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In recent years, NMR spectroscopy has become an important
tool in the drug discovery process through the advent of NMR based
screening to identify lead templates.1,2 Perhaps the most well-known
method is the “SAR-by-NMR” scheme described by Fesik and co-
workers in 1996.1 The SAR-by-NMR technique relies on detecting
chemical shift changes in a 2D1H-15N correlation spectrum to
identify compounds that bind to the target protein. Provided the
three-dimensional structure of the protein is known, and sequence
specific NMR assignments of the protein backbone resonances have
been obtained, ligands with nonoverlapping binding sites may be
linked based on structural data, resulting in high affinity binders
even if the starting compounds only had millimolar to micromolar
affinities. However, the SAR-by-NMR method is restricted to
relatively small proteins (Mw < 35 kDa) since it requires that
backbone resonance assignments of the target protein have been
obtained, a task that generally demands months of experimental
work and analysis even for a small protein. The method may be
extended to slightly larger systems by the introduction of13C-labeled
methyl groups and detecting changes in a 2D1H-13C correlation
spectrum, but the need for sequence specific assignments remains.3

Here we present a technique that facilitates screening for binding
to a selected site. The core of the new method is an indirect
sequence specific labeling scheme.4 Amino acid X is labeled with
13C and amino acid Y is labeled with15N. Provided only one XY
pair occurs in the amino acid sequence, only one signal in the 1D
carbonyl 13C spectrum will display a splitting due to the1JC′N

coupling,4 and only one peak will appear in an HNCO5 type
correlation spectrum. The occurrence of a unique pair of labeled
amino acid residues confers the sequence specificity. It is possible
to identify a relevant unique amino acid pair for several known
drug targets.6 This labeling strategy thus makes it possible to screen
for binding to a selected site without the need for sequence specific
assignments. An HNCO spectrum can be used either directly as a
screening experiment (1D or 2D versions) or indirectly to identify
what signals to monitor in a 2D1H-15N correlation spectrum.
Chemical shift perturbations upon addition of a potential ligand
are easily detected even for large proteins due to the reduced spectral
complexity resulting from the use of a selectively labeled sample.
A 2D 1H-15N correlation experiment is most likely the method of
choice because of the inherent lower sensitivity of the HNCO
experiment.

The principle of the site-selective screening method is demon-
strated for the human adipocyte fatty acid binding protein FABP-
4. FABP-4 has been implicated in insulin resistance7 and is thus a
potential drug target. Selectivity of FABP-4 binding compounds is
important. In particular, binding to FABP-3, which is expressed in
heart and muscle, should be avoided. Analysis of the fatty acid

binding sites of FABP-3 and FABP-4 shows that residues valine
114 and valine 115 in FABP-4 are replaced by isoleucine and
leucine in FABP-3.8 By screening for binders to this epitope,
potential FABP-4 selective compounds may be identified. Valine
114 and valine 115 comprise a unique amino acid residue pair in
the amino acid sequence of FABP-4, and are thus suitable for
selective labeling. A13C/15N-Val selectively labeled sample of
FABP-4 was produced from prototrophicEscherichia colicells
harboring a plasmid containing the gene coding for a 146 amino
acid protein construct of FABP-4. The construct encompassed a
C-terminalhis-tag included for purification purposes. Cells were
grown in a growth medium containing all amino acids and
nucleotides according to the protocol of Muchmore et al.9 Valine
was supplied uniformly13C5/15N-labeled (Cambridge Isotope
Laboratories). Following purification the protein mass was deter-
mined with use of MALDI-TOF mass spectrometry. The extent of
incorporation of13C/15N in valine residues was estimated to be at
least 95%. The mass spectrum displayed a very homogeneous
FABP-4 peak, indicating no or very little isotopic scrambling despite
the use of a prototrophic bacterial strain.10 This finding was further
corroborated by the very clean1H-15N correlation spectrum of13C/
15N-Val FABP-4 (Figure 1a). An attractive alternative approach to
produce a selectively labeled sample is cell-free synthesis,11 which
eliminates the risk of isotopic scrambling and has the additional
benefit of lower consumption of labeled amino acids per milligram
of produced protein.

Figure 1 shows NMR spectra of selectively labeled FABP-4.
The signals visible in a1H-15N correlation experiment (Figure 1a)
correspond perfectly to the valine resonances of FABP-4 as assigned
by Constantine et al.14 The 2D HNCO experiment yields cross-
peaks only for13C′-15N-1H moieties. There is only one such
instance in the selectively labeled FABP-4 protein, namely (13C/
15N)Val114-(13C/15N)Val115. The HNCO spectrum in Figure 1b
contains only one cross-peak, which in agreement with the published
resonance assignment14 identifies the valine 115 resonance. The
spectrum displayed in Figure 1c demonstrates the feasibility of the
use of a 1D HNCO experiment for detection.

Five test compounds were mixed into a compound cocktail. One
compound (compound5) had been identified as an FABP-4 binder
in an NMR line broadening assay (data not shown).

Figure 2 shows spectral expansions of spectra recorded on
selectively labeled FABP-4 in different mixtures. The valine 115
cross-peak experiences a chemical shift change upon addition of
the test cocktail (Figure 2b). Mixing FABP-4 with compound5
alone yields a spectrum similar (Figure 2d) to that observed when
FABP-4 is mixed with the cocktail. Omitting compound5 from
the test cocktail leaves the spectrum unchanged (Figure 2c). The
crystal structure of FABP-4 in complex with compound5 shows
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that the compound is interacting with the Val114-Val115 epitope.
(See Supporting Information.)

The site-selective labeling method promises to be a valuable tool
for identifying compounds that bind to a selected site. Two pitfalls

should, however, be pointed out. Since only one peak is monitored,
false positives might be detected due to a secondary (remote/global)
effect. Care should thus be taken when numerous chemical shift
changes are observed. Furthermore, false negatives may occur when
no chemical shift change is observed despite a compound binding
in the desired pocket. This may be caused by multiple counteracting
effects on the chemical shift. The risk of false negatives can be
reduced by labeling more than one amino acid pair. Potential
applications of the method include the following: screening for
binders to a selected site that has been identified either through
X-ray, NMR, or modeling studies; an assay to confirm binding of
ligands identified by other means to a desired site; and screening
for ligands that bind to a site that could confer specificity for one
target protein within a protein family. Due to the reduced spectral
complexity resulting from the use of a selectively labeled sample,
the method should be applicable to larger proteins than are
conventional methods.
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Supporting Information Available: Amino acid sequence of
FABP-4, plots corresponding to those of Figure 2 showing larger
spectral areas, a table of the compounds in the test cocktail, the X-ray
structure of FABP-4 in complex with compound5, along with
experimental details, and a list of unique amino acid pairs in the active
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is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. NMR spectra recorded on an 0.2 mM13C/15N-Val FABP-4
sample. The spectra were recorded at 20°C on a 600 MHz Varian Unity
INOVA NMR spectrometer with standard techniques. The sample was
prepared in 20 mM sodium phosphate buffer (10% D2O/90% H2O), pH
7.6, containing 50 mM NaCl, 5 mM DTT, 1 mM EDTA, and 0.005% (w/
v) NaN3. nmrPipe12 was used for data processing. (a) 2D1H-15N fast-
HSQC,13 (b) 2D HNCO,5 and (c) 1D HNCO.5 The HNCO spectra in panels
b and c identify the valine 115 resonance (circled in panel a). Experimental
times were 25 min, 1 h 45min, and 40 min, respectively.

Figure 2. Plots of 1H-15N fast-HSQC13 spectra recorded at 600 MHz
showing the region corresponding to the Val 115 cross-peak of Figure 1a.
Experimental conditions were identical with those described in Figure 1
except the protein concentration was 0.1 mM and the samples contained
additionally 1%d-DMSO. (a-d) Reference spectrum of free FABP-4 (blue).
(b) 1:9 mixture of FABP-4 and compound cocktail (red). (c) 1:9 mixture
FABP-4 and compound cocktail omitting compound5 (red). (d) 1:1 mixture
of FABP-4 and compound5 (red). (e) Compound5.
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