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Nuclear magnetic resonance (NMR) spectroscopy is a unique
tool to study molecular interactions in solution, and it

became an essential technique to characterize events of molec-
ular recognition and to obtain information about the interact-
ions of small ligands with biologically relevant macromolecules
(proteins or nucleic acids).1 Ligand-based NMR screening and
the NMR determination of the bound conformation of a ligand
are important tools in the rational drug-discovery process. In this
context, the saturation transfer difference NMR (STD-NMR)
experiment has been used for some years to characterize
ligand�receptor complexes. The STD-NMR experiment is
based on the nuclear Overhauser effect and in the observation
of the ligand resonance signals. It can be used as a screening
technique, for identification of lead structures or as a tool useful
for identifying ligand moieties important for binding. The term
binding epitope is frequently used in the STD-NMR literature to
characterize the hydrogens of the ligand that are closer to the
protein upon binding.2

The STD-NMR experiment relies on the fact that, for a weak-
binding ligand (dissociation constant, KD, ranging from 10�8 mol
L�1 to 10�3mol L�1), there is exchange between the bound and the
free ligand state. Basically, an STD experiment involves subtracting a
spectrum inwhich the protein was selectively saturated (on-resonance
spectrum obtained by irradiating at a region of the spectrum that
contains only resonances of the receptor/protein such as 0 ppm
to�1 ppm) with signal intensities ISAT, from one recorded without

protein saturation (off-resonance spectrum), with signal intensities I0.
In the difference spectrum (ISTD = I0� ISAT) only the signals of the
ligand(s) that received saturation transfer from the protein (via spin
diffusion, through the nuclear Overhauser effect; see the Supporting
Information, section 2.1) will remain.Other compounds thatmay be
present but donot bind to the receptorwill not receive any saturation
transfer; their signals will be of equal intensity on the on-resonance and
the off-resonance spectra and, as a consequence, after subtraction no
signals will appear in the difference spectrum from the nonbind-
ing small molecule(s) (Figure 1). The difference in intensity due to
saturation transfer can be quantified (ISTD = I0 � ISAT) and
constitutes an indication of binding. For a molecule that binds to
the receptor, only the signals of the hydrogens that are in close
contact to the protein (e5Å) and receivemagnetization transfer will
appear in the difference spectrum and from those, the ones that are
closer to the protein will have more intense signals, owing to a more
efficient saturation transfer.

The experiment using human serum albumin (HSA) as a
receptor and 6-D,L-methyl-tryptophan (6-CH3-Trp) and 7-D,L-
methyl-tryptophan (7-CH3-Trp) as the ligands under investiga-
tion is straightforward to implement in modern NMR spectro-
meters and is suitable for any chemistry, biochemistry, or
biological chemistry course as an example of the use of NMR
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to characterize molecular interactions in a biological context. The
STD-NMR experiment and data analysis are currently part of the
NMR practice in structural analysis and structural biochemistry
courses for organic chemistry and biochemistry master degree
students, respectively.

The experiments were adapted from Wang and co-workers.3

As reported in the literature, 6-CH3-Trp is used as an example of
weak ligand (KD = 37 μM) and 7-CH3-Trp is used as an example
of a nonbinding compound.3�5Using this system as a model, we
will demonstrate the application of STD-NMR to
• A ligand-based NMR screening experiment to determine in
a qualitative manner which compound binds to the protein
in the context of drug discovery.2,6,7

• Ligand mapping: a more advanced example of the use of
NMR for a direct characterization of protein�ligand inter-
actions at the molecular level through the identification of
important ligand moieties.2,8,9

• The determination of the dissociation constant (KD) be-
tween the protein and the ligand.

One of the many advantages of this experiment is that it does
not require the use of high-field spectrometers (400 MHz was
used in this work) and therefore should be possible to implement
in most colleges and universities with access to a NMR facility.

The explanation of the STD-NMR experiment was kept very
simple to be accessible to different student levels. More details
about the outcome and limitations of the STD-NMR experiment
can be found in the Supporting Information, section 2.2.

’EXPERIMENTAL PROCEDURE

Preparation of the Samples
HSA was purchased from Fluka; 6-methyl-D,L-tryptophan and

7-methyl-D,L-tryptophan were purchased from Sigma. A 50 μM
HSA stock solution was prepared in a phosphate buffer in D2O
(75 mM potassium phosphate, 150 mM sodium chloride at pH
7.5). For both ligands, 5 mM stock solutions in DMSO-d6 were
prepared. Samples for NMR analysis were prepared from the
stock solutions as described in the Supporting Information,
section 3.1

NMR Experimental Details and General Setup of the STD-
NMR Experiment

NMR spectra were acquired in a Bruker Avance III spectrometer
operating at a proton frequency of 400 MHz with a conventional

inverse 5 mm probehead with z-gradients at 25 �C using standard
Bruker pulse programs. Spectral acquisition andprocessing parameters
are included in the Supporting Information, sections 3.2 and 3.3.

The STD-NMR Ligand Based-Screening Experiment
The general setup of the STD-NMR experiment was followed

using sample B (HSAþ 20-fold excess of 6-CH3-Trp and 7-CH3-
Trp). Details are in the Supporting Information, section 3.3.2

The STD Build-Up Experiment and Ligand Mapping
The general setup of the STD-NMR experiment was followed

and a set of 10 STD-NMR experiments were performed using
sample C (200 μL of 6-CH3-D,L-tryptophan was added to 200 μL
of HSA stock solution and 100 μL of buffer solution). The
saturation times were 0.50, 0.75, 1.00, 1.25, 1.50, 2.00, 2.50, 3.00,
4.00, and 5.00 s. Details are in the Supporting Information,
section 3.3.3

Determination of KD
The protein was titrated with 6-CH3-Trp and the general

setup for the STD-NMR experiment was followed with samples
D1 to D7 (10�200 μL of 6-CH3-D,L-tryptophan was added to
200�400 μL HSA and 290�0 μL buffer solution), corresponding
to a ligand excess from 5- to 100-fold. Details are in the Supporting
Information, section 3.3.4

’HAZARDS

There are no significant hazards in running this laboratory.
Local safety rules in the NMR lab should be followed.

’RESULTS AND DISCUSSION

The STD-NMR Ligand Based-Screening Experiment
The STD-NMR spectrum obtained for the mixture of HSA,

6-CH3-Trp, and 7-CH3-Trp and the reference spectrum for the
mixture under study are shown in Figure 2. The interpretation of
this experiment is straightforward; in the STD-NMR spectrum,
strong STD signals from 6-CH3-Trp are readily observable,
which indicate that this is an active ligand, whereas the absence
of STD signals from 7-CH3-Trp is in accordance with the fact
that this compound does not interact with the protein. This
example shows how easily the detection of low-affinity com-
pounds can be achieved with STD-NMR in a screening context,
analogous to the one used to screen compound libraries for
ligands in the drug-discovery process.

Figure 1. Scheme of the STD-NMR experiment. The exchange between free and bound ligand allows intermolecular transfer of magnetization from the
receptor to the bound small molecule.
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The STD Build-Up Experiment and Ligand Mapping
The STD effect can be best analyzed if the amplification factor

(ASTD) is used.
2 The STD amplification factor is obtained by

multiplying the relative STD effect of a given hydrogen
(ISTD/I0) at a given ligand concentration ([L]T) with the
molar ratio of ligand in excess relative to the protein
([L]T/[P]):

ASTD ¼
I0 � ISAT

I0
�
½L�T
½P�

¼
ISTD

I0
�
½L�T
½P�

ð1Þ

For a determined saturation time, the ASTD can also be depicted as
the average number of ligand molecules saturated per molecule of
receptor. In principle, the longer the saturation time and the more
ligand used, the stronger the STD and the higher the ASTD due to
ligand turnover at the binding site (see the Supporting Information,
sections 2.2.1 and 2.2.2 for a more detailed explanation). In Figure 3,
theASTDwas plotted against the saturation time for a 100-fold ligand

excess. A clear build-up of the STD effect with increasing saturation
time can be observed, reflecting the amplification of the STD. It is
also clear from Figure 3 that the ASTD is not the same for all
hydrogens.

The differences in ASTD for different hydrogens can be
quantitatively expressed by analyzing the relative STD effects
at a given saturation time, mapping of moieties of the ligand
important for interaction. Provided that all the ligand hydrogens
have similar relaxation rates, then the differences in the relative
STD response (ISTD/I0 or ASTD) for each ligand hydrogen
should reflect the relative proximity of that hydrogen to the
receptor-binding site. The procedure is simple, for a given satura-
tion time, the relative STD (orASTD) with the highest intensity is set
to 100%, and all other STD signals are calculated accordingly. This
was done for the data obtained with 1.50 s saturation time, and the
relative STD was mapped onto the structure of 6-CH3-Trp as
depicted in Figure 4.

Accordingly, hydrogens H1 and H7, should be the ones more
directly involved in binding and closer to the receptor, followed
by hydrogens H5 and H4. The methyl group has a lower relative
STD value indicating that it should be more distant. Hydrogens
H9 and H10 give almost no STD response indicating that they
should be the ones more distant from the protein.

Determination of KD
There are several STD based methodologies for the deter-

mination of the KD.
10 A comprehensive paper about the direct

determination of association constants from STD data was
recently published by Angulo et al.11 Here we have chosen to
illustrate a simple method based in the analysis of STD data
obtained for increasing ligand concentration that uses an analogy
to enzyme kinetics and to the well-known Michaelis�Menten
equation:1

υ0 ¼
VMAX½L�

KM þ ½L�
ð2Þ

Figure 2. The STD-NMR ligand based-screening experiment: (A) reference spectrum for the mixture of HAS, 6-CH3-Trp, and 7-CH3-Trp and
(B) corresponding STD-NMR spectrum. The hydrogens in black are from 6-CH3-Trp and the hydrogens in red are from 7-CH3-Trp. The asterisk
indicates impurities present in the sample. Note that the signals of the impurities are also not present in the STD-NMR spectrum.

Figure 3. STD amplification factor as a function of saturation time.
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An analogous equation can be written for the amplification
factor, ASTD:

1

ASTD ¼
RSTD½L�

KD þ ½L�
ð3Þ

where RSTD is the maximum amplification factor and [L] is the
ligand concentration. This expression is valid if [L] = [L]T, which
is usually the case in STD experiments since [L]T . [P]T. ASTD
will increase with increasing [L]T, in a manner similar to v0, until
a maximum amplification (RSTD) is reached, when [L]T . KD

and the receptor binding site is saturated.
In Figure 5, ASTD was plotted against the concentration of

ligand. The typical hyperbolic behavior, as expected from eq 3, is
readily observed as well as the expected decrease in ASTD for
higher ligand concentrations due to saturation of the binding site
(see Supporting Information, sections 2.2.1 and 2.2.2 for further
details).

The estimation ofKD andRSTD can be done by linearization of
this equation in a manner similar to a Lineweaver�Burk plot10 or
by fitting directly the experimental data with eq 3, using appro-
priate software.We have chosen to follow this last approach using

the Solver utility from Microsoft Excel.12 The curves representing
the best fit are depicted in Figure 5. The averageKD determined was
400 ( 73 μmol L�1. This value is about 10 times higher than the
value reported in literature for this system (KD = 37 μmol L�1)3�5

and illustrates one of the limitations of the STD experiment for the
direct calculationof dissociation constants, the fact that theSTD-NMR
experiment does not discriminate between specific and nonspecific
ligand binding.13

’CONCLUSION

We have presented a NMR laboratory activity, extendable to a
classroom activity, based in the STD-NMR experiment, one of
the most widespread NMR methods for the study of the
interactions between small ligands and macromolecular recep-
tors. Its applicability for ligand screening, identification of ligand
moieties important for binding, or association constant determi-
nation was illustrated and a detailed protocol for the acquisition,
processing, and data interpretation was given covering the most
important theoretical aspects and drawing attention for some of
its limitations and drawbacks.

’ASSOCIATED CONTENT

bS Supporting Information
Notes for the instructor; basic theory of NOE and STD-NMR;

instructions for the students including a detailed protocol for the
setup of the NMR experiments; NMR spectra and data. This
material is available via the Internet at http://pubs.acs.org.
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