of the uncomplexed ligand (Figures 2C and 4C). Incomplete fashion, with the hydroxamate chelating the catalytic zinc2aodcupying
reduction of the bound ligand signals will give rise to negative peaks in the S1 subsite (see ref 6). This illustrates the fact that these relaxation-
the difference spectrum at the chemical shifts of the ligand in the presenceand diffusion-edited methods can be used to detect ligand binding to
of the protein. macromolecules even in the presence of ligands which bind to other sites.




12260 J. Am. Chem. Soc., Vol. 119, No. 50, 1997 Hajduk et al.

of mixtures to identify active components is eliminated.
Although a recently described diffusion-based method has been
N used to identify a small compound in a mixture that binds to

A

another small molecule dissolved in an organic solvéthjs
approach is not readily applicable to large biomolecules, where
the resonances of the bound ligand may be broadened or
obscured by those of the macromolecular target. The one-
dimensional screening methods described here overcome these
limitations by removing the signals of the biomolecule and
selectively observing only the signals of the uncomplexed
ligands. These methods also have advantages over current
NMR-based screening strategies which rely on observing the
15N/IH amide chemical shift changes that occur upon ligand
binding. Since only the signals from the ligands are observed,
the need for isotope labeling of the bimolecule is eliminated.
In addition, unlike methods which require well-resolved,
observable resonances of the macromolecule, the one-dimen-
sional techniques can be applied to very large biomolecules. In
fact, larger target molecules should improve the methodology,
since the differences in relaxation and diffusion rates between
the free and bound ligand will be even greater. Furthermore,
less protein is required for the one-dimensional approaches
versus the previously described methods that require the
acquisition of heteronuclear correlation spectra. In the examples
presented, only 56100 uM protein was required, while
concentrations of more than 36600uM are typically used in
\“’\/\I'\ 2D 15N-HSQC experiment® Although the one-dimensional
| , | | relaxation- and diffusion-edited strategies are not able to identify
9.0 7.0 5.0 3.0 1.0 ligand binding sites, they are extremely useful for rapidly
g (ppm) identifying compounds that bind to macromolecules and should
thus extend the utility and applicability of NMR as a tool in
drug research.

AcNHOH
~N
S

Figure 4. Analysis of ligand binding to the catalytic domain of
stromelysin by using a diffusion-edited approach. (A) PFG-STE
spectrum of a mixture of nine compounds—10) in the absence of
stromelysin with use of low gradient strengths. (B) PFG-STE spectrum
of a mixture of nine compound2+{10) in the presence of stromelysin All spectra were recorded at 298 K on a Bruker DMX 500 MHz
with use of a low-gradient strength, after removal of protein signals NMR spectrometer. Compounds-9 (Aldrich) and 10 (Lancaster)
by subtracting a PFG-STE spectrum of the same sample obtained atwere used as obtained without further purification. The samples for
high gradient strengths. (C) A difference spectrum obtained by FKBP contained 5«M protein and 5QuM of each ligand in a 95%
subtracting the spectrum in B from that in A. The resonance® of  D,0 buffered solutio#t (50 mM PQ, 100 mM NaCl, pH 6.5). The
occur at 7.84 (overlap of a and b), 7.70 (c), and 7.06 ppm (d) in the samples for the catalytic domain of stromelysin contained ARD
absence of protein and are indicated by the vertical dashed lines. Theprotein and 10M of each ligand in a 95% BD buffered solutioft
signals from TRIS (3.74 ppm) and acetohydroxamic acid (AcNHOH, (5 mM TRIS, 20 mM CaGl, 5 mM acetohydroxamic acid, pH 7.0).
1.94 ppm) were significantly attenuated in the difference spectrum, but FKBP and stromelysin were cloned, expressed, and purified as
not eliminated. (D) A reference spectrum ®falone. Signals arising previously describef??
from impurities in the buffer are indicated with an asterisk (*) and do Relaxation-Edited NMR Experiments. The NMR experiments
not appear in the difference spectrum (Figure 2C) since they do not ytjlized a D—90—(A—180-A),—P,—acquire] pulse sequence, where
bind to the protein. (E) A difference spectrum obtained in an analogous p = 1.8 s (preacquisition delay} = 2 ms,n = 100 (for a total spin-
fashion to the spectrum shown in C, but on a mixture of eight |ock time of 400 ms), an&®, = 100us (purge pulse). The total recycle
compounds 3—10) which do not bind to stromelysin. time was 2.7 s. The data were collected with a sweep width of 8333.3
Hz and 256 scans. Processing was performed with in-house written
signals of the compound that binds to stromelysin are readily software with a Gaussian apodization function (3 Hz line-broadening,
identified from an analysis of the chemical shifts which Gaussian shift 0.01) over 2048 complex points and zero-filling to 4096
correspond to those of the free molecule (see reference spectrum?f’mp'ex points before Fourier transformation. _ S_pectr_al differencing
Figure 4D). No ligand signals were observed in a control Was performed manually to allow for small variations in the volume

experiment performed on a separate mixture containing only ~~(20) The low concentrations of protein used in the one-dimensional
compounds3—10, which do not bind to stromelysin (Figure experiments significantly reduce potential chemical shift changes of the
4E). compounds which may occur in the presence of protein. This is important
to minimize subtraction artifacts in the difference spectra.
(21) The experiments on FKBP and stromelysin were performed in 95%
Conclusions D,O buffer. While the water signal is suppressed in PFG-STE spectra
acquired at high gradient strengths, alternate suppression strategies are
The one-dimensional relaxation- and diffusion-edited strate- required for the relaxation-edited spectra and the PFG-STE spectra acquired

: : : t low gradient strengths. Several methodologies exist for suppression of
gies described here have several advantages over Conventlonqle solvent signal, including presaturation and water flip-back methods.

screening methods and other NMR-based approaches forqowever, for the purposes of subtracting spectra acquired on dilute solutions,

identifying ligands for macromolecules. Since ligand binding er I\ound thatahiglh level of fD was the most robust approach for removal
; ; ; iti i« Of the water signal.

is directly detected, the observation of false positives is ™ o)\ 20 0" b . Nettesheim, D. G.: Xu, R. X.: Olejniczak, E. T.:
minimized. In addition, due to the capability of the methods pegros, A M.: Holzman, T. F.: Severin, J.: Gubbins, E.: Smith, H.- Fesik,

to identify ligands within a mixture, the need for deconvolution S. W. Biochemistryl993 32, 754-765.

Experimental Section
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of the protein solution and ligand mixture. Scaling factors ranged from house written software with a Gaussian apodization function (3 Hz
0.93 to 1.0 and were optimized for the removal of both residual protein line-broadening, Gaussian shift 0.01) over 2048 complex points and
signals and the signals from the mixture of compounds in the absencezero-filling to 4096 complex points before Fourier transformation.

and presence of protein. Spectral differencing was performed manually. For the removal of

Di.ffusi_on—Ed_ited NMR_Experiments: The pulse sequence used protein and bound ligand signals, scaling factors ranging from 0.63 to
for diffusion-edited detection of bound ligands was the LED sequénce g7 were optimized for the removal of protein signals. For the

with gradient lengths of 1 ms, gradient recovery times of 500 ms, a
diffusion delay time of 400 ms, and a longitudinal eddy-current delay
(LED) of 60 ms. A three-pulse train was employed prior to the LED
sequence to equalize the total field gradients during the two transverse
evolution periodg? A pre-acquisition delayfol s was used and the
total recycle time was 2.6 s. Data were collected with gradient strengths ~ Acknowledgment. We would like to thank Lora Tucker-
of 1.2 (256 scans) and 48 G/cm (512 scans) to differentiate between Garcia and William Howe for help in preparation of the samples
free and bound ligand signals. Additional scans were acquired for the gnq Dr. Heng Liang for helpful discussions.

NMR experiments employing higher gradient strengths because of the

inherently lower signal to noise. Processing was performed with in- JA9715962

subtraction of signals from the mixture of compounds in the absence
and presence of protein, scaling factors ranging from 0.95 to 0.98 were
used (after removal of protein signals).



