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IntroDuctIon
A key step for innovation in small-molecule drug design is the 
identification of new chemical scaffolds that can be used to 
develop lead compounds. A lead compound must possess certain 
physicochemical properties conducive to binding a target macro-
molecule with high selectivity and potency, thereby producing 
a desired biological effect. Despite its importance, relatively few 
methods have emerged as reliable, efficient approaches for rap-
idly exploring chemical space for lead compound development1. 
However, one notable innovation over the last decade has been 
the development of FBDD. ‘Fragments’ are low-molecular-weight 
molecules with low chemical complexity that interact weakly, yet 
specifically, with a macromolecular target2. Fragments are typi-
cally ‘rule of three’ compliant: <300 Da, clogP values of ≤3, up to 
three hydrogen bond acceptors and up to three hydrogen bond 
donors3. Structural and biophysical information about fragment-
target interactions can be used to modify them by the means of 
chemical synthesis so as to improve affinity for the target. FBDD 
can be applied to a wide range of targets, including enzymes4–8, 
nucleic acids9 and even traditionally challenging yet therapeuti-
cally attractive targets, such as protein-protein interactions10,11. 
The first fragment-based drug, Vemurafenib, was approved by 
the US Food and Drug Association (FDA) in 2011 for the treat-
ment of metastatic melanoma12. Merck recently announced that 
its BACE1 inhibitor for Alzheimer’s disease, MK-8931, is entering 
phase 2/3 clinical trials, and there are several more fragment-
derived compounds in phase 1 and 2 trials13,14.

The FBDD approach is gaining traction in an industry pre-
viously committed to high-throughput screening (HTS) tech-
nology. The HTS approach requires access to large compound 
libraries (up to millions of compounds) containing larger, more 
functionalized molecules15. Although HTS produces more tightly 
binding initial hits, increasing the potency and simultaneously 
improving their biophysical profile can often be problematic16. 
In contrast, enhancing the potency of a fragment hit is a step-
wise process that allows for the systematic incorporation of  

ligand-binding interactions and parallel fine-tuning of its physi-
cochemical properties. For a comparison of FBDD with HTS, 
please refer to Table 1.

The relative weakness of fragment-target interactions requires 
very sensitive biophysical methods to detect binding. Techniques 
such as ligand-observed NMR17, DSF18, X-ray crystallography19,20, 
surface plasmon resonance21 and mass spectrometry (MS)22 are 
routinely used to screen fragment libraries. These screening tech-
nologies have been applied to FBDD in various combinations and 
manners, with no two screening programs completely alike. There 
is no ‘universal’ way to conduct a fragment screen, partly because 
this process is dependent on both the nature of the target and the 
availability of screening resources. Because there is constant inno-
vation in implementing screening strategies, the literature in the 
FBDD field can be confusing to navigate. It is important, however, 
to draw lessons from existing fragment screening procedures.

Although there is no ‘magic bullet’ of screening methodologies, 
we have found that many targets are tractable in FBDD programs 
using a three-stage process consisting of preliminary screening, 
validation and characterization stages, as described in Figure 1. 
The preliminary fragment screening is conducted with DSF, a 
high-throughput method to detect fragments that increase the 
thermal stability of the target protein. The validation phase of 
the process consists of confirming the preliminary screen hits 
by ligand-observed NMR methods. In the final phase, the vali-
dated fragments are further characterized by lower-throughput 
approaches, such as ITC and X-ray crystallography. The strength 
of this three-stage approach lies in its emphasis on cross- 
validation with multiple biophysical techniques, which enhances 
confidence in the fragment hit.

Our laboratory has been successful in discovering fragment 
hits by using this approach (and slight variations thereof) for 
a wide variety of macromolecules, including enzymes, protein-
protein interactions and ribonucleic acids. Two comprehensive 
published examples of enzymes targeted with our cascade include 
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this protocol describes the screening of a library of low-molecular-weight compounds (fragments) using a series of biophysical 
ligand-binding assays. Fragment-based drug discovery (FBDD) has emerged as a successful method to design high-affinity ligands 
for biomacromolecules of therapeutic interest. It involves detecting relatively weak interactions between the fragments and a 
target macromolecule using sensitive biophysical techniques. these weak binders provide a starting point for the development 
of inhibitors with submicromolar affinity. Here we describe an efficient fragment screening cascade that can identify binding 
fragments (hits) within weeks. It is divided into three stages: (i) preliminary screening using differential scanning fluorimetry 
(DsF), (ii) validation by nMr spectroscopy and (iii) characterization of binding fragments by isothermal titration calorimetry (Itc) 
and X-ray crystallography. although this protocol is readily applicable in academic settings because of its emphasis on low cost and 
medium-throughput early-stage screening technologies, the core principle of orthogonal validation makes it robust enough to meet 
the quality standards of an industrial laboratory.
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pantothenate synthetase (PtS)4 and cytochrome P450 CYP121 
(ref. 5) from Mycobacterium tuberculosis. Each of these enzymes 
had a greater hit rate than Rad51-BRCA2 (ref. 11), a representa-
tive protein-protein interaction target from our pipeline. This 
difference reflects the challenge in targeting protein interfaces, 
which often lack well-defined binding sites and are inherently 
flexible23. In fact, we have worked with protein-protein interfaces 
that were too shallow or not sufficiently hydrophobic to target 
with fragments, such as the phosphoprotein binding site of the 
polo-box domain (PBD) in polo-like kinase 1. Nevertheless, by 
using a combination of biophysical, structural and molecular 
modeling approaches, we discovered a hydrophobic pocket in 
PBD. Subsequently, we targeted it with tethered fragments, by 
linking fragments to a ligand bound to an adjacent site24–26. Our 
three-stage screening cascade has also been successfully modified 
to meet challenges posed by unusual targets. For example, a thiM 
riboswitch of Escherichia coli is an RNA target, which could not 
be screened with DSF in the first stage of the cascade. However, it 
was possible to replace DSF with a high-throughput competition 
assay using a radiolabeled reporter molecule. This assay identified 
fragment hits that were subsequently validated using ligand-based 
NMR and characterized using ITC and cell-based assays9. These 
examples demonstrate the versatility and general applicability of 
our approach.

Experimental design
Fragment library assembly and storage. Fragment library design 
is an active area of research15,27,28. There are a number of com-
mercial fragment libraries available. Alternatively, a fragment 
library can be designed in-house on the basis of considerations 
such as synthetic tractability, compound stability, knowledge of 
the targeted binding site, fragment hit rate data or other criteria,  

such as chirality15,28–30. Because fragments cover chemical space 
more efficiently than HTS compounds, large libraries are not 
required; a typical fragment library contains on the order of 
103 compounds31. The fragments included in the library should 
adhere to the rule of three and should not include compounds 
that are known to produce false hits, such as reactive moieties, 
redox cyclers and pan-assay interference compounds, also known 
as PAINS. This topic has been thoroughly reviewed recently by 
Davis and Erlanson32. For a detailed protocol on fragment library 
assembly, please refer to Box 1.

One important consideration to make when assembling a library 
is fragment solubility in aqueous solution. Buffer-soluble frag-
ments at the desired screening concentration range (0.5–2 mM)  
can be selected by calculating related parameters, such as cLogP28, 
and by conducting high-throughput solubility measurements33. 
Fragments should be purchased and stored as dry powders. To 
efficiently handle concentrated library stock solutions of frag-
ments, a solvent like DMSO, methanol or acetonitrile should be 
used for solubilization. DMSO is commonly used as a co-solvent  
in fragment screening experiments because it is a very good sol-
vent for a range of organic molecules, is non-volatile and is mis-
cible with water. In our laboratory, compounds are weighed out 
to prepare stock solutions of 100 mM in DMSO and stored in 
DMSO-resistant 96-well plates. These are the ‘mother plates’ or 
the master stock solutions of the fragment library. They should 
be stored at −80 °C and preferably in a moisture and oxygen-free 
environment. Aliquots of the mother plates should be taken and 
stored in sealed ‘daughter plates’ kept at −80 °C. These daugh-
ter plates contain working solutions. Before use, they should be 
equilibrated to room temperature (20–25 °C) while sealed, prefer-
ably in a dry environment. The number of freeze-thaw cycles each 
daughter plate undergoes should be minimized because DMSO is 
hydroscopic and the presence of water can cause some fragments 

taBle 1 | Advantages and limitations of FBDD and HTS.
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targets
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Figure 1 | A three-stage fragment screening cascade for efficient fragment 
selection. The cascade consists of preliminary fragment screening,  
hit validation and binding characterization. Higher-throughput techniques  
are used at an early stage of the process, and more complicated  
lower-throughput approaches are used for characterization.  
RFU, relative fluorescence units.
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to hydrolyze34. Partitioning the fragment library into dry pow-
der stock, mother plates and daughter plates (Fig. 2) decreases 
the chance of fragment contamination, oxidation, evaporation 

and degradation. The library should be regularly tested (approxi-
mately every 6 months) by NMR or liquid chromatography (LC)-
MS to ensure fragment quality.

 Box 1 | Fragment library assembly ● tIMInG 2–3 d 
All results in a fragment-based screening project depend on the integrity of the fragment library. Further, precious resources can be 
wasted following up with false-positive fragment screening results. Therefore, it is crucial that the library is carefully assembled and 
managed. All compounds must be cataloged by fragment name and structure in a searchable database. This database can also include 
information on library handling and hit rates for individual fragments. Regular quality control measures are strongly advised to confirm 
the identity of each fragment in the library. Fragments should be characterized by LC-MS and/or NMR routinely during the lifetime of 
the library to identify compounds that have been mislabeled, contaminated, degraded or otherwise chemically modified. The mother 
plates should be carefully guarded and stored at −80 °C under nitrogen gas. They should only be removed to make aliquots for  
daughter plates. Daughter plates can be more readily accessible, but they must be stored under the same condition as the mother 
plates. The example targets discussed in this protocol were screened using a commercially sourced fragment library (Maybridge) 
containing 1,200 compounds or subsets thereof. These fragments were selected because they are rule of three–compliant, soluble in 
various buffer systems up to 10 mM concentration and some were previously discovered as hits for other systems.

aDDItIonal MaterIals
• Dry powder stocks of fragments chosen for study (ideally >100 mg each). The compounds can be purchased individually from  
different vendors, or they can be purchased as a complete library from providers such as Maybridge
• DMSO-d6 (Cambridge Isotope Laboratories, cat. no. DLM-10TA-10X1)  crItIcal Use deuterated DMSO so that all fragment stocks 
can be used for NMR experiments
• Mother plates: 96-well plates with removable and sealable DMSO-resistant vials capable of holding >500 µl (e.g., Thermo Scientific, 
cat. no. 3729)
• Daughter plates: DMSO-resistant 96-well plates capable of holding ~300 µl per well (e.g., Thermo Scientific, cat. no. 4917)
• Aluminum or plastic sealing strips for 96-well plates (aluminum; Thermo Scientific, cat. no. AB-0559, plastic; Thermo Scientific,  
cat. no. AB-0685)
• Heat plate sealer (if available) (e.g., 4titude)
• Oxygen and moisture-free storage case (if available) (e.g., Roylan Developments)
• Analytical balance
• Multichannel pipette
• Desiccator cabinet
• NMR spectrometer and/or LC-MS instrument

proceDure
1. Weigh out at least 20-mg quantities of each fragment using an analytical balance and deposit them in removable DMSO-resistant 
vials that are stored in a 96-well plate holder.
 pause poInt Store dry compound stocks of fragments in a desiccator cabinet. The dry compounds can be stored under these  
conditions indefinitely or until the compound expiration date provided by the manufacturer.
2. Document the location of each fragment within the plate.
 crItIcal step It is useful to have chemical names, simplified molecular input line entry system (SMILES) strings or structure files and 
short identifiers (e.g., CHEM0001) associated with each compound. This information can later be developed or integrated into a database.
3. Calculate how much DMSO-d6 should be added to the fragment in each well to yield a solution with 100 mM final concentration.  
Add DMSO to each fragment and pipette up and down to mix.
4. Cover the mother plates and store them at room temperature overnight.
 crItIcal step Some fragments may be insoluble in DMSO (as determined by visual inspection) and more time may be required  
for the fragment to dissolve. Leave mother plates out overnight and reassess solubility the following day. If the compound remains 
insoluble, make note of it and take the 1D 1H NMR spectrum of the fragment at 0.5–2 mM concentration in buffer. If the chemical  
resonances associated with this fragment are clearly visible, it can be retained in the library. Other co-solvents like methanol or  
acetonitrile can also be tested; however, DMSO is the preferred co-solvent because it is nonvolatile. Alternatively, more soluble analogs 
of the fragment can be synthesized or purchased.
5. Use a multichannel pipette to transfer 100 µl of solution to the daughter plates (DMSO-resistant 96-well plates capable of holding 
300 µl). If desired, create several ‘copies’ of daughter plates.
6. Seal the daughter plates immediately, preferably with an aluminum coverslip that is applied with heat and pressure with an 
automated heat sealer. The daughter plates can undergo freeze-thaw cycles, but the plates must be resealed after each use. Plastic 
coverslips can be used instead of aluminum because plastic provides a better seal from the atmosphere. However, aluminum coverslips 
provide greater protection from photodegradation.
7. Store mother plates and daughter plates at −80 °C and, if possible, under nitrogen gas.
8. For quality control purposes, record a 1D 1H NMR spectrum and/or collect LC-MS data for each fragment in buffer approximately 
every 6 months.
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Preliminary fragment library screening by DSF. DSF is a spec-
troscopic technique used to measure the temperature-dependent 
unfolding of a protein. It monitors the fluorescence of a dye, 
which is augmented by its preferential binding to hydrophobic 
protein surfaces exposed upon unfolding35–37. The dependence of 
fluorescence on temperature is described by a sigmoidal function, 
which can be fit to the Boltzmann equation38. This equation can 
be used to calculate the inflection point of the transition, which 
is the melting temperature of the protein (denoted as Tm). The 
Gibbs free energy of protein unfolding, ∆G, is positively correlated 
to the Tm of that protein. Ligand-binding events usually increase 
the ∆G of unfolding, leading to an increase in Tm. This change 
in Tm, termed the thermal shift, is used to distinguish binders  
(∆Tm > 0) from nonbinders (∆Tm ≤ 0) (ref. 38). Further details on 
the theoretical principles of DSF can be found in several protocols 
and reviews35,37–39.

Our fragment screening cascade typically begins with DSF 
primarily because it is a medium-throughput and inexpensive 
technique that quickly shortlists fragments for further tests with 
more expensive and time-consuming methods. In addition, pre-
liminary DSF experiments provide information on the stability 
of the target protein under a wide variety of conditions, which 
can be relevant to downstream steps40. Fragments are relatively 
weak binders and typically induce a positive Tm shift of 0.5–2.0 °C  
of stabilization relative to the fragment-negative control experi-
ment18. Our experience with DSF as a preliminary fragment 
screening tool has led us to carry over fragments to the vali-
dation stage using two different strategies: (i) select fragments 
that give rise to a positive ∆Tm of twice the s.d. of the control 
sample or (ii) select fragments that do not substantially desta-
bilize the protein, i.e., exclude those fragments that result in a  
large, negative ∆Tm.

Experimental parameters must be optimized to conduct a frag-
ment screen using DSF. These include dye concentration, protein 
concentration, buffer type and ionic strength, ligand concentra-
tion, temperature range and DMSO concentration. A number of 
dyes are commonly used in DSF38, but SYPRO orange is preferred 
for fragment screening because of its high excitation wavelength 
(~470 nm), which reduces the risk of compound interference38. 
The dye/protein ratio is a crucial parameter in DSF and must 
be optimized for the target protein. It is also important to con-
duct optimization experiments with several different buffer types 
within the physiological pH range. The goal is to find a buffer sys-
tem in which the target protein unfolds well within the available 
temperature range of the instrumentation used. Given a choice, 
it is best to use a buffer such as phosphate buffer or Tris that does 
not give rise to extensive 1H NMR signal so that the same buffer 
system can be used for the validation stage. Salt concentration can 

often have a marked effect on Tm, but keeping it at the minimum 
concentration possible (ideally  < 200 mM) is desirable for follow-
up NMR experiments. Screening fragments by DSF using a buffer 
system compatible with NMR experiments facilitates transition 
from preliminary screening to the fragment validation stage using 
ligand-observed NMR.

Several fragment concentrations should be tested to deter-
mine the limit of solubility for fragments in the optimized DSF 
buffer. Fragments will be evaluated for binding by calculating 
the difference between the Tm for the target protein incubated 
with fragments and DMSO alone. Because DMSO can often 
have an effect on the Tm (ref. 41), it is important to add the same 
volume of DMSO to the control reactions. It is also very use-
ful to test a positive control ligand, which is known to bind to 
the target protein. The first set of experiments should be con-
ducted over a wide temperature range as permitted by the instru-
ment, which can be narrowed when a Tm for the target protein  
is determined.

Validation of fragment hits using NMR spectroscopy. NMR spec-
troscopy was the first technique described as a tool to screen frag-
ments42. Although both ligand-observed and protein-observed 
NMR methods have been developed to detect fragment binding, 
ligand-observed techniques are most widely applied to fragment 
screening because they do not require a priori knowledge of the 
protein structure and do not impose limitations on protein size, 
providing accessibility to a wider range of therapeutically relevant 
targets43. To increase throughput, ligand-based NMR techniques 
can be used to efficiently screen cocktails containing 2–8 frag-
ments44, although care should be taken to ensure that the mixture 
is soluble and there is no spectral overlap.

We typically use three ligand-observed NMR techniques in 
our laboratory: saturation transfer difference (STD)45, water-
ligand observed by gradient spectroscopy (WaterLOGSY)46 and 
the Carr-Purcell-Meiboom-Gill (CPMG) sequence47,48. The 
physical principles and broad applications of these methods  
have been reviewed recently17,49,50. We often use one or two 
of these techniques to screen for fragments, provided that the 
methods chosen are reliable and are based on controls with a  
known ligand.

STD involves selective perturbation of protein-specific methyl 
proton resonances (0.5 p.p.m.–1 p.p.m.). This perturbation 
rapidly diffuses throughout the protein45. This is usually done 
via a selective 180-degree pulse and results in a transfer of mag-
netization from the protein to any transiently bound ligands via 
the nuclear Overhauser effect (NOE)17. If the fragment binds 
to the target protein, the buildup of NOE that is transferred 
to the ligand results in enhanced signal corresponding to the 

Figure 2 | Images of library plate preparation 
and storage. Example mother plate for fragment 
library storage (left), example daughter plate 
sealed with aluminum slip using a heat sealer 
(middle) and example  − 80 °C freezer storage  
case for fragment library mother and daughter 
plates capable of being purged with nitrogen  
gas (right).
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resonances of that ligand in the STD spectrum51. A number of 
factors affect the signal strength in an STD experiment, includ-
ing protein size, duration of on-resonance irradiation, the fre-
quency of irradiation, the dissociation constant of the ligand, 
the ligand/protein ratio and the field of the spectrometer45. As 
such, it is useful to vary parameters such as ligand and protein 
concentration, the frequency of irradiation and the duration  
of irradiation.

For the WaterLOGSY experiment, magnetization is transferred 
to the ligand from the bulk water, mainly through water molecules 
bound in or adjacent to the ligand binding site46,52. Because the 
NOE transfer of magnetization from water to the fragment occurs 
in the slow tumbling regime, the sign of the NOE will be opposite 
in sign (negative) to the NOE observed for magnetization trans-
ferred to small molecules free in solution, which do not bind to 
the protein17. If the fragment is bound, the negative NOEs will 
dominate the signal. No change in the sign of the WaterLOGSY 
signal on addition of the protein indicates that the fragment  
is unbound.

CPMG is used to detect fragment binding by relying on differ-
ences in the relaxation rates of fragment NMR signals between 
the bound and free states53. In the CPMG experiment, a time 
delay of 100–400 ms is used before acquisition to filter out the 
observed signals for rapidly relaxing ligands47,48. Small molecules 
relax slowly, giving rise to sharp peaks, whereas proteins relax 
quickly and tend to show broad NMR signals. The resonances 
due to the fragment protons broaden upon transient fragment 
binding to the macromolecule. Relaxation-edited NMR experi-
ments exploit such differences in relaxation properties17. A signal 
decrease is expected in the presence of protein if the fragment 
binds the protein.

Ligand-observed NMR experiments are designed to detect and 
validate specific binding of a fragment to the target. A control 
experiment in the absence of protein is performed to confirm that 
the observed change is protein dependent. In addition, specific 
binding is investigated by performing competition experiments 
with a known protein binder. Fragments with the greatest degree 
of displacement can be prioritized for the characterization stage 
(complete displacement of the fragment is not often observed). 
Those that are clearly binding but not displaced may either be 
associating with the target nonspecifically or binding to the target 
at a site where the displacer molecule does not bind. Depending 
on the ligand design strategy or goal, these fragments can either be 
removed or carried through the cascade for further investigation. 
Fragments binding to allosteric or previously uncharacterized 
binding pockets (as in protein-protein interactions, for example) 
may serve as tools to explore the molecular recognition proper-
ties of the target.

Characterization of the fragment-target interaction by ITC and 
X-ray crystallography. ITC directly measures the heat associated 
with forming or breaking noncovalent interactions (∆Hobs) and 
the stoichiometry of binding (n). This information can be used 
to determine the equilibrium binding constant (the reciprocal 
of the dissociation constant, KD). With the equilibrium binding 

 constant and ∆Hobs, the change in free energy (∆G) and the 
change in entropy (∆S) can be calculated. Full thermodynamic 
characterization of binding fragments is crucial to downstream 
inhibitor design strategies. For more information on the theory 
and practice of ITC that is relevant to FBDD, please refer to a 
number of published reviews, reports and protocols54–58. Because 
of the intrinsically low binding affinity of fragments, these mea-
surements can be technically challenging, yet they are routinely 
used for fragment characterization once a set of optimal condi-
tions is defined. If ITC measurements cannot be taken, alternative  
methods for assessing the affinity of binding fragments can be 
applied, such as surface plasmon resonance, fluorescence polari-
zation, DSF and protein-observed NMR titrations.

X-ray crystallography is crucial to an FBDD project because 
it provides evidence for where and how the fragment molecule 
binds to the target, which is used to guide potency enhance-
ment of the fragment hit19. High-throughput crystallography  
can be used as a primary screening technique. It allows for 
the detection of even very weak binders, some of which 
may not be identified using other approaches19,44. However, 
because of more limited access to X-ray resources, we use 
it only for shortlisted fragments validated as binders in our  
screening cascade.

Macromolecule crystallization generally involves the following 
steps20: (i) purifying the macromolecule of interest in substantial 
quantities, (ii) analyzing and determining optimal conditions for 
crystallization, (iii) producing diffraction-quality protein crystals, 
(iv) collecting X-ray diffraction data, and (v) obtaining experi-
mental electron density using the molecular replacement method 
to generate a 3D structure. Fragment characterization by X-ray 
crystallography additionally requires soaking crystals with a high 
concentration of fragments (typically 20–250 mM), solving the 
liganded structure by molecular replacement and examining the 
difference density to identify the location and binding mode of 
the fragment. A resolution of around 2.5 Å or better is desired to 
build the fragment into density. It is desirable to obtain several 
fragment-bound structures (ideally >5).

Protein crystals amenable to fragment-based approaches must 
be reproducible, uniform in morphology and quality and robust 
to soaking in conditions with high DMSO and compound con-
centration44. Further, the fragment binding site must not be 
occluded by crystal packing interactions. Although X-ray crys-
tallography is our method of choice for assessing the fragment 
binding mode, it may not always be a feasible technique for the 
system at hand. To address targets intractable by X-ray crystal-
lography, alternative methods such as the NMR experiment 
interligand Overhauser effect59 or high-throughput fluorescence-
based assays24 have been developed to obtain limited binding  
mode information.

In this protocol, we present exemplary and representative frag-
ment screening data from a wide variety of targets to demonstrate 
the applicability of FBDD to diverse biological systems. Although 
these data are representative ‘textbook’ examples selected for  
clarity, we have also included extensive troubleshooting guidance 
to address data that deviate from the ideal.
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MaterIals
REAGENTS
Stage 1: DSF

Protein, ~500 µM stock solution, 1–10 µM final concentration, freshly 
prepared  crItIcal Conduct optimization experiments to determine the 
appropriate protein concentration as described in Reagent Setup.
Fragment library, 100 mM stock solution in DMSO-d6, 1–10 mM  
final concentration (DMSO-d6; Cambridge Isotope Laboratories,  
cat. no. DLM-10TA-10X1)
Optimized DSF buffer, 5× stock solution, 1× final concentration,  
e.g., 250 mM Tris-HCl (pH 7.5), 500 mM NaCl for 5× stock solution  
(Tris-HCl; T5941, NaCl; Sigma-Aldrich, cat. no. S7653)
Positive control compound (if available), 100 mM stock solution  
(or highest possible concentration), 0.05–5 mM final concentration
SYPRO Orange, 5,000× stock solution in DMSO, 1–10× final concentration  
(Invitrogen, cat. no. S-6650) ! cautIon To prevent degradation , do not 
leave SYPRO Orange exposed to light for extended periods of time.  
 crItIcal Conduct optimization experiments to determine the  
appropriate dye concentration as described in Reagent Setup.

Stage 2: NMR spectroscopy
Protein, ~500 µM stock solution, 10–40 µM final concentration, freshly 
prepared
Fragment hits from preliminary screen, 100 mM in DMSO-d6, 0.5–2 mM 
final concentration
Optimized NMR buffer, 5× stock solution, 1× final concentration,  
e.g., 250 mM Tris-HCl (pH 7.5), 500 mM NaCl  crItIcal Conduct  
optimization experiments to determine the appropriate protein  
concentration as described in the Reagent Setup.
3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-d4) in D2O, 
200 µM stock solution, 20 µM final concentration (TSP-d4; Sigma-Aldrich, 
cat. no. 269913-1G; and D2O; Cambridge Isotope Laboratories,  
cat. no. DLM-4-1L)

Stage 3: ITC and X-ray crystallography
Protein, >100 µM stock solution. For ITC experiments, ~30–100 µM final 
concentration is required. For crystallization, a higher protein concentration 
is needed (e.g., >500 µM or as determined by crystallization experiments). 
The protein should be stored in a low buffer and salt concentration  
solution, e.g., 10 mM HEPES, pH 7.4, 50 mM NaCl. (HEPES; Sigma-
Aldrich, cat. no. H3375) ! cautIon It is recommended to avoid the use 
of glycerol at any point in the protein purification procedure as it will be 
difficult to remove prior to an ITC experiment. The presence of glycerol in 
the sample cell and absence in the syringe can lead to high heats of dilution 
during titration (also known as buffer mismatch).
Fragment hits from DSF and NMR screens, 0.1–1 M stock solution in 
DMSO, final concentration will vary (DMSO; Sigma-Aldrich, cat. no. 
472301). Prepare new fragment solutions from the dry compound stock 
library; do not use solution from the daughter plates
ITC buffer, e.g., 50 mM HEPES, pH 7.4, 100 mM NaCl  crItIcal The 
protein needs to be dialyzed with the ITC buffer before each ITC titration. 
Avoid the use of detergents.
Crystallization buffer with added DMSO, as described in Reagent Setup

EQUIPMENT
Stage 1: DSF

Real-time PCR instrument (e.g., Roche) or Thermofluor instrument
Swinging bucket centrifuge with adapters for 96-well plates  
(e.g., Beckman Coulter fitted with rotor JS-5.3)
Multichannel pipettes (e.g., Eppendorf)
Multichannel pipette reservoir trough (VWR, cat. no. 89094-662)
DMSO-resistant 96-well plates (300 µl well) and adhesive plastic covers 
(e.g., Life Technologies)
Data-processing software, such as Applied Biosystems Protein Thermal Shift 
(Life Technologies)

Stage 2: NMR spectroscopy
NMR spectrometer, 400, 500 or 700 MHz, equipped with cryoprobe 
(Bruker) or cold probe (Varian)
Autosampler (Bruker or Varian)
NMR tubes, 5-mm outer diameter, 203-mm length (e.g., Bruker)
NMR capillaries, 3-mm outer diameter, 100-mm length, filling factor:  
~160 µl per 35 mm height (e.g., Bruker)
Spinners (e.g., Bruker)

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•
•
•

•

•

•
•
•

•

Spectrum processing software (e.g., Topspin Software, v1.3 or v2.0 (Bruker) 
or alternative)

Stage 3: ITC and X-ray crystallography
Calorimeter, MicroCal iTC200 from GE Healthcare is used throughout this 
protocol. Other models (e.g., VP ITC) and suppliers (e.g., TA Instruments) 
are also available
Degassing station (MicroCal)
Small PCR tubes for loading
Data processing software, such as Origin 5.0 with MicroCal ITC feature
VDX crystallization plate, 24 well, and coverslips
(Optional) Sitting-drop vapor diffusion experiments can be conducted with a 
Micro-bridge (Hampton Research)  crItIcal Prepare new fragment solu-
tions from the dry stock library; do not use solutions from the daughter plates.
Crystal loops appropriate for crystal size
Stereo microscope (e.g., Meiji Techno)
Pucks
X-ray diffractometer (or synchrotron beamline)
Dry shipper (for transport of crystals)
Long-term storage liquid nitrogen dewar
Software for processing of X-ray data and solution and refinement of the 
structure (e.g., XDS, PROTEUM2, CCP4 suite, Coot, PRODRG)

REAGENT SETUP
Optimization of SYPRO Orange dye concentration Prepare 5 ml of  
buffer solution in which the target protein is soluble and properly folded 
(e.g., 50 mM Tris-HCl (pH 7.5), 100 mM NaCl). Dilute the stock SYPRO 
Orange to 10× by adding 1 µl of the stock solution to 499 µl of buffer.  
Serially dilute the 10× SYPRO Orange solution with buffer to obtain 10×, 5×,  
2.5×, 1.25× and 0.625× solutions, 500 µl each. Pipette 99 µl of each dye  
solution in triplicate into wells of the 96-well plate. Add 1 µl of protein  
(stock concentration 500 µM) to each well, achieving a final concentration of 
5 µM for each mixture. Place the plate in the real-time PCR instrument and 
run the temperature gradient program. Select the dye concentration that  
produces a melt curve with a sharp and intense transition.
Optimization of protein concentration for DSF assay Keeping the  
optimized SYPRO Orange dye concentration constant, vary the protein  
target concentration. For a 10 µM protein solution, add 6 µl of protein stock 
(500 µM) to 294 µl of buffer and pipette 100 µl of the mixture into each  
well in triplicate. For a 1 µM protein solution, dilute the protein stock to  
50 µM and add 6 µl of the diluted stock to 294 µl of buffer. Pipette 100 µl to 
each well in triplicate. Place plate in the real-time PCR instrument and run 
the temperature gradient program. Analyze the data, and compare the melt 
curves in the presence of 1, 5 and 10 µM protein. Select the lowest protein 
concentration that provides a stable baseline and intense fluorescence upon 
protein unfolding.
Optimization of DSF buffer By using the optimal protein and SYPRO 
Orange concentrations, screen a range of buffers (e.g., Tris-HCl, potassium 
phosphate buffer) and salt concentrations (0–200 mM NaCl) as described 
above. Select a buffer system for which the Tm is well within the temperature 
range accessible by the instrument so that the baseline, transition and protein-
dye dissociation can be observed for each sample. Be aware that buffer pH is  
dependent on temperature, and this effect is more pronounced for some buffers  
such as Tris60. Most buffers can be kept indefinitely at room temperature,  
provided that they do not contain reducing reagents such as DTT. Diluted 
stocks of SYPRO Orange must be freshly prepared before each experiment.
NMR buffer Make a 5× solution of the buffer system optimized for DSF.  
For example, for 50 mM Tris-HCl (pH 7.5), and 100 mM NaCl, prepare  
a buffer containing 250 mM Tris-HCl (pH 7.5), and 500 mM NaCl.  
The 5× buffer solution should be used at 1× final concentration in the NMR 
tube. Most buffers can be kept indefinitely at room temperature, provided 
that they do not contain reducing reagents such as DTT. Dissolve TSP in D2O 
to a final concentration of 200 µM (10× stock solution). The concentrated 
stock of TSP in D2O can be stored at room temperature indefinitely.
Fragment stock solution for ITC and X-ray crystallography Weigh out 
enough dry compound to make a 1 M fragment stock in DMSO. If the  
compound is not soluble at this concentration, keep adding DMSO in  
aliquots until it is completely dissolved. Prepare the most concentrated 
solution of fragment in DMSO that can be achieved. Concentrated fragment 
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stock solutions in DMSO can be kept at −20 °C indefinitely, although the 
life of the compound is dependent on the number of freeze-thaw cycles it 
undergoes. To monitor the stability of the compound, analyze by LC-MS or 
NMR before each use.
Protein crystals and DMSO stability tests Reproducible protein crystals 
must have been already obtained before screening. In order to test crystal  
stability to DMSO, create a series of DMSO-containing crystallization  
conditions. This must be done before fragment-soaking experiments because 
fragments are solubilized in DMSO. Adjust the known crystallization  
condition for the protein to include desired concentrations of DMSO  
(e.g., 5–25% (vol/vol) DMSO), keeping all other components at the same 
concentration. This stock can be kept at room temperature indefinitely.  
Use the DMSO-containing stock crystallization condition for hanging-drop 
experiments in 24-well VDX plates. Alternatively, a sitting-drop vapor  
diffusion experiment can be carried out using a Micro-bridge fit into a  
standard 24-well VDX plate. Transfer crystals directly into the drop contain-
ing DMSO, and observe the crystals under a stereo microscope over time, 
making note of any damage to the crystal such as the formation of cracks. 

Choose the highest concentration of DMSO that the crystal can withstand. 
This concentration will be used for fragment-soaking experiments.
EQUIPMENT SETUP
Real-time PCR instrument Switch on the real-time PCR unit, start the  
computer and allow the lamp to warm up. Set the temperature range as 
desired. It is best to start with a wide range if the Tm is not known,  
e.g., 25–90 °C. Set the smallest temperature step allowable by the  
software so as to achieve a continuous curve (~0.1 °C steps), collecting one 
scan per second.
NMR spectrometer  Use an NMR sample containing protein to set and 
optimize the parameters. Set the temperature to 278.2 K and allow for  
equilibration. Lock on the deuterium resonance of the solvent (D2O) and 
shim the sample.
MicroCal calorimeter Attach the manufacturer’s cleaning apparatus to a 
vacuum source and rinse the sample cell with ~50 ml of distilled water,  
followed by rinsing with ~25 ml of DMSO-containing sample buffer. Dry the 
sample cell under vacuum. Rinse the syringe with ~25 ml of distilled water, 
followed by ~15 ml of methanol. Dry the syringe under vacuum for 15 min.

proceDure
 crItIcal The protocol is divided into three stages. Although they should be performed in the order written, the samples 
used are not carried forward from one stage to the next, and thus it is possible to break after the end of Stage 1 or 2.  
Continuation to Stage 2 or 3 would depend on the findings after analysis of the data obtained in Stages 1 or 2, respectively.

stage 1: preliminary screening with DsF ● tIMInG 1–2 d
1| Add enough screening buffer to 100 µl of protein (stock concentration: 500 µM) and 5 µl of SYPRO Orange (stock concentra-
tion: 5,000×) to obtain a final volume of 10 ml, which is sufficient to screen one 96-well plate of fragments. The final concentrations 
of protein and dye in the mixture are 5 µM and 2.5×, respectively. Place this solution in a multichannel pipette reservoir trough.
 crItIcal step The buffer, protein and dye concentrations for this step must be optimized for each protein; refer to 
Reagent Setup and Experimental design for further details.

2| Use a multichannel pipette to transfer 98 µl of solution into each well of a 96-well plate.

3| Use the multichannel pipette to add 2 µl of fragment solution or DMSO into each well, and mix the well content using 
the same pipette and tips by pipetting up and down. If possible, add a positive control ligand to at least three wells. Each 
fragment is initially screened as singleton, which may be followed by measurements in triplicate to validate the DSF hit. 
Place plastic protective cover on top of the plate firmly with the sticky side down.

4| Centrifuge the plate at 800g for 1 min at 25 °C.

5| Place the plate into the real-time PCR instrument and start the temperature gradient program.

6| Export the raw data. Analyze melt curves to determine the Tm by fitting them to the Boltzmann equation or by taking 
the first derivative using a software package associated with the real-time PCR, a multipurpose data graphing/data  
processing package, or software specifically designed for handling DSF data.
? trouBlesHootInG

7| Calculate the ∆Tm for protein and fragment mixture in each well relative to the average Tm for protein-DMSO controls 
on that plate. If the positive controls on the plate did not produce the expected reproducible result, disregard all results for 
that plate and re-screen those fragments with a new protein stock.
? trouBlesHootInG

stage 2: validation of fragment hits by nMr spectroscopy ● tIMInG 12–48 h
8| Prepare a master stock for each fragment with enough volume for at least two samples (200 µl each). The stock should 
contain buffer, fragment, TSP and D2O. Mix together 80 µl of buffer, 4 µl of fragment solution, 40 µl of TSP/D2O and 276 µl 
of water. Vortex the mixture briefly.
 crItIcal step Check the mixture for signs of fragment aggregation (turbidity) before adding the protein. Fragment  
aggregation can result in false-positive results for some NMR experiments, including WaterLOGSY.
? trouBlesHootInG
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9| Divide the master stock into two 197-µl aliquots. Add 3 µl of protein solution to one 197-µl aliquot and 3 µl of buffer 
to the protein-negative sample.
 crItIcal step Check the sample containing protein for signs of protein precipitation.

10| Add both of these samples to 3-mm NMR capillaries with a 200-µl pipette by angling the pipette tip in the center of the 
capillary and pressing the plunger quickly and immediately.
! cautIon Injection of the solution must be done with care to ensure that the solution does not flow over the top of the capillary.

11| Slide the capillary carefully into the 5-mm NMR tube at a 45° angle (so as to avoid cracking the capillary of NMR tube).

12| Label the tube with the fragment name and either ‘+ protein’ or ‘− protein’, and then place it in a spinner.

13| Repeat Steps 8–12 for all fragments and a positive control ligand and load all NMR tubes onto automated sample 
changer. Each sample will undergo at least one ligand-binding NMR experiment (STD, WaterLOGSY and/or CPMG).

14| Set the temperature, lock and shim sample as described in Equipment Setup.

15| Set the water-suppression parameters using a water-suppression technique of choice (e.g., WATERGATE61). Apply these 
parameters to STD, WaterLOGSY and CPMG experiments.

16| Set the parameters for STD by optimizing the flip angle of the shaped pulse to correspond to 180° and by changing the 
irradiation frequency to target the methyl groups of the protein (corresponding to ~0.5 p.p.m.). Set the number of scans, 
preferably to a standard value (e.g., 256), but the number can be increased or decreased in order to achieve a signal-to-
noise ratio that makes the spectra clearly interpretable.
 crItIcal step The irradiation frequency should be set to the frequency at which methyl protons from the protein can be 
identified in the 1D 1H NMR spectrum. Conduct appropriate optimization experiments in order to optimize the frequency and 
length of irradiation for your system.

17| Set the parameters for WaterLOGSY by optimizing the shaped pulses according to the pulse program specifications  
(water-selective pulse and water suppression). Set the number of scans to 128.

18| Set the number of scans for the CPMG experiment to 32.

19| Enter all sample descriptors and experiments into the automation mode software and begin the program.

20| Process the first data set and examine the quality of the water suppression and the signal-to-noise ratio. Process and 
analyze all remaining data sets.
? trouBlesHootInG

stage 3: characterization of fragment hits by Itc and X-ray crystallography
21| ITC. For the syringe solution, prepare a 10 mM fragment solution in ‘ITC buffer’. Mix 200 µl of ITC buffer and 22.2 µl of a 
100 mM fragment stock.
 crItIcal step The concentration of ligand will need to be optimized on the basis of the first few pilot titrations.

22| Prepare 10% (vol/vol) DMSO-containing buffer by mixing 22.2 µl of DMSO with 200 µl of buffer multiple times to obtain 
the total volume of >1 ml.
 crItIcal step Use the same pipettes throughout this procedure and do not change the set volume at any point during  
the sample preparation. This is a major source of DMSO mismatch, i.e., different concentrations of DMSO in the syringe and 
sample cell solutions (see the corresponding discussion in the ANTICIPATED RESULTS section for an example of a titration 
with heat of dilution due to a DMSO mismatch).

23| In a similar manner, add 10% (vol/vol) DMSO to the protein stock (protein exchanged into the ITC buffer) and mix  
immediately. For a single measurement, ~300 µl of solution will be needed to load the cell.

24| Degas protein and ligand solutions under vacuum for about 1 min using the degassing station.
! cautIon Do not degas for extended periods of time to avoid sample evaporation.
 crItIcal step Sample degassing is done to reduce the risk of bubble formation, which can lead to an uninterpretable titration.
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25| Thoroughly wash the sample cell. Rinse the sample cell with a mild detergent, followed by copious amounts of distilled 
water, and finally with the ITC buffer containing DMSO. This can be done by manually loading and reloading the cell or by 
using the automated washing apparatus associated with the instrument, which requires a vacuum source.

26| To load the sample cell, draw up about 300 µl of protein solution with a Hamilton syringe fitted with a plastic sheath 
over the needle. Insert the plastic-covered needle of the Hamilton syringe into the cell and hold it about 1–2 mm above the 
bottom of the cell. Slowly depress the plunger until the cell is filled to the top and the protein solution is visible. Remove 
excess liquid and any visible bubbles, keeping the liquid level close to the opening lip of the cell. Allow time for temperature 
equilibration (thermostatting).

27| Rinse the ITC syringe with water (~10–50 ml), followed by methanol (~10 ml) using vacuum source to maintain the flow. 
Dry the needle for 10 min under vacuum.

28| Place 70 µl of the fragment solution into a PCR tube, and then load the syringe by drawing up solution from the tube 
into the syringe using the port controls in the software.

29| Prepare the titration program by setting experimental parameters. Most fragments usually require ~16–25 injections,  
2 µl each, over 30–40 min. This corresponds to injection time of 4 s (2 s per 1 µl) and 100–120 s intervals between the  
injections. A small mock injection of 0.4 µl precedes the work-run injections to ensure consistent injection volume.

30| Start the titration program. Observe the heat produced with each injection.
? trouBlesHootInG

31| Fit obtained titration isotherms to a single-site binding model with MicroCal Origin software.
? trouBlesHootInG

32| Repeat Steps 21–31 for all fragment hits from Stage 2.

33| Crystal soaking with fragments. Solubilize fragments in DMSO to the highest possible concentration by pipetting enough 
DMSO into a weighed amount of compound. A final concentration of 100 mM–1 M is desirable.

34| Prepare a solution that is identical to the crystallization condition used to grow the crystals of unliganded protein,  
and then place 500 µl of this solution in the well.
 crItIcal step It is important that the solution is as close as possible to the condition in which the crystal is grown. 
Mismatch can be avoided if a large volume of crystallization stock solution is prepared and used for all crystal-soaking  
experiments. Slightly lower concentration of a precipitant such as PEG, for example, can cause the crystal to dissolve.  
Owing to the viscosity of some precipitants, pipetting error can easily introduce small differences in precipitant  
concentration, to which the crystal may be vulnerable.

35| Add enough fragment stock solution to a drop of crystallization solution achieving a concentration range of 50–150 mM 
fragment in the drop and typically 5–25% (vol/vol) DMSO.
? trouBlesHootInG

36| Prepare a test drop with the crystallization condition and fragment to test with pH paper. If needed, increase the  
concentration of the buffer to maintain the pH of the crystallization condition for the unliganded protein.

37| Soak each crystal for variable lengths of time ranging from 30 min to 48 h, and monitor the condition of the crystals.  
A separate crystal is required for each time point.
 crItIcal step Look for signs of cracking or disintegration around the edges of the crystal.
? trouBlesHootInG

38| If the crystallization condition is not a cryoprotectant, create a cryoprotectant solution (e.g., with 25% (vol/vol)  
glycerol or higher PEG concentration) with the same concentration of fragment that was used for soaking. Optionally,  
fragment soaking (Steps 33–37) can be carried out in the cryoprotectant solution if the crystal is stable in those conditions 
for extended periods of time.
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39| Select a crystal loop with an appropriate size for the crystal.

40| After removing the crystal from the soaking solution, quickly pass it through the drop of cryoprotectant solution  
containing the fragment at the same concentration used for soaking, and immerse it in liquid nitrogen.
 pause poInt Store the crystal in a dry dewar containing liquid nitrogen until you are ready for data collection.  
If additional liquid nitrogen is continually added to fill up the dewar over time, the crystals can remain in this condition 
indefinitely.

41| Mount the crystal in the X-ray source and collect data.

42| Solve the crystal structure by molecular replacement using the unliganded structure as the search model. Look for  
unmodeled difference density with a contour level of 3σ or higher.
? trouBlesHootInG

43| Prepare the crystallographic coordinates and restraints of the fragment using software such as PRODRG server.

44| Fit the fragment to the difference density.
? trouBlesHootInG

? trouBlesHootInG
Troubleshooting advice can be found in table 2.

taBle 2 | Troubleshooting table.

step problem possible reason solution

6, 7 ‘Edge effects’ Owing to environmental influences, results 
obtained for fragments in the wells lining the edge 
of the plate may fluctuate and deviate more than 
results for wells toward the center of the plate

Either leave the outer wells empty or use 
caution when interpreting the results from 
these wells (Step 2)

Fluorescence of fragments Some fragments may have similar excitation and 
emission wavelengths as the fluorescent dye

Fragments with fluorescent properties that 
interfere with the signal from the dye will 
need to be re-evaluated using other methods 
such as ligand observed NMR or excluded 
from the fragment library (Step 3)

Large fluctuations in  
the readings for the  
DMSO-negative control, 
leading to large s.d.

Pipetting error The viscosity of DMSO as a solvent requires 
careful pipetting to avoid adding slightly  
different volumes of DMSO to each well, 
which can result in differences in Tm (Step 3)

8 Compound aggregation Limited solubility in buffer at the desired  
concentration

Centrifuge the sample to pellet any  
compound that has visibly precipitated out 
of solution. For suspected aggregators,  
nonionic detergents, such as Triton X-100, 
can be added

20 Weak signal Insufficient number of scans Increase the number of scans (Steps 16–18)

Improper protein-to-ligand ratio A protein-to-ligand ratio of approximately 
1:200 is a good starting point, but this ratio 
must be optimized (Step 9)

(continued)
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taBle 2 | Troubleshooting table (continued).

step problem possible reason solution

20 Positive signal in negative 
control

Ligand aggregation Lower the concentration of the fragment, 
change the buffer system, or increase the 
DMSO concentration or exclude from the 
fragment library (Step 8)

In the case of WaterLOGSY, exchangeable protons 
of the ligand may produce positive signal owing to 
chemical exchange

Perform an additional ligand-observed NMR 
experiment such as STD

Poor agreement between 
different ligand-observed 
NMR experiments for the 
same fragment

The outcome of each experiment is dependent on 
the physical properties of the protein, e.g., its 
size and the structure of the binding site. Larger 
proteins (>30 kDa) are in general more amenable 
to ligand-detected methods. STD is more readily 
applicable to hydrophobic binding sites, whereas 
WaterLOGSY is particularly useful for well-hydrated 
binding sites17. The kinetics of binding can also 
influence the result. For example, CPMG can detect 
tight binders, whereas STD and WaterLOGSY are 
suitable only for transient binders

Choose an NMR method for screening that 
gives consistent results for the positive 
control

Poor overlap between DSF 
and NMR results

DSF measures the ability of a fragment to  
stabilize a protein. This is most often, but not 
always, because of the fragment binding to a  
specific site on the protein. Some fragments may 
bind nonspecifically to the protein, which leads to  
protein stabilization and a positive ∆Tm. 
Nonspecific binders may also show binding by  
ligand-observed NMR techniques

NMR displacement studies provide evidence 
for specific binding to the enzyme active  
site and must be conducted in order to  
differentiate targeted binders from non-
specific binders (see Fig. 5 for an example)

30 Buffer mismatch Different DMSO concentration in the cell and 
syringe

Make sure that the same amount of DMSO is 
added to each solution, including the wash 
buffer. Use the same pipettes throughout  
the sample preparation and do not change 
the volume setting once they are used  
for the duration of the sample preparation 
(Steps 21–23)

Buffer composition in the protein sample is not the 
same as that of the ligand because of incomplete 
buffer exchange

Centrifugal filtration devices tend to be  
inefficient in completely exchanging the 
storage buffer of the protein with the ITC 
buffer. It is best to use size-exclusion  
chromatography or dialysis membranes to 
match the protein buffer with that of the 
ligand. If using dialysis, retain the dialysate 
as the ‘ITC buffer’

Contaminated cell or syringe Wash extensively with a DMSO-containing 
buffer between runs (Steps 25 and 27)

31 Saturation is reached after 
one or two titrations.  
If there are not enough 
data points before the 
inflection point, the data 
fitting software will not be 
able to accurately fit the 
curve, which will provide 
an inaccurate KD

Excessive ligand concentration (or insufficient  
protein concentration)

Try reducing the fragment concentration 
first. If this does not help, also increase the 
protein concentration. Determining the  
optimal concentrations of ligand and protein 
will require substantial optimization in the 
first instance, but very similar conditions 
can be used for all fragments within a close 
range of binding affinity (Steps 21 and 23)

(continued)



©
20

13
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

2320 | VOL.8 NO.11 | 2013 | nature protocols

● tIMInG
Steps 1–7, stage 1, preliminary screening with DSF: 1–2 d
Steps 8–20, stage 2, validation of fragment hits by NMR spectroscopy: 12–48 h
Steps 21–32, stage 3, ITC: 1 h per fragment
Steps 33–44, stage 3, crystal soaking with fragments: 2 d
Box 1, fragment library assembly: 2–3 d

antIcIpateD results
stage 1: preliminary screening by DsF
An interpretable DSF melt curve must be constant at low temperatures (the baseline), followed by a sharp increase in 
fluorescence in the form of a sigmoidal transition as the temperature increases. The Tm for each curve is determined either 
by fitting the melt curve with the Boltzmann equation or by taking the first derivative of the curve and identifying global 
extrema. Fragments can either increase the Tm relative to the DMSO-only control on the plate (positive ∆Tm) indicating  
binding, decrease the Tm (negative ∆Tm) indicating protein destabilization or result in no change in the Tm (∆Tm  =  0 °C) 
indicating that the fragment does not interact with the target. It is expected that ~5% of fragments result in a positive Tm 
and are carried through to validation by NMR spectroscopy.

Rv1155, an oxidoreductase from M. tuberculosis, was screened against a library of 1217 fragments. Before screening,  
optimal conditions to monitor the Tm of Rv1155 were identified by varying buffer, DMSO, protein and control ligand  
concentration (in this case, the cofactor the enzyme requires). Optimal conditions for Rv1155 were determined to be 100 mM  
Tris-HCl (pH 8.0), 100 mM NaCl, 5 µM Rv1155, with 50 µM cofactor as a positive control. Figure 3 shows example DSF melt 

taBle 2 | Troubleshooting table (continued).

step problem possible reason solution

35 Fragment precipitation Low solubility in mother liquor solution Increase the DMSO concentration in the 
drop. If the crystals are sensitive to DMSO, 
try adding other small molecules to enhance 
fragment solubility, such as methanol,  
glycerol or PEGs (Step 35)

37 Crystal is not stable to 
fragment soaking

The crystal is vulnerable to high DMSO  
concentration, or fragment binding disrupts  
crystal packing

Lower the DMSO concentration in the drop.  
If the crystal packing interactions prevent 
fragment soaking, cocrystallization experi-
ments must be conducted in order to obtain 
the protein-ligand complex crystals (Step 35)

42 Little or no electron  
density observed for  
fragment

Insufficiently high concentration of fragment Increase concentration of fragment in the 
drop (Step 35)

44 Unable to definitively 
place fragment in  
electron density

Symmetrical fragment, multiple fragment  
conformations, rotamers or racemic mixtures

Some degree of chemical intuition is required 
when placing fragments in the binding site

Figure 3 | DSF melt curves in the presence of 
binding and non-binding fragments. Example DSF 
melt curves for protein with DMSO (green), in 
the presence of a stabilizing, binding fragment 
(blue), destabilizing fragment (red) and a 
positive control ligand known to bind (orange). 
Fragments that do not interact with the protein 
will behave like the protein with DMSO sample. 
Data are represented in normalized relative 
fluorescence units (RFU) (left), and the negative 
derivative of RFU with respect to temperature 
(right). The protein target is Rv1155, an 
oxidoreductase from M. tuberculosis (5 µM). Fragment and positive control ligands, where present, are 5 mM and 50 µM, respectively. SYPRO Orange is used 
at 2.5× concentration. Total reaction volume for each well is 100 µl.
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curves from this screen, including a protein with DMSO con-
trol (green), a fragment that destabilizes the protein (red),  
a fragment that stabilizes the protein (blue) and a positive 
control—a ligand known to bind (orange). Of the fragments 
screened, 61 (5%) resulted in a positive ∆Tm that exceeded 
twice the s.d. of DMSO-only controls (0.5). The Tm of Rv1155 
did not markedly change ( − 0.5 °C  <  ∆Tm  <  0.5 °C) in the 
presence of 475 fragments (39%); 587 fragments (48%) 
lowered the Tm by more than 0.5 °C. Melt curves for Rv1155 
in the presence of 94 fragments (8%) were uninterpretable 
due to intrinsic fluorescence of the compound or complex 
behavior. The fragments that increased the Tm of Rv1155 
were taken to the validation stage using NMR screening. It is important to note that with some targets substantial positive 
shifts in the Tm are not observed in the presence of fragments. In such cases, we have had success by advancing the  
fragments that did not markedly destabilize the target.

stage 2: validation by ligand-observed nMr spectroscopy
The DSF hits from the preliminary screen stage are validated for binding by NMR spectroscopy under similar buffer conditions 
used for the preliminary screening. In the STD experiment, positive signal corresponding to the 1H NMR resonances of the 
fragment will be observed in the presence of protein in a binding event. In WaterLOGSY, we expect to see the signal become 
less negative, zero or positive in the presence of protein, if that fragment is binding. In the CPMG experiment, we should 
see the signal decrease (or disappear) in the presence of protein and a binding fragment. If the fragment is not binding, 
ligand-observed NMR spectra for samples both with and without protein will be identical. Often, one of these experiments is 
sufficient to effectively validate DSF hits for binding. Please refer to Figure 4 for example ligand-observed NMR spectra  
for fragments binding to a bifunctional enzyme, phosphopantothenoylcysteine decarboxylase/phosphopantothenate  
synthase (CoaBC), from M. tuberculosis. Although all experiments seem to provide clear evidence for binding in this case,  
the WaterLOGSY experiment was used to screen all DSF hits. Of the 57 fragments screened that were DSF hits, 28 were  
validated by WaterLOGSY NMR spectroscopy. An attrition rate of about 50–60% from the preliminary screen by DSF to the 
validation stage using NMR spectroscopy can be expected. In order to maximize the efficiency of the process, only the  
fragments that show binding by both DSF and NMR are carried through the cascade to the characterization stage.

Displacement experiments with known binders can be conducted to gain further information about the binding mode of 
the fragment. We are more confident that a fragment is in fact binding if the fragment binding signal is diminished in the 
presence of a known binder (the displacer), the fragment and the protein. Figure 5 shows a selected resonance from a  
spectrum obtained in a CPMG experiment with CoaBC and a displacer. The change in the intensity of this peak in the absence 
of protein, in the presence of protein and in the presence of protein with displacer suggests that the fragment is binding 
in the same pocket as the known binding molecule. The NMR-validated hits for CoaBC were subjected to the WaterLOGSY 
displacement experiment. Of the 28 fragments binding by both NMR and DSF, 20 were displaced. Fragments that bind, but 

that are not displaced, may still be interesting candidates to 
advance to the characterization stage, as they may bind at 
unprecedented allosteric sites.

S
T

D
W

at
er

LO
G

S
Y

C
P

M
G

– protein

– protein

– protein

+ protein

+ protein

+ protein

6.07.08.0 p.p.m.

Figure 4 | NMR spectra for ligand-observed experiments. Spectra from STD 
(top), WaterLOGSY (middle) and CPMG (bottom) experiments in the presence 
and absence of protein conducted to assess fragment binding. The aromatic 
region of each spectrum is shown. The protein target is CoaBC, a bifunctional 
enzyme from M. tuberculosis (20 µM), and fragments are present at 1 mM. 
Each experiment provides evidence for fragment binding in the presence  
of protein; there is signal increase in the STD spectrum, a signal sign 
inversion in the WaterLOGSY spectrum and a sharp decrease in signal in the 
CPMG spectrum.

– protein + protein + protein + displacer

Figure 5 | Spectra for ligand-observed NMR displacement experiment with 
CPMG. In the presence of protein, the signal decreases, which is indicative 
of fragment binding. In the presence of both protein and a molecule known 
to bind the target (displacer), the signal is restored by ~30%. The protein 
target is M. tuberculosis CoaBC (10 µM). Fragment and displacer are present 
at 0.5 and 0.25 mM, respectively.
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stage 3: characterization by Itc and X-ray crystallography
Binding affinity must be determined for fragments that are validated binders by one or more ligand-observed NMR  
experiments and DSF. For many fragments, which are usually high micromolar-to-millimolar–affinity ligands, ITC data can 
be somewhat challenging to obtain because relatively high protein and ligand concentrations are required for low-affinity 
systems. Many fragment experiments with fragments must be conducted under low c-value conditions (the parameter c is the 
product of the total protein concentration and the binding constant Ka)55. Most weakly binding fragments have ITC isotherms 
similar to that shown in Figure 6, which is an example titration for a fragment binding to PCAF with a KD of 315 µM. Much 
less frequently, fragments can bind with high affinity to the target pocket, thereby producing a sigmoidal curve, which is 
typical of low micromolar-to-nanomolar binders (Fig. 6a). The titration for a fragment that is not interacting with the target 
protein may look like the trace shown in Figure 6d. Often, slight differences in DMSO content between the ligand and  
protein solutions create measurable heats of dilution that mask the read-out from real protein-ligand interactions.  
This phenomenon is referred to as ‘DMSO mismatch’ and an example can be found in Figure 6c. For tips on avoiding DMSO 
mismatch, please refer to TROUBLESHOOTING.

Fragments with highest affinity for the target are prioritized for X-ray crystallography. It is, however, not always possible 
to perform crystal-soaking experiments because of solubility limitations for some fragments at high fragment concentration. 
Some soaked or cocrystallized fragments may result in electron density at the expected binding site, but it may be difficult 
to place the fragment definitively within the density because it binds too weakly or because it binds in multiple conforma-
tions that result in an ‘averaged’ electron density. A number of fragments binding to PtS were identified by DSF, validated by  

WaterLOGSY NMR and characterized by ITC4. An example 
crystal structure of a fragment (5-methoxyindole, KD  =  1.1 mM  
(ref. 4)) bound to PtS is shown in Figure 7. Analysis of 
molecular vectors, hydrogen bond donors or acceptors,  
and hydrophobic pockets near the binding site can guide 
chemical synthesis strategies to enhance the binding  
affinity of the fragment.

Figure 7 | Structure of 5-methoxyindole (green) showing hydrogen bonding 
to the protein and a sulfate ion in the active of pantothenate synthetase 
(PtS)4. PDB ID: 3IMC. The fragment was unambiguously placed in the 
electron density (σ = 1.0). The image was rendered by using CCP4MG62 and 
data from Hung et al.4. 
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Figure 6 | Isothermal titration calorimetry titrations for strongly and weakly binding ligands. (a,b) Titration (top) and fit curve (bottom) for a tightly binding 
ligand (protein: polo box domain of polo-like kinase 1; ligand: phosphopeptide; KD  =  150 nM) (a); a weakly binding ligand (protein: human bromodomain 
P300/CBP-associated factor (PCAF), an epigenetics target linked to tumorigenesis in animal models; ligand: fragment; KD  =  315 µM) (b). (c) The heat of 
dilution due to a DMSO mismatch between the fragment and protein solutions. (d) No change in heat observed for the nonbinding fragment. 

http://www.rcsb.org/pdb/explore.do?structureId=3IMC
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