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Maximize ligand-protein complementarity
by fragment-based drug development 

(FBDD)
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IC50=12uM IC50=330uM IC50=3.7nM
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SAR in FBDD
Free energy of binding is associated with binding constant 
(or dissociation constant, Kd)

Free energy is additive. So if two fragments, A and B, bind to the target protein
independently.  Assuming that the linkage of the two fragments will not
affect their binding to the target protein, then

The sum of the two contributions will enhance the binding affinity
Two sub-mM binders can become a nM binder
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Structure activity relationship by NMR 
(SAR-NMR)

S B Shuker et al. Science 1996;274:1531-1534
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A surface representation of FKBP showing the locations of 
2 and 9, as determined from 15N-13C filtered NOE data
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Fragment-based drug development 
(FBDD)

Ciulli & Abell (2007) Curr. Opin. Biotech. 18:489
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Fragment characteristics

http://www.cureffi.org/2016/01/13/nmr-fragment-screening/
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Fragment screening tools

• X-ray crystallography

• Nuclear magnetic resonance (NMR) spectroscopy

• Surface plasmon resonance (SPR)

• Isothermal titration calorimetry (ITC)

• Biolayer interferometry (BLItz)

• Microscal thermophoresis (MST)

• Thermal shift assay

• Automated far-UV CD spectroscopy

• Alpha screen
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Surface plasmon resonance (SPR)

Biacore T200 w/ CM5 chip

Ubiquitin UblD UbcH7

KD=82uM KD=5uM KD=5uM

Regnström et al. PLoS ONE (2013)

Fragment screening against Parkin

Low MW fragments 
generally binds to 

protein targets weakly 
resulting in small 

response units and 
fast on- and off-rates
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Biolayer interferometry (BLItz)

BLItz is similar to SPR but is less sensitive with the advantage of 
being able to recover samples and less expensive functionalized tips
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MicroScale Thermophoresis (MST)

www.nanotemper-technologies.com

MST can probe biomolecular interactions across a wide-range of 
binding affinities (pM-mM) but it requires dye-labeling @ BCF-AS
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A three-stage biophysical screening cascade for 
fragment-based drug discovery

Mashalidis et al. Nature Protocols 8, 2309–2324 (2013)
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Thermal shift assay

https://en.wikipedia.org/wiki/Thermal_shift_assay

Thermal shift assays are routinely used to optimize buffer conditions 
with different additives for crystalization and it can also be used in a 

high-throughput manner to scout for stabilizing fragments
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Kranz & Schalk-Hihi (2011) Methods in Enzymology 493:277

Thermal shift assay

Weak binding (mM) requires excess fragments to result in relatively 
small increases in Tm (typically less than 2 ºC)
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Automated CD spectrometer

• Samples presented in 96-well plate format, up to four plates
• Robotic transfer of sample from plate to spectrometer
• Wash-dry protocols eliminate dilution and cross contamination
• Low sample usage (<40µg protein per far-UV denaturation)
• Conformation and aggregation monitored by CD and 

absorption
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Companies that offer screening services

Astex X-ray, NMR, ITC 1,600 compound library
Alveus Pharma "Details coming soon"
Beactica SPR 1946 compound library
BioFocus SPR 1,500 compound library, also offer X-ray and Mass Spec
Biosensor Tools SPR 1500 compound library
Carmot Therapeutics Chemotype evolution (tethering) Crelux Microscale thermophoresis X-ray 1,000 compound library
Crown Biosciences X-ray, SPR X-ray 3,400 compound library
Emerald BioStructures X-ray, NMR 1,500 compound library
Evotec Fluorescence correlation spectroscopy SPR, NMR, X-ray, biochemical 30,000 compound library
IOTA Pharmaceuticals SPR, biochemical, and NMR X-ray 5,500 compound library
Kinetic Discovery SPR 700 compound library
Kinomed X-ray Novalix SPR array MS, NMR 24,000 compound library
Pharma Diagnostics Bead-based SPR compound library
Polyphor SPR 1,000 compound library
Proteros TR-FRET X-ray 8,000 compound library
Selcia Capillary electrophoresis 1,300 compound library
Sprint Bioscience X-ray, 
Structure Based Design X-ray, 1000 compound library
Vernalis NMR, biochemical, SPR, ITC X-ray 1,400 compound library
Viva Biotech X-Ray, NMR, SPR 2000 compound library
Zenobia X-ray, SPR X-ray 1,000 compound library
ZoBio TINSa NMR, SPR 1,500 compound library
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http://www.cambridgemedchemconsulting.com/resources/hit_identification/fragment_based_screening.html
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Cocktail (group of 10)
36 cocktails with 84 hits

Singleton
51 strong + 11 weak

15 co-crystal

STD-NMR

STD-NMR
15N-1H HSQC

A library of 500 compounds <MW>=198Da

X-ray crystallography
Soaking

Protein target: HIV-1 integrase
Approach A

Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)
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STD-NMR

15N-1H HSQC

Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)
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N/A

Singleton
16 hits

6 co-crystal

SPR

A library of 500 compounds <MW>=198Da

X-ray crystallography
Soaking

Protein target: HIV-1 integrase
Approach B

Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)
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SPR has poor S/N ratios for fragments 
and the binding kinetics is too fast to be 

accurately determined 

Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)

Generally a limited number of titration points are used for initial SPR-
based screens and the steady state signal changes are used for rough 

estimation of dissociation constants
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Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)

All hits target the same pocket
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A combined use of STD-
NMR and 15N-1H HSQC in 
two stages (initial cocktails 
followed by singletons as in 
Approach A) increased the 
number of positive hits that 
eventually lead to a three-
fold increase of co-crystal 
structures compared to 
individual SPR screening 
approach (Approach B)

Wielens et al., J. Biomol. Screening 18(2) 147–159 (2013)

26Friday, June 24, 16

Biomolecular dynamics probed by NMR

Lisi & Loria (2016) Prog. NMR. Spec., 92:1 

are expected to be uniform among all sites in
the protein. However, the data for all of the sites
in both mutants can be well fit globally to a
three-site model of conformational exchange,

F±
kFI

kIF
I±

kIU

kUI
U (Fig. 2A). The temperature

dependence of the four rates allows values of
free energy, enthalpy, and entropy differences
to be extracted between pairs of
states as well as activation barriers,
assuming that the temperature
dependence of the rates obeys
transition state theory (9).

Further information is obtained
in the form of chemical shift dif-
ferences between the F, I, and U
states. In fits of the dispersion data,
no assumption is made a priori as to
the positions of the I and U states
along the reaction scheme; the
chemical shifts obtained for an end
point state are found to correspond
to those of an unfolded protein
(i.e., the U state) (Fig. 2B). It is
well known that chemical shifts
are sensitive indicators of mo-
lecular structure, and a long-
standing goal is to exploit shifts
of NMR ‘‘invisible’’ excited states
so that structural information can
be obtained. The deviations in
chemical shifts of the I and F
states from those of U, obtained
for the G48M Fyn SH3 domain
(Fig. 2C), show that the central b
sheet is largely formed in the I
state (b2, b3, and b4) but that
there is considerably less struc-
ture at the termini of the domain.
For reference, the F state struc-
ture of the domain is also illus-
trated (Fig. 2D).

Measuring Dynamics on the Pico-
to Nanosecond Time Scale
Consider a protein that is tumbling in
solution such that every orientation
is equally probable. For themoment,
let us focus on a single bond vector
in the molecule that connects a pair
of NMR active spins, such as a
1H-15N spin pair. When internal
motions and molecular tumbling
cause reorientation of the 1H-15N
bond vector with respect to the
external magnetic field, the local
magnetic field at the site of the 15N spin that
derives from the directly attached 1H magnetic
dipole fluctuates (Fig. 3A). It can be shown that,
although the local dipolar interaction between 1H
and 15N spins averages to zero because of the
molecular tumbling, the time-dependent
variations in the field lead a spin system that

has been perturbed by radio-frequency pulses to
return, or relax, to thermal equilibrium. Because
the fluctuations of the local magnetic fields are
sensitive to internal motions, measurement of
NMR relaxation rates provides a direct avenue to
extracting dynamics parameters.

A pair of basic nitrogen spin relaxation
experiments are used to probe backbone dynamics

in proteins (2) (Fig. 3B). Although a large arsenal
of different methods have now been developed,
most are fundamentally similar to this example.
The 15N relaxation experiments monitor either
the recovery of 15N Z-magnetization to its
equilibrium position (T1) or the decay of mag-
netization orthogonal to the Z axis to its zero

equilibrium value (T2). The 1H spin has a
magnetogyric ratio (g) that is 10 times larger
than that of 15N, and the inherent sensitivity of
the NMR experiment scales as g

5
/2; therefore ex-

perimental sensitivity is optimized by shuffling
magnetization from an amide 1H to its directly
coupled 15N and then back again to 1H for de-
tection as a 2D data set. Here, one peak is ob-

tained for each (1H-15N) pair in the
protein, with an intensity propor-
tional to exp(–t/Ti) where Ti is the
T1 or T2 value of the particular

15N
nucleus and t is a variable relaxa-
tion delay; relaxation times are
measured by recording a series of
spectra and fitting the peak inten-
sities as a function of t. The values
of Ti so obtained are usually in-
terpreted in terms of generalized
order parameters that describe the
amplitude of bond vector motions
and time constants that indicate the
time scale of the internal motions
(15), but specific models can be
used as well (16). In addition, many
experiments that provide comple-
mentary information to the 15N
studies described above have been
developed, such as those that mea-
sure correlated motions of succes-
sive residues in proteins (17, 18) or
the dynamics of backbone carbonyl-
Ca bonds (19).

Side chain motions in proteins
are also amenable to study with the
use of spin relaxation techniques
(20, 21). In particular, the use of
the 2H nucleus as a probe of side
chain methyl group dynamics has
seen substantial advances in recent
years. It has long been known that
the deuterium spin is an excellent
probe of molecular motion, but
applications in the solution state
were limited, primarily because the
poor resolution of 2H spectra make
site-specific studies extremely dif-
ficult. This is illustrated by protein
spectra in Fig. 3C, where the broad,
featureless 1D 2H spectrum may be
compared with the high resolution
1H spectrum. The deuteron can be
exploited as a probe of molecular
dynamics, however, by preparing
uniformly 13C labeled, fractionally
deuterated protein and using the

scheme illustrated in Fig. 3D that can be ‘‘tuned’’
to select, in this case, for 13CH2D methyl groups.
A series of high resolution 13C-1H maps are
produced, with 2H relaxation rates encoded by
the intensities of the cross peaks.

One of the most exciting applications of the
methodology described above is in the use of

Fig. 3. (A) Illustration of the orientation-dependent magnetic field experi-
enced by an amide 15N nucleus due to the directly bonded proton. A pair of
orientations have been chosen arbitrarily for illustration. (B) Schematic
representation of an amide 15N relaxation experiment (2): (i) equilibrium 1H
magnetization, (ii) 1H to 15N transfer, (iii) relaxation delay, (iv) indirect 15N
chemical shift detection, (v) 15N to 1H transfer, and (vi) direct 1H chemical
shift detection. (C) 1D 2H and 1H spectra of perdeuterated and protonated
spectrin SH3 domains, respectively. (D) Schematic representation of a methyl
2H relaxation experiment (21): (i) equilibrium 1H magnetization, (ii) 1H to
13C transfer, (iii) 13C to 2H transfer, (iv) relaxation delay, (v) 2H to 13C
transfer, (vi) indirect 13C chemical shift detection, (vii) 13C to 1H transfer, and
(viii) direct 1H chemical shift detection.

T O O L S F O R B I O C H E M I S T R Y

14 APRIL 2006 VOL 312 SCIENCE www.sciencemag.org226
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Advantages of solution state NMR 
spectroscopy

• Provide structural and dynamic information at 
atomic resolution

• Broad range of experimental conditions can be 
accommodated: temperature, salt, buffer, additives 
(to be as close to physiological conditions as 
possible)

• Very sensitive to conformational changes, e.g., folding

• Ideal for weak and transient biomolecular 
interactions - particularly useful for FBDD
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Chemical shift perturbation as a probe 
for protein-ligand interactions
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Group epitope mapping (GEM) by 
saturation transfer difference (STD)

H
H

H H
H

H

kon

koff

Free ligandProtein-ligand complex

Selective 
saturation 

pulse

Protons that are located at the protein-

ligand binding interface (H & H) will 
experience a higher degree of saturation 

transfer than those that are not involved in 
intermolecular interactions (H)

Mayer & Meyer J. Am. Chem. Soc., 2001, 123 (25), pp 6108–6117
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Group epitope mapping (GEM) by 
saturation transfer difference (STD)

H
H

H
a

b

c

ab
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Saturation

ProteinReference

Saturation

Reference – saturation
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NMR evidence for the Pol X:Mg dGTP binary complex.

Wu et al. J. Am. Chem. Soc., 2014, 136 (13), pp 4927–4937
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STD of sialic acid and sialyllactose with RbmA

Maestre-Reyna et al. PLoS One. 2013; 8(12): e82458.
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Specific vs. non-specific binding ligands

0.1mM Human serum albumin + 
6mM L-trptophan
(all binding events)

0.1mM human serum albumin + 
6mM L-trptophan & 0.1 mM Nap
(only non-specific binding)

Spectrum A - spectrum B
(only specific binding)

Mayer & Meyer J. Am. Chem. Soc., 2001, 123 (25), pp 6108–6117

Naproxen (Nap) binds to multiple 
sites of HSA with sub-uM Kd
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Transferred cross saturation (TCS) for large 
biomolecular complexes

/

Shimada, Methods in Enzymology (2005) 394, 483–506 
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/
Mapping interaction Interface by Transferred Cross-Saturation Method 

Takeuchi et al., (2003) Structure, 11:1381 
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Water-Ligand Observation with Gradient Spectroscopy350

Figure 1. WaterLOGSY principle. The protein is shown with the
buried cavities and the active binding site. The ligand is shown in
the bound and free states. Excitation of bulk water (circles) is shown
with a solid arrow and some of the different magnetization transfer
pathways are shown with dashed lines.

or more hydrogen bonds that connect ligand and pro-
tein atoms together with other water molecules in the
site. These water molecules have a low B factor and
therefore play an important role in the stabilization of
the protein-ligand interactions.

A general water-release model suggests that the
maximum entropic cost for the inclusion of a water
molecule at the interface at 298 K is −9 kJ mol−1

whereas the maximum enthalpic gain that can be
achieved is −16 kJ mol−1, i.e., a single tightly bound
water molecule can contribute up to 7 kJ mol−1 to
the free energy of the complex (Connely, 1997), cor-
responding to a ten-fold improvement in the binding
constant of the ligand at 298 K.

Often, water molecules at protein-ligand interfaces
do not satisfy all their hydrogen-bonding capabilities
and, in extreme cases such as the Lovastatin-LFA-1
complex, they may be buried between two hydropho-
bic surfaces (Dalvit et al., 1999). Independent of the
number of hydrogen bonds that can be formed, the
residence times of water in protein cavities invariably
seem to range between a few ns to a few hundred µs
(Otting and Wüthrich, 1989; Otting et al., 1991, 1997;
Denisov and Halle, 1995; Denisov et al., 1995; Ernst
et al., 1995; Halle, 1999; Wiesner et al., 1999), i.e.,
a time span long compared to the effective correla-
tion time, where intermolecular water-protein NOEs
change sign (ca. 0.3 ns at 600 MHz) and short com-
pared to the chemical shift time scale, where a separate
resonance for the bound water could be observed (ms).
Thus, selective excitation of the water signal followed
by NOE mixing effectively transfers magnetization
from the bulk water to the protein, which has the same
sign as the starting magnetization.

A second important mechanism for magnetization
transfer from the water to the protein-ligand complex
is by chemical exchange with labile carboxyl, amino,
hydroxyl, imidazol, guanidinium and amide protons
(Wüthrich, 1986; Otting and Liepinsh, 1995; Liepinsh
and Otting, 1996). Like the intermolecular NOE with
buried water molecules, this magnetization transfer
pathway conserves the sign of the magnetization, i.e.,
both processes act constructively to transfer magne-
tization from the bulk water to the protein (Figure 1).
The large number of exchangeable protons and buried,
yet exchangeable, water molecules in a protein-ligand
complex could explain the high sensitivity of the Wa-
terLOGSY experiment for the selective detection of
binding ligands, which makes the method a power-
ful tool for primary screening of compound mixtures
by NMR spectroscopy. In the present work, parame-
ters for the WaterLOGSY experiment were optimized
for sensitivity. An improved, more sensitive version
of the WaterLOGSY experiment was developed, and
a method for quantitative estimates of ligand-binding
affinities by WaterLOGSY was established.

Material and methods

Expression and purification of cyclinA

A cDNA encoding residues 173–432 of human cy-
clinA was amplified by the polymerase chain reaction
(PCR) and cloned into the N-terminal GST fusion bac-
terial expression vector, pGEX6P (AmershamPharma-
cia). GST-cyclinA was expressed in the E. coli host
strain BL21trx (Novagen). Cell cultures were grown
in LB media to an optical density of 0.8 at 25 ◦C and
induced with 0.1 mM IPTG. Growth was continued
overnight at 25 ◦C. Cells were harvested by low speed
centrifugation and lysed by passage through a APV
homogenizer. The soluble fraction was applied to glu-
tathione sepharose resin (AmershamPharmacia) and
the GST moiety was removed, after extensive washes,
by cleavage with PreScission Protease (Pharmacia).
The resulting cyclinA in solution was estimated to be
95% pure by SDS-PAGE.

Expression and purification of Cdk2

A human cDNA clone encoding full length cdk2 was
amplified by PCR and cloned into a pVL1392 vector
(Pharmingen) for expression in HighFive (Invitrogen)
insect cells as a GST fusion. GST-Cells were infected
with virus at an Moi of 1 for 48 h, at 27 ◦C. Cells

Dalvit et al., J. Biomol. NMR, 2001, 21, pp 349-459
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WaterLOGSY as a method for primary NMR screening: Practical aspects
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Abstract

WaterLOGSY represents a powerful method for primary NMR screening in the identification of compounds in-
teracting with macromolecules, including proteins and DNA or RNA fragments. Several relay pathways are used
constructively in the experiment for transferring bulk water magnetization to the ligand. The method is particularly
useful for the identification of novel scaffolds of micromolar affinity that can be then optimized using directed
screening, combinatorial chemistry, medicinal chemistry and structure-based drug design. The practical aspects
and range of applicability of the WaterLOGSY experiment are analyzed in detail here. Competition binding and
titration WaterLOGSY permit, after proper correction, the evaluation of the dissociation binding constant. The high
sensitivity of the technique in combination with the easy deconvolution of the mixtures for the identification of the
active components, significantly reduces the amount of material and time needed for the NMR screening process.

Introduction

NMR is a powerful method for identifying compounds
that interact with macromolecules, including proteins
and DNA or RNA fragments (Feeney et al., 1979;
Lian et al., 1993). Over the last few years, NMR
screening has gained importance in target-directed
drug discovery programs (Shuker et al., 1996; Hajduk
et al., 1997a). Several methods have been proposed
for screening mixtures of compounds against the target
of interest (Hajduk et al., 1997b; Lin et al., 1997a,b;
Meyer et al., 1997; Chen and Shapiro, 1998; Stock-
man, 1998; Fejzo et al., 1999; Henrichsen et al., 1999;
Klein et al., 1999; Mayer and Meyer, 1999, 2001;
Moore, 1999; Chen and Shapiro, 2000; Jahnke et al.,
2000, 2001). One of these techniques is the Water-

∗To whom correspondence should be addressed. E-mail:
claudio.dalvit@eu.pnu.com
∗∗Present Address: Discovery Biology, Biochemistry Laboratory,
Sugen Inc. 230 East Grand Avenue, South San Francisco,
CA 94080, U.S.A.

LOGSY (Water-Ligand Observed via Gradient Spec-
troscopY) experiment (Dalvit et al., 2000) where the
large bulk water magnetization is partially transfered
via the protein-ligand complex to the free ligand in a
selective manner. In this experiment, the resonances
of non-binding compounds appear with opposite sign
and tend to be weaker than those of the interacting lig-
ands. The idea for this technique was based on many
experimental observations.

Poornima and Dean (1995) have analyzed the X-
ray crystallographic structures of the protein-ligand
complexes with resolution better than 2 Å and R
factor <0.23 for the presence of water molecules
at the protein-ligand interface. In all 19 complexes
analyzed, water molecules were found linking the
ligand to the protein with a maximum of six bridg-
ing water molecules found in DHFR complexed to
NADPH and in Staphylococcal nuclease complexed
with 5′-deoxythymidine. Most of the water molecules
(∼80%) involved in bridging interactions make three
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Structured water

DFHR in complex with NADPH
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Cross relaxation rate between water and 
protein-ligand complex354

Figure 4. Intermolecular cross relaxation between water and protein-ligand complex according to Equation 1 as a function of water residence
time (x axis). The simulation was performed for a Larmor frequency of 600 MHz, using a rwp of 2.5 Å. Simulations were performed for
different rotational correlation times of the protein (values indicated with the curves).

Figure 5. One-Dimensional NOE-ePHOGSY spectra for HSA as a function of the mixing time. The entire spectrum is displayed. The protein
was 100 µM in PBS (8% D2O). The 180◦ water selective pulse was 25 ms long and the length of the first two PFGs was 2 ms. A total of 800
scans were recorded with a repetition delay of 3.65 s. The spectra were obtained with the pulse sequence of Figure 2 by incrementing the length
of the mixing time in 0.15 s increment.

Dalvit et al., J. Biomol. NMR, 2001, 21, pp 349-459
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355

Figure 6. One-Dimensional WaterLOGSY for ligands E and F (200 µM) in the presence of 10 µM cdk2. The spectrum was recorded with 512
scans. The relaxation and mixing times were 2.6 and 2.0 s, respectively. Positive and negative signals identify cdk2 binding and non-interacting
molecules, respectively. Glycerol was present at mM concentration. The insert shows expansions of the spectral region between 2.3 and 2.8 ppm
which were measured by WaterLOGSY experiments with mixing times of, respectively, 0.2, 0.8, 1.2 and 2.5 s (from left to right).

small fraction of bound ligand [PL]/[Ltot]. Therefore,
a high ligand/protein ratio will render the second term
of Equation 2 more significant, in particular if the free
ligand is highly hydrated and if the ligand proton mon-
itored is very close in space to a ligand exchangeable
proton. This is the case for example for the C2-H pro-
ton of tryptophan. Figure 8 shows the experimental
WaterLOGSY signal intensity (circles) as a function
of the ligand concentration for the C2-H resonance of
tryptophan in the presence of 10 µM HSA. The ini-
tial build-up phase is followed by a decrease in signal
intensity at high ligand/protein ratio. The decrease in
signal intensity is due to the second term of Equation 2
that, at high concentrations of free ligand, becomes
predominant.

The contribution of the second term of Equation 2
can be corrected for by subtracting the result of Wa-
terLOGSY experiments recorded for the ligand in the

absence of the protein. The absence of aggregation at
high ligand concentration can be verified by recording
two spectra at low and high ligand concentration. If
aggregation is absent, both experimental points should
lie on a straight line crossing the origin (triangles in
Figure 8). The WaterLOGSY signals for the ligand in
the presence of the protein can then be corrected by
subtracting the value of the ligand signals recorded in
the absence of the protein. The resulting corrected data
(squares in Figure 8) are now lying on a conventional
dose response curve and, assuming a simple binding
mechanism, the data can be fitted to the equation:

I = −Imax

1 +
(

L
KD

) + Imax (3)

where Imax is the maximum WaterLOGSY signal, KD
is the dissociation binding constant and L is the free
ligand concentration.

0.2s

0.8s

1.2s 2.5s

Dalvit et al., J. Biomol. NMR, 2001, 21, pp 349-459
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356

Figure 7. One-Dimensional WaterLOGSY spectra recorded for a 10 µM HSA solution in the presence of 100 µM L-Trp in H2O (upper trace)
and D2O (lower trace). The spectra were recorded with 1024 scans and a 2.65 s repetition time. Other parameters are the same as described in
Figure 6.

Figure 8. WaterLOGSY signal intensity for the C2-H resonance of L-Trp as a function of the ligand concentration. The experiments were
recorded with 2048 scans and a 3.65 s repetition time. The triangles and circles are experimental points recorded in the absence and presence
of 10 µM HSA in PBS, respectively. The square points are the intensities difference of the WaterLOGSY spectra recorded in the presence and
absence of the protein. The curves represent the best fits for the data. The signal intensity is on an arbitrary scale.

Dalvit et al., J. Biomol. NMR, 2001, 21, pp 349-459
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Exchange transfer-NOE for determining
ligand structure in bound state

Current Opinion in Structural Biology 2003, 13:581–588
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trNOE provide bound-form 
structural information
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Effect of transverse relaxation
CPMG 

Transverse relaxation time (T2) proportional to the correlation time 
of the sample, which is proportional to the rotational diffusion rate. 
According to Stoke-Einstein equation:

30ms
60ms

10ms

100ms

T2

Temperature

Hydrodynamic radius
Viscosity

Boltzmann constant
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Summary
• Advantages of NMR spectroscopy in drug development

• Data collection under physiological conditions, i.e., in solution 
or even in cell

• Atomic structural and dynamic information without 
crystallization

• High information content which can be quantitated for SAR

• Broad range of binding affinities can be explored (nM–mM)

• Requirements for NMR spectroscopy

• High sample quantity and concentration (mM range) can cause 
solubility problem

• Stable isotope (13C/15N) labelling can be expensive

• High maintenance costs for NMR spectrometers
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• Galectins are a family of proteins 
defined by their binding specificity for β-
galactoside sugars

• They have a broad variety of functions 
including mediation of cell–cell 
interactions, cell–matrix adhesion and 
transmembrane signalling. 

• Their expression and secretion is well 
regulated, suggesting they may be 
expressed at different times during 
development.

Case study
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Different types of galectins

Chapter 33, Galectins, Cummings & Liu “Essentials of Glycobiology, 2nd Ed.” Varki A, Cummings RD, Esko JD, et al., 
editors. Cold Spring Harbor Laboratory Press; 2009
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                           TT          TT           T.....T Gal1 
              1       10        20        30             40 

Gal1                            P       G V   A                                 A         L  G  L V          F L L           ..............M CGLVASNLN K  EC R R E APD KS V N GKDS.....NN

Gal3                            P       G V   A                                 V     L   V     I I            L    G       D....GPYGAPAGPLI PYNLP PGG V RML T L T KPN NRIA DFQR N...... 

Gal7                            P       G V   A                                 V     L   I  G  L I          F V L  G       D.............SN PHKSS PEG R  TV R R L PPN SR H N LC EEQ..GS 

Gal8N                            P       G V   A                                 I     I   L  G  I I          F V L  G       DMLSLNNLQNIIYNPV PYVGT PDQ D  TL V C H PSD DR Q D QN SSVKPRA 

Gal8C                            P       G V   A                                       L   M  G  V V          F V L  G       D..................AAR NTP G  RT V K E NAN KS N D LA KS....K 

           TT           TT               TT                 Gal1 
       50        60        70         80        90       100

Gal1    H NPR          V N      WG E       PF                    L   F            I   S          R         G   EV I        V  CL     FNAHGDANT  C  KDGGA  T Q E.AVF  QP SVA  C TFDQANLT K

Gal3    H NPR          V N      WG E       PF                    VA  F            I   T         ER         G  F I V      F VA  F     FNENN.RRV  C  KLDNN  R   Q.SVF  ES KP K Q LVEPDH K  

Gal7    H NPR          V N      WG E       PF                    AA  F            V   S         ER         G  FEV I      F AV  L     LDTS....E  F  KEQGS  R   G.PGV  QR QP   L IASDDG K  

Gal8N    H NPR          V N      WG E       PF                    VA  F            I   T         E             FEI I      F VA  F     FKRA...GC  C  LINEK  R  IT.YDT  KREKS   V MVLKDK Q  

Gal8C    H NPR          V N      WG E       PF                    IA                   S         ER         G  FEM I      F VA  L L   LNIK....AF R  FLQES  E   NITSF  SP MY   I YCDVRE K  

 TT        TT            TT                                 Gal1 
       110        120       130                             

Gal1            R             G                                  L       F   L  L  I  M A  D  I  V                            PDGYEFK PN  N. EA NY A D  FK KC AFD.....                   

Gal3            R             G                                  V       Y H V  L  I  L I  DI L  A                            NDAHLLQ N   KK NE SK G S   D TS SYTMI...                   

Gal7            R             G                                  V       F H L  L  V  V V  DV L  V                            GDAQYHH R   P. AR RL E G   Q DS RIF.....                   

Gal8N            R             G                                  V       Y H I     I  L I   V I  I                            NGKHTLL G   GP.EK DT G Y K N HS GFSGPSSG                   

Gal8C            R             G                                  V       Y H    L  I  L I  DI L  V                            NGVHSLE K  FKE SS DT E N   H LE R.......                   

β1 β2 β3 

β4 β5 β6 β7 β8 β9 

β10 β11 β12 

 

Galectins have limited sequence homology
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GAL-1 (1W6N)
GAL-7 (1BKZ)
GAL-8N (3KVN)
GAL-8C (3OBJ)

Galectins use nearly identical sets of 
side-chains to recognise carbohydrate substrates

Tryptophan mediated CH-π 
interaction is universal in all 
galectin-glycan interactions
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Carbohydrate-binding site in galectin-3 is pre-organised 
to recognise a sugar-like framework of oxygens

Saraboji et al., Biochemistry 2012 51:296
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Gal1 Gal3 Gal7 Gal8N Gal8C

Galectin substrate selectivity can be tuned by 
exploring the structural differences outside the 

direct glycan contact sites
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Gal1 Gal3 Gal7 Gal8N Gal8C

Galectin substrate selectivity can be tuned by 
exploring the structural differences outside the 

direct glycan contact sites
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Galectins have relatively shallow binding 
pocket for carbohydrates

Subsite A
Subsite B
Subsite C
Subsite D
Subsite E

Second-shell 
interactions provides 
substrate specificity
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Substrate specificity may be associated with 
loop structures containing an R-D/E-E-R salt-

bridge network
Galectin 1 Galectin 7

Hsieh et al. PLoS One. 2015; 10(5): e0125946.
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!
Leffler, Nilsson, Salameh, Sethi and Schambye
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TD139 binds to galectin-1 and -3 in nM range 
with very slow off rates

Galectin-1 Galectin-3

KD 56 nM 18 nM

kon (M-1 s-1) 2E+05 6E+04

koff (s-1) 1E-02 1E-03

Galectin-1 Galectin-3

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Structure-based design of galectin inhibitors

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Hsieh, Lin et al., Sci. Rep. (2016) in press
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KD=18nM

hGal3 hGal3

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Hsieh, Lin et al., Sci. Rep. (2016) in press
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Waudby et al., Scientific Reports 6, Article number: 24826 (2016)

Two-dimensional NMR lineshape analysis

Mittermaier & Kay, TiBS (2009)
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Waudby et al., Scientific Reports 6, Article number: 24826 (2016)

Two-dimensional NMR lineshape analysis
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Waudby et al., Scientific Reports 6, Article number: 24826 (2016)

Two-dimensional NMR lineshape analysis

63Friday, June 24, 16

10

10

9

9

8

8

7

7

6

6

t2 - 1H  (ppm)

130 130

120 120

110 110

100 100

90 90

80 80

t
1 

- 15
N

  (
pp

m
)

Spectrum:  Gal3_apo_15Nhsqc
User:  hsu     Date:  Sun Dec  6 22:37:27 2015
Positive contours: low 7.00e+05  levels 10  factor 1.30
Negative contours: low -7.00e+05  levels  1  factor 1.40

Arginine side-chain signals 
need to be assigned as well

TD139-bound 15N-1H 
HSQC spectrum of 

galectin-3 (blue) needs to 
be re-assigned from 
scratch due to slow 

exchange

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Use HNCACB to connect Nε-Cδ-Cγ
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BEST-TROSY pp:b_trosyetf3gpsi.3

D1=0.4s    SW(15N)=56ppm    O3P=80ppm

Refocussing shapes 
p57:sp40 - Reburps (1.3ms@-17.78dB/AVIII600)

Inversions pulses 
p56:sp39 - Bip720,50,20.1 (500us@-13.12dB/AVIII600)

Bernhard Brutscher@IBS
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[U-13C/15N] hGal3 CTD
1.8mM in PBS, 4mm SHIGEMI tube

3D HNCACB water flip-back

   F1(1H)  F2(15N)  F3(13C)
TD 2048  x   180  x   160
SW   13  x    58  x    80 ppm

NS=48  NUS 10% (in 46 hours)

Arginine side-chain

Arginine side-chain NH correlations 
were assigned by matching Cδ and Cγ 
chemical shifts that have been 
reported previously
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Apo
TAZ-TDG
TD139

NMR analyses of TAZ-TDG/TD139 binding to human galectin-3

W181

R144
R162 R186

R129

R151

R224

R162

W181ε

R186
x

V65

Arginine
side-chain

Tryptophan 
side-chain

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Chemical shift perturbation mapping of galectin-3

TAZ-TDG major

TDP139

K139

D239

G238

I240

G235

I236

N119

S237

V155 W181

N160

R162

F163

N164

R144

N143

A146

D148

V172

E185

Q187

V189

T175

In the presence of 2eq TAZ-TDG, many 
residues exhibit doublets in the 15N-1H 

HSQC spectrum (color spheres) indicating 
multiple binding modes.

TAZ-TDG minor

Chemical shift perturbations 
(CSPs) are color-ramped from 
blue (0ppm) to white to red 

(0.8ppm) - the TAZ-TDG 
minor form exhibits very little 

CSPs

0

0.8

C
SP

 (
pp

m
)

spectrum b, blue_white_red, minimum=0, maximum=0.8
Hsieh, Lin et al., Sci. Rep. (2016) in press
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Properties of selected nuclei
Nucleus I ϒ (T·s)-1 ϒ (T·s)-1 Natural 

abundance (%)

1H 1/2 3E+08 1 100

2H 1 4E+07 0.15 0.02

13C 1/2 7E+07 0.25 1.11

14N 1 2E+07 100

15N 1/2 -3E+07 0.10 0.36

17O 3/2 -4E+07 0

19F 1/2 3E+08 0.94 100

23Na 3/2 7E+07 100

31P 1/2 1E+08 0.42 100.00

113Cd 1/2 6E+07 12.26

Taken from Cavanagh et al. “Protein NMR spectroscopy”, 2nd edition, Wiley
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ppmppmppm ppmppmppm

G7 TD139G3 TD139G1 TAZ−TDG G1 TD139G7 TAZ−TDGG3 TAZ−TDG
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G7 TD139G3 TD139G1 TAZ−TDG G1 TD139G7 TAZ−TDGG3 TAZ−TDG
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288
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G7 TD139G3 TD139G1 TAZ−TDG G1 TD139G7 TAZ−TDGG3 TAZ−TDG

313

308

298

288

278

−112 −114

ppmppmppm ppmppmppm

G7 TD139G3 TD139G1 TAZ−TDG G1 TD139G7 TAZ−TDGG3 TAZ−TDG

313

308

298

288

278

−112 −114

OH

TAG-TDG TD139

Gal1 Gal3 Gal7
A

D

-112 -114 ppm -112 -114 ppm -112 -114 ppm

-112 -114 ppm -112 -114 ppm -112 -114 ppm

B

E

C

F

Hsieh, Lin et al., Sci. Rep. (2016) in press
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G7 TD139G3 TD139G1 TAZ−TDG G1 TD139G7 TAZ−TDGG3 TAZ−TDG
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288
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−112 −114
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TAG-TDG TD139

Gal1 Gal3 Gal7
A

D

-112 -114 ppm -112 -114 ppm -112 -114 ppm

-112 -114 ppm -112 -114 ppm -112 -114 ppm

B

E

C

F

Hsieh, Lin et al., Sci. Rep. (2016) in press
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Summary
• Loop compositions of different galectins 

provide substrate specificity

• Arginines, in particular, can be targeted for 
obtaining inhibitors with higher affinity and 
selectivity

• 15N-1H correlations of arginine side-chain 
guanidine groups serve as an ideal structural 
probe for NMR studies on galectin-substrate 
interactions around the canonical 
carbohydrate binding site(s)

• 19F NMR revealed a due binding mode for 
TD139 and TAZ-TDG to bind to galectin-1, -3 
and -7 over a large dynamic range
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Automated NMR fragment screening
at Monash Institute of Pharmaceutical Sciences

A sampleJet can hold 5 racks of 96 tubes

Bruker AVANCE III HD console affords 
optimal stability required for water suppression

Customized liquid handler for sample preparation
mixing protein, fragment, buffer, etc.
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STD-NMR two racks of 96 well 
mixtures of 6 fragments

Fragment screening strategy

STD/CPMG on singletons

SPR on singletons with known 
competitors

15N-1H HSQC CSP mapping

Crystallisation of fragments 
in complex with target 
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Initial screen - aromatic regions to search for significant STD
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Singletons for competition binding (0.2 mM fragment with 5mM lactose)

3/9.1

1/7.7

1/ND

2/5.6

1/5.8

1/7.1

3/7.1

1/8.7

2/6.2

ST
D

 s
co

re
/p

er
ce

nt
ag

e

Buffer pH stability is required
<5% DMSO can sometimes result in 

small chemical shift changes in 
fragments (and proteins in the 

follow-up HSQC titration analyses)
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Second screen on singletons - STD percentage > 5%

STD:7.1% / score: 3 STD:5.6% / score: 2
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Buffer
Fragment
Fragment+lactose

Expected result:
Lactose competes with fragment 

leading to increased T2

CPMG without and with competitor
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Second screen on singletons with competitor
STD percentage > 5%

STD signals remain 

Lactose
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SPR validation

0

50

100

200 uM

Reference
STD
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Poor solvent correction in DMSO-containing systems

Reference
STD
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Stable water suppression is essential 

Amide NH

Trp indole NH

Amino NH2

Aromatic

Aliphatic

CH3

CH2

CH

Water
Fragment] = 1 mM
[Protein] = 20 uM
[Water] = 55 M
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PAINS
Pan Assay INterference compoundS

Baell et al., Australian Journal of Chemistry 66(12):1483 (2013)
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>1000

66

20

STD-NMR two racks of 96 well 
mixtures of 6 fragments

Galectin inhibitor screening

5

STD/CPMG on singletons

STD/CPMG on singletons with 
5mM lactose as competitor and 

SPR

15N-1H HSQC CSP mapping

Selection criteria:
NMR STD percentage > 5% and STD score >= 2
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