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Purification of recombinant proteins for biochemical assays and structural stud-
ies is time-consuming and presents inherent difficulties that depend on the op-
timization of protein stability. The use of dyes to monitor thermal denaturation
of proteins with sensitive fluorescence detection enables rapid and inexpensive
determination of protein stability using real-time PCR instruments. By screen-
ing a wide range of solution conditions and additives in a 96-well format, the
thermal shift assay easily identifies conditions that significantly enhance the
stability of recombinant proteins. The same approach can be used as an initial
low-cost screen to discover new protein-ligand interactions by capitalizing on
increases in protein stability that typically occur upon ligand binding. This unit
presents a methodological workflow for small-scale, high-throughput thermal
denaturation of recombinant proteins in the presence of SYPRO Orange dye.
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INTRODUCTION

Expression and purification of recombinant proteins can be significantly improved by
addition of stabilizing buffers or ligands that reduce the propensity of proteins to unfold
or aggregate during purification and storage in vitro. Moreover, increasing stability
correlates with the ability of recombinant proteins to crystallize (Ericsson et al., 2006;
Vedadi et al., 2006; Dupeux et al., 2011). Identification of stabilizing buffers and additives
is typically established by monitoring increases in the melting temperature of a protein
upon thermal denaturation. Differential scanning calorimetry is an excellent, label-free
technique used to determine protein melting temperatures, but it requires expensive
instrumentation dedicated to this purpose, is time-intensive, and offers low throughput
for screening purposes (Bruylants et al., 2005).

Environmentally sensitive dyes have long been used to study protein folding. Com-
monly used dyes such as 1-anilinonaphthalene-8-sulfonate (1,8-ANS) and naphthalene-
6-sulfonate (2,6-TNS) undergo a significant increase in quantum yield upon binding
low-dielectric/hydrophobic environments that become exposed during protein denatu-
ration, allowing sensitive detection by fluorescence spectroscopy (Hawe et al., 2008).
However, 1,8-ANS and related dyes typically have excitation/emission wavelengths out-
side the range of commonly available real-time PCR instruments that have fluorescence
detection capabilities and Peltier-based temperature control. SYPRO Orange dye also
undergoes a significant increase in quantum yield upon binding hydrophobic regions in
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Figure 28.9.1 Thermal shift analysis of protein stability and ligand interactions. (A) Starting with a
purified recombinant protein in its native (folded) state, the protein is slowly heated to undergo thermal
denaturation. The environmentally sensitive dye SYPRO Orange interacts with hydrophobic regions in the
protein that become exposed upon denaturation. Binding low dielectric, hydrophobic regions increases
fluorescence emission of the dye, serving as a readout of thermal denaturation of the protein. Ligand
binding (left) tends to rigidify proteins to increase their thermal stability. This general property allows
identification of protein-binding ligands through increases in thermal stability. (B) Raw, truncated data
from a typical 96-well screen of solution conditions. (C) Analysis of selected denaturation curves from (B)
shows that, for a given pH (pH 7.0), the choice of buffer can impact overall protein stability. Here, the protein
is significantly more stable in 50 mM sodium phosphate than several others at the same concentration
and pH, including: L-Arg/L-Glu, Tris, HEPES, and MOPS.

denatured proteins, and its fluorescence properties (λex 470 nm, λem 570 nm) are com-
patible with filter sets found on real-time PCR instruments, allowing their adaptation for
protein thermal denaturation assays (Niesen et al., 2007).

The basic scheme of a thermal shift assay (TSA; Fig. 28.9.1) involves incubation of
natively folded proteins with SYPRO Orange in a 96-well PCR plate. Through a system-
atic increase in temperature and concomitant monitoring of SYPRO Orange fluorescence
emission, it is possible to monitor thermal denaturation of the protein in many conditions
simultaneously. The increase in melting temperature under different buffer or additive
conditions gives rise to a thermal shift that quantifies the stabilization of the protein. The
same property is used to identify small-molecule ligands, which tend to stabilize proteins
upon binding (Lo et al., 2004; Matulis et al., 2005). Therefore, the thermal shift assay
(also known as differential scanning fluorimetry or ThermoFluor) is a rapid and inex-
pensive assay to identify stabilizing solution conditions, additives, and small-molecule
ligands for purified recombinant proteins.

This unit describes the full workflow for a thermal shift assay, starting with a buffer
screen for optimizing protein stability (see Basic Protocol). Special focus is given to the
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Figure 28.9.2 Flowchart of a thermal shift assay including initial buffer optimization and subse-
quent additive or ligand screens.

crucial step of data analysis to derive melting temperatures from raw thermal denaturation
data (see Support Protocol). Additional protocols provides protocol describe screens that
can be used to identify stabilizing additives or protein-ligand interactions (see Alternate
Protocols 1 and 2). Figure 28.9.2 provides a flow chart of the entire thermal shift assay
process.

BASIC
PROTOCOL

BUFFER SCREEN FOR OPTIMIZING PROTEIN STABILITY

This protocol is ideal for an initial screen of a wide range of solution conditions (buffer,
pH, ionic strength) to identify an optimal buffer for subsequent thermal shift screens,
downstream biochemical assays, or structural biology applications.

Materials

Commercial or in-house buffer screen: 96-well 2-ml deep-well block containing
5× buffer screen of choice (e.g., Hampton Research cat. no. HR2-072 or see
recipe and Table 28.9.1)

Purified protein (see recipe and Critical Parameters)
Dilution buffer (see recipe)
SYPRO Orange dye (e.g., Sigma-Aldrich, cat. no. S5692)

15-ml polypropylene conical tubes (e.g., VWR, cat. no. 21008-089)
Multichannel pipet (1-50 μl) and reservoir trough
96-well plates specific for real-time PCR instrument (e.g., Life Technologies, cat.

no. 4346907)
Swinging bucket centrifuge with adapters for 96-well plates (e.g., Eppendorf 5810

fitted with adapters A-4-81-MTP)
Optically clear sealing film for 96-well plates (e.g., VWR, cat. no. 33500-696)
Adhesive aluminum sealing film for 96-well plates (e.g., VWR, cat. no. 29445-080)
Real-time PCR instrument (e.g., Applied Biosystems ViiA7 with ViiA7 RUO

software)
96-well deep-well plates (e.g., VWR, cat. no. 37001-518) Protein Folding
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Table 28.9.1 Composition of 96-well Buffer Optimization Screena

Well Buffer Salt Well Buffer Salt

A1 50 mM sodium
citrate, pH 4.0

50 mM NaCl E1 50 mM sodium
citrate, pH 4.0

250 mM NaCl

A2 50 mM sodium
citrate, pH 4.5

50 mM NaCl E2 50 mM sodium
citrate, pH 4.5

250 mM NaCl

A3 50 mM sodium
citrate, pH 5.0

50 mM NaCl E3 50 mM sodium
citrate, pH 5.0

250 mM NaCl

A4 50 mM sodium
citrate, pH 5.5

50 mM NaCl E4 50 mM sodium
citrate, pH 5.5

250 mM NaCl

A5 50 mM sodium
citrate, pH 6.0

50 mM NaCl E5 50 mM sodium
citrate, pH 6.0

250 mM NaCl

A6 50 mM sodium
citrate, pH 6.5

50 mM NaCl E6 50 mM sodium
citrate, pH 6.5

250 mM NaCl

A7 50 mM sodium
citrate, pH 7.0

50 mM NaCl E7 50 mM sodium
citrate, pH 7.0

250 mM NaCl

A8 50 mM MES, pH 5.5 50 mM NaCl E8 50 mM MES, pH 5.5 250 mM NaCl

A9 50 mM MES, pH 6.0 50 mM NaCl E9 50 mM MES, pH 6.0 250 mM NaCl

A10 50 mM MES, pH 6.5 50 mM NaCl E10 50 mM MES, pH 6.5 250 mM NaCl

A11 50 mM PIPES,
pH 6.0

50 mM NaCl E11 50 mM PIPES,
pH 6.0

250 mM NaCl

A12 50 mM PIPES,
pH 6.5

50 mM NaCl E12 50 mM PIPES,
pH 6.5

250 mM NaCl

B1 50 mM PIPES,
pH 7.0

50 mM NaCl F1 50 mM PIPES,
pH 7.0

250 mM NaCl

B2 50 mM PIPES,
pH 7.5

50 mM NaCl F2 50 mM PIPES,
pH 7.5

250 mM NaCl

B3 50 mM Bis-Tris,
pH 6.0

50 mM NaCl F3 50 mM Bis-Tris,
pH 6.0

250 mM NaCl

B4 50 mM Bis-Tris,
pH 6.5

50 mM NaCl F4 50 mM Bis-Tris,
pH 6.5

250 mM NaCl

B5 50 mM Bis-Tris,
pH 7.0

50 mM NaCl F5 50 mM Bis-Tris,
pH 7.0

250 mM NaCl

B6 50 mM MOPS,
pH 6.5

50 mM NaCl F6 50 mM MOPS,
pH 6.5

250 mM NaCl

B7 50 mM MOPS,
pH 7.0

50 mM NaCl F7 50 mM MOPS,
pH 7.0

250 mM NaCl

B8 50 mM MOPS,
pH 7.5

50 mM NaCl F8 50 mM MOPS,
pH 7.5

250 mM NaCl

B9 50 mM MOPS,
pH 8.0

50 mM NaCl F9 50 mM MOPS,
pH 8.0

250 mM NaCl

B10 50 mM L-Arg/50
mM L-Glu, pH 6.0

50 mM NaCl F10 50 mM L-Arg/50
mM L-Glu, pH 6.0

250 mM NaCl

B11 50 mM L-Arg/50
mM L-Glu, pH 6.5

50 mM NaCl F11 50 mM L-Arg/50
mM L-Glu, pH 6.5

250 mM NaCl

B12 50 mM L-Arg/50
mM L-Glu, pH 7.0

50 mM NaCl F12 50 mM L-Arg/50
mM L-Glu, pH 7.0

250 mM NaCl

continued
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Table 28.9.1 Composition of 96-well Buffer Optimization Screena, continued

Well Buffer Salt Well Buffer Salt

C1 50 mM L-Arg/50
mM L-Glu, pH 7.5

50 mM NaCl G1 50 mM L-Arg/50
mM L-Glu, pH 7.5

250 mM NaCl

C2 50 mM sodium
phosphate, pH 6.0

50 mM NaCl G2 50 mM sodium
phosphate, pH 6.0

250 mM NaCl

C3 50 mM sodium
phosphate, pH 6.5

50 mM NaCl G3 50 mM sodium
phosphate, pH 6.5

250 mM NaCl

C4 50 mM sodium
phosphate, pH 7.0

50 mM NaCl G4 50 mM sodium
phosphate, pH 7.0

250 mM NaCl

C5 50 mM sodium
phosphate, pH 7.5

50 mM NaCl G5 50 mM sodium
phosphate, pH 7.5

250 mM NaCl

C6 50 mM sodium
phosphate, pH 8.0

50 mM NaCl G6 50 mM sodium
phosphate, pH 8.0

250 mM NaCl

C7 50 mM HEPES,
pH 7.0

50 mM NaCl G7 50 mM HEPES,
pH 7.0

250 mM NaCl

C8 50 mM HEPES,
pH 7.5

50 mM NaCl G8 50 mM HEPES,
pH 7.5

250 mM NaCl

C9 50 mM HEPES,
pH 8.0

50 mM NaCl G9 50 mM HEPES,
pH 8.0

250 mM NaCl

C10 50 mM Tris, pH 7.0 50 mM NaCl G10 50 mM Tris, pH 7.0 250 mM NaCl

C11 50 mM Tris, pH 7.5 50 mM NaCl G11 50 mM Tris, pH 7.5 250 mM NaCl

C12 50 mM Tris, pH 8.0 50 mM NaCl G12 50 mM Tris, pH 8.0 250 mM NaCl

D1 50 mM Tris, pH 8.5 50 mM NaCl H1 50 mM Tris, pH 8.5 250 mM NaCl

D2 50 mM Tris, pH 9.0 50 mM NaCl H2 50 mM Tris, pH 9.0 250 mM NaCl

D3 50 mM Bicine,
pH 7.5

50 mM NaCl H3 50 mM Bicine,
pH 7.5

250 mM NaCl

D4 50 mM Bicine,
pH 8.0

50 mM NaCl H4 50 mM Bicine,
pH 8.0

250 mM NaCl

D5 50 mM Bicine,
pH 8.5

50 mM NaCl H5 50 mM Bicine,
pH 8.5

250 mM NaCl

D6 50 mM Bicine,
pH 9.0

50 mM NaCl H6 50 mM Bicine,
pH 9.0

250 mM NaCl

D7 50 mM CHES,
pH 8.5

50 mM NaCl H7 50 mM CHES,
pH 8.5

250 mM NaCl

D8 50 mM CHES,
pH 9.0

50 mM NaCl H8 50 mM CHES,
pH 9.0

250 mM NaCl

D9 50 mM CHES,
pH 9.5

50 mM NaCl H9 50 mM CHES,
pH 9.5

250 mM NaCl

D10 50 mM CHES,
pH 10.0

50 mM NaCl H10 50 mM CHES,
pH 10.0

250 mM NaCl

D11 user-determined
buffer

50 mM NaCl H11 user-determined
buffer

250 mM NaCl

D12 user-determined
buffer

50 mM NaCl H12 user-determined
buffer

250 mM NaCl

aConcentrations represent final concentration in thermal shift assay. Stocks should be prepared at 5× concentration.
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Set up 96-well assay plate

1. Bring 5× buffer screen to room temperature �30 min before use.

2. In a 15-ml conical tube, combine protein stock and dilution buffer to obtain a final
concentration of 5 μM in a volume of 5 ml.

This will be sufficient to screen one 96-well plate.

3. Add 4 μl of 5000× SYPRO Orange (final 4×) and mix thoroughly by inverting the
tube several times.

It may be necessary to optimize dye and/or protein concentrations for optimal assay
performance, although it is important to note that it is not likely to compensate for poorly
shaped denaturation curves that arise from a non-ideal protein substrate (see Critical
Parameters). A range of final assay concentrations from 0.5× to 10× SYPRO Orange
and 2 to 20 μM protein is usually sufficient for optimization.

4. Pour into a multichannel pipet reservoir trough and use a multichannel pipet to
transfer 40 μl to each well of a 96-well PCR assay plate.

5. Centrifuge the prewarmed 5× buffer screen plate for 2 min at 800 × g, room
temperature.

6. Carefully peel off the adhesive aluminum seal on the 5× buffer screen plate, then
use the multichannel pipet to transfer 10 μl of each 5× buffer screen stock from the
stock plate to the assay plate. Mix contents by pipetting up and down several times
using the same pipet tips.

7. Cover the assay plate with a sheet of optically clear adhesive and carefully seal each
well.

8. Reseal the buffer screen with new adhesive aluminum sealing film and store at 4°C.

9. Centrifuge the assay plate for 2 min at 800 × g, room temperature, to collect
solutions in the bottom of the wells and remove bubbles.

Perform thermal denaturation in 96-well assay plate

10. Place assay plate into the PCR instrument and open the ViiA7 RUO software. Under
Experimental Properties, select the following parameters:

Set up: Fast 96-well block (0.1 ml)
Experiment type: Melt curve
Reagents used to detect target sequence: Other
Ramp speed: Standard

11. Select the Define tab on the left, then select the following parameters:

Target name: Target 1
Reporter: ROX
Quencher: None
Passive reference: None

12. Select the Assign tab on the left, then highlight all 96 wells in the assay plate and
check the box next to ‘Target 1’ on the top left of the plate layout.

It is not necessary to check the Sample box on the lower left.

13. Select the Run Method tab on the left, then make the following changes to the default
Melt Curve profile:

a. Delete Step 2 of the default cycle.
b. Change the run method to “Step and Hold” with a 1:00 time.

Protein Stability
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c. Set the following temperatures:

initial 2:00 hold at 25°C
ramp up in 1°C increments to a final temperature of 95°C
2:00 hold at 95°C

d. Click on all three cameras to activate fluorescence detection throughout the
experiment.

e. Select total volume per well of 50 μl.

For a generalized protocol for any real-time PCR instrument: (a) open a standard Melt
Curve experiment for DNA, (b) eliminate the initial denaturation step at 95°C, (c) create
a 2-min initial hold at 25°C, (d) ramp temperature in 0.5° to 1.0°C increments up to
95°C, and (e) read fluorescence at the end of a 1-min hold at each temperature.

14. Click on the Run tab to the left to initiate thermal denaturation.

Using the current setup, the run time is �1 hr 45 min.

15. Once the experiment is done, export data into a comma-separated value (csv) Excel
file and proceed to analysis (see Support Protocol).

SUPPORT
PROTOCOL

DETERMINATION OF MELTING TEMPERATURES FROM NON-LINEAR
FITTING OF THERMAL DENATURATION DATA

This protocol describes the steps needed to complete basic non-linear fitting of thermal
denaturation curves to derive melting temperatures (Fig. 28.9.3). An alternative method
for estimating melting temperatures involves calculating the first derivative of fluores-
cence emission with respect to temperature (demonstrated in Fig. 28.9.3C, though not
covered in this unit).

Materials

csv file containing raw fluorescence data from real-time PCR instrument
Excel software (Microsoft)
Graphing software (e.g., GraphPad Prism 5.0, GraphPad Software)
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Figure 28.9.3 Typical thermal shift assay data and analysis. (A) Typical thermal denaturation profile of a recombinant
protein. Low fluorescence at room temperature indicates a well-folded protein. Fluorescence emission increases with
increasing temperature, giving rise to a sigmoidal curve that represents cooperative unfolding of the protein. Post-
peak aggregation of protein-dye complexes leads to quenching of the fluorescence signal. (B) Automated processing
of thermal denaturation curves truncates the dataset to remove post-peak quenching. The resulting sigmoidal curves
undergo non-linear fitting to a Boltzmann equation to identify the melting temperature (Tm) that occurs at the midpoint
of the unfolding transition. The gray line represents the non-linear fit of the fluorescence curve to the Boltzmann
equation. (C) Alternatively, the Tm is easily identified by plotting the first derivative of the fluorescence emission as a
function of temperature (−dF/dT). Here, Tm is represented as the lowest part of the curve.
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Truncate post-peak fluorescence

1. Open csv file containing raw fluorescence data from the real-time PCR instrument
in Excel. The data should be in column format, where each column represents a
different solution condition and each row provides the fluorescence emission at a
different temperature from 25° to 95°C. Add labels with solution conditions to data
columns, if desired. Label the sheet as ‘Raw Data’.

2. Create a new sheet within the Excel notebook and copy the raw data and labels to the
new sheet. Label sheet as ‘Truncated Data’.

3. Create a new macro ‘deleteaftermax’ in Excel by entering the text in Supple-
mentary File 1 with formatting intact (to view Supplementary File 1, go to
http://www.currentprotocols.com/protocol/ps2809). Execute ‘deleteaftermax’ macro
on the truncated dataset following standard Excel protocols.

This macro finds the maximum numerical value within a column of data and deletes all
data points two rows after this maximum.

Deleting post-peak fluorescence quenching improves non-linear fitting with the Boltzmann
sigmoidal equation (below), providing better fits for Tm based on better estimates of
maximal fluorescence.

Perform non-linear fitting of truncated fluorescence data

4. Open a graphing software program that can perform non-linear fitting (e.g., GraphPad
Prism) and copy the truncated data into a new file for analysis.

5. Perform non-linear fitting of truncated dataset to a Boltzmann sigmoidal curve with
the following equation:

y = bottom + (top − bottom)/[1 + exp(Tm − x/slope)]

where y is fluorescence emission in arbitrary units, x is temperature, bottom is baseline
fluorescence at low temperature, top is maximal fluorescence at the top of the trun-
cated dataset, slope describes the steepness of the curve (with larger values denoting
shallower curves), and Tm is the melting temperature of the protein.

The graphing software will provide fit values for each of the parameters in the equation, as
well as standard errors and 95% confidence intervals for the data analysis. Thermal de-
naturation curves that conform to ideal profiles (i.e., low baseline fluorescence, sigmoidal
transition during denaturation) typically yield Tm fits with standard errors � 0.3°C.

6. Plot Tm as a function of solution conditions or perform subsequent analyses to examine
the thermal shift as a function of changing solution conditions relative to a standard
buffer (i.e., calculate the change in melting temperature, �Tm).

It is helpful to define a baseline Tm from a baseline solution condition (a previously used
buffer condition) and examine the Tm of other solution conditions relative to the baseline
Tm.

ALTERNATE
PROTOCOL 1

ADDITIVE SCREEN FOR OPTIMIZING PROTEIN STABILITY

This secondary protocol is ideal for screening a wide variety of additives once an opti-
mized buffer has been identified using the Basic Protocol.

Additional Materials (also see Basic Protocol)

96-well deep-well block containing 5× additive screen of choice (see recipe and
Table 28.9.2)

Protein Stability
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Table 28.9.2 Composition of 96-well Additive Screena

Well Additive Well Additive

A1 water E1 5 mM EDTA

A2 water E2 100 mM sodium fluoride

A3 water E3 100 mM potassium fluoride

A4 water E4 100 mM lithium chloride

A5 100 mM urea E5 100 mM potassium chloride

A6 250 mM urea E6 100 mM ammonium chloride

A7 500 mM urea E7 100 mM sodium iodide

A8 1 M urea E8 100 mM potassium iodide

A9 25 mM guanidine HCl E9 100 mM sodium bromide

A10 50 mM guanidine HCl E10 10 mM magnesium chloride

A11 100 mM guanidine HCl E11 10 mM calcium chloride

A12 250 mM guanidine HCl E12 5 mM manganese chloride

B1 500 mM guanidine HCl F1 5 mM nickel chloride

B2 1% (v/v) DMSO F2 5 mM iron (III) chloride

B3 2% (v/v) DMSO F3 5 mM zinc chloride

B4 2.5% (v/v) glycerol F4 5 mM cobalt chloride

B5 5% (v/v) glycerol F5 100 mM sodium formate

B6 10% (v/v) glycerol F6 100 mM sodium acetate

B7 15% (v/v) glycerol F7 100 mM sodium malonate

B8 20% (v/v) glycerol F8 100 mM sodium nitrate

B9 2.5% (v/v) D-glucose F9 100 mM sodium thiocyanate

B10 5% (v/v) D-glucose F10 100 mM sodium sulfate

B11 2.5% (v/v) sucrose F11 100 mM ammonium sulfate

B12 5% (v/v) sucrose F12 100 mM ammonium chloride

C1 2.5% (v/v) PEG400 G1 2 mM AMP + 5 mM MgCl2

C2 5% (v/v) PEG400 G2 2 mM ADP + 5 mM MgCl2

C3 2.5% (w/v) PEG1000 G3 2 mM ATP + 5 mM MgCl2

C4 5% (w/v) PEG1000 G4 2 mM AMPPNP + 5 mM MgCl2

C5 2.5% (w/v) PEG4000 G5 2 mM cAMP + 5 mM MgCl2

C6 5% (w/v) PEG4000 G6 2 mM GDP + 5 mM MgCl2

C7 2.5% (v/v) ethylene glycol G7 2 mM GTP + 5 mM MgCl2

C8 5% (v/v) ethylene glycol G8 2 mM cGMP + 5 mM MgCl2

C9 1 mM octyl glucoside G9 2 mM NAD + 5 mM MgCl2

C10 2 mM CHAPS G10 2 mM NADH + 5 mM MgCl2

C11 10 mM L-proline G11 10 mM betaine

C12 50 mM L-glycine G12 1 mM spermine

D1 25 mM L-histidine H1 1 mM spermidineb

D2 50 mM L-arginine H2 10 mM β-mercaptoethanolb

D3 50 mM L-glutamate H3 5 mM dithiothreitolb

D4 50 mM L-Arg/50 mM L-Glu H4 2 mM TCEPb

continued
Protein Folding
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Table 28.9.2 Composition of 96-well Additive Screena, continued

Well Additive Well Additive

D5 25 mM L-glutamine H5 user-determined additive

D6 50 mM L-lysine H6 user-determined additive

D7 50 mM L-cysteine H7 user-determined additive

D8 50 mM taurine H8 user-determined additive

D9 50 mM imidazole, pH 7.6 H9 user-determined additive

D10 100 mM imidazole, pH 7.6 H10 user-determined additive

D11 250 mM imidazole, pH 7.6 H11 user-determined additive

D12 500 mM imidazole, pH 7.6 H12 user-determined additive

aConcentrations represent final concentration in thermal shift assay. Stocks should be prepared at 5× concentration.
bAdd fresh each time.

1. Set up the additive assay plate as described for the buffer screen (see Basic Protocol,
steps 2 to 9), with the following modifications:

a. Use the 1× optimized buffer (determined from the buffer screen) to dilute the
protein.

b. Use a prewarmed 5× additive screen in place of the buffer screen.

The additive screen should have at least four wells without additives (i.e., water only in
wells A1-A4) to assess thermal shifts due to additives relative to the optimized buffer.

2. Place the assay plate into the real-time PCR instrument and start a temperature
gradient program for protein thermal denaturation (see Basic Protocol, steps 10 to
14).

3. Determine the thermal shift (�Tm) of each condition relative to the ‘no additive’
control to identify additives that promote protein stabilization (see Support Protocol).

ALTERNATE
PROTOCOL 2

LIGAND SCREEN FOR DISCOVERING PROTEIN-LIGAND INTERACTIONS

Similar to the additive screen, this secondary protocol is ideal for screening a wide variety
of small-molecule ligands once an optimized buffer has been identified in the Basic
Protocol. The selection of small molecules and screening concentrations are dependent
on the protein, but high stock concentrations (e.g., 50× screening concentration) are
recommended in order to minimize solvent artifacts. The screen plate should have at
least four wells that contain solvent only (i.e., DMSO or ethanol only in wells A1-A4)
to assess thermal shifts due to solvent relative to the buffer.

Additional Materials (also see Basic Protocol)

96-well plate containing 50× small-molecule screen of choice (see recipe)

1. Prepare assay plate with 40 μl/well of protein/SYPRO mixture as described (see
Basic Protocol, steps 2 to 5) using the 1× optimized buffer to dilute the protein.

2. Use the multichannel pipet to add 1 μl of the 50× small-molecule screen stocks and
solvent controls to the assay plate.

3. Use the multichannel pipet to add 9 μl water to the assay plate for a final volume of
50 μl. Mix contents by pipetting up and down several times using the same pipet tips.

Mixing is particularly important for small molecules dissolved in viscous solvents like
DMSO.

Protein Stability
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4. Cover the assay plate with a sheet of optically clear adhesive and carefully seal each
well.

5. Reseal the small-molecule screen plate with adhesive aluminum sealing film and store
at −80°C.

6. Centrifuge the assay plate for 2 min at 800 × g, room temperature, to collect solutions
in the bottom of the wells and remove bubbles.

7. Place the assay plate into the real-time PCR instrument and start a temperature
gradient program for thermal denaturation (see Basic Protocol, steps 10 to 14).

8. Determine the thermal shift (�Tm) of each condition relative to the solvent control to
identify small molecules that promote protein stabilization (see Support Protocol).

Binding of some small molecules may manifest as a decrease in protein stability, particu-
larly for very stable proteins with Tm > 75°C. For a first pass through the screen, consider
any small molecule that gives rise to a ΔTm > 2.0°C over the solvent control as a potential
hit.

REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2E; for suppliers, see APPENDIX 4.

Buffer and additive screens, 5×
Selection of solution conditions (buffer identity, solution pH, ionic strength) and
additives to screen are entirely up to the user. Possible screens for buffers and additives
are described in Tables 28.9.1 and 28.9.2, respectively. General recommendations
for screen setup:

1. Make up 10-50 ml of each 5× buffer or additive solution.
2. Aliquot concentrated stocks at 2 ml/well into a 96-well deep-well block. Seal the

deep-well block with adhesive aluminum sealing film and store up to 6 months
at 4°C for optimal stability.

3. Store remaining 5× buffer solutions up to 6 months at 4°C. These stocks can be
diluted to 1× for immediate follow-up in subsequent thermal shift additive or
ligand screens.

4. Before use, allow 30 min for screens to come to room temperature. Inspect block
visually for microbial growth or precipitation of buffer components. Replace
screen solutions as needed.

Dilution buffer

10 mM sodium phosphate, pH 7.0
50 mM NaCl
Store up to 1 month at room temperature

Other buffers may be used for protein dilution, provided that the protein is relatively stable
in the buffer when diluted to low concentration. Ideally, the buffer concentration should be
maintained as low as possible (10 to 25 mM) and at low ionic strength to accurately sample
solution conditions in buffer screen.

Purified protein

For general information on selection of protein targets that give ideal thermal denat-
uration curves, see Critical Parameters. For best results, use freshly purified protein
with an estimated purity of � 75% as assessed by Coomassie Brilliant Blue staining
of SDS-polyacrylamide gels (UNITS 10.2A & 10.5; Gallagher, 2012; Medberry et al.,
2004).
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Small-molecule screens, 50×
Selection of small molecules for screening will vary depending on the protein.
General recommendations for screen setup:

1. Determine an ideal concentration for small molecule stocks based on protein
target and ligand identities and solubilities. Screening at 100 to 250 μM will allow
identification of target ligands with low-micromolar affinity. Using concentrated
DMSO stocks (�10 mM) will keep the total concentration of DMSO � 2% to
minimize artifacts.

2. Use DMSO-resistant 96-well plates (e.g., Thermo Scientific cat. no. 4917) for
long-term compound storage at −80°C. Avoid excessive freeze/thaw cycles by
aliquoting libraries in small volumes.

The maximum storage time will depend on the specific small molecules involved.

COMMENTARY

Background Information
Protein stability in vitro is paramount to

biochemical activity (Crowther et al., 2010;
Sampson et al., 2011) and structural studies,
even predicting the ability of well-folded pro-
teins to crystallize with reasonable reliability
(Ericsson et al., 2006; Vedadi et al., 2006;
Dupeux et al., 2011). Historically, differen-
tial scanning calorimetry (DSC) has been the
method of choice for characterizing protein
stability in vitro. While this technique enables
the measurement of thermodynamic properties
that give rise to protein stability, the method
is time-consuming and low-throughput, mak-
ing it difficult to screen for solution conditions
that stabilize a given protein (Johnson, 2013).
Perhaps most problematic is that DSC requires
expensive instrumentation that is dedicated to
the sole purpose of denaturing proteins, re-
stricting its use and the applicability of the
technique for the common biochemist.

The introduction of the fluorescence-based
thermal shift assay has significantly advanced
the ability to easily identify conditions that
increase protein stability. The use of envi-
ronmentally sensitive dyes compatible with
commonly available real-time PCR machines
makes the technique accessible to essentially
any researcher. Moreover, the high-throughput
nature of thermal shift assays allows the rapid
discovery of solutions that stabilize proteins
through sparse matrix screening of solution
conditions (i.e., buffer identity, solution pH,
ionic strength). Recent advances and high-
lights of this technique are reviewed further
in Mezzasalma et al. (2007), Crowther et al.
(2010), and Kranz and Schalk-Hihi (2011).

The small scale and high-throughput na-
ture of thermal shift assay screens makes them
an excellent platform for discovery of small-
molecule ligands, provided that the target pro-

tein gives an ideal thermal denaturation curve
in the assay (Lo et al., 2004; Niesen et al.,
2007; Fedorov et al., 2012). In contrast to other
ligand screens that require a significant amount
of protein, utilize expensive reagents, or re-
quire time-consuming steps for data acquisi-
tion, the thermal shift assay provides many
advantages for ligand discovery. Moreover,
the assay is easily miniaturized down to 384-
or 1536-well format to allow for automation
(Mezzasalma et al., 2007).

Critical Parameters

Selection of proteins
This technique detects changes in thermal

denaturation of globular (folded) proteins to
determine how solution conditions and small
molecules modulate protein stability. How-
ever, not all globular proteins give ideal pro-
files upon thermal denaturation in this assay,
precluding analysis of protein stability by this
technique. It is estimated that 15% to 25%
of recombinant proteins give non-ideal de-
naturation curves that include high fluores-
cence at room temperature baseline and/or
lack a sigmoidal transition to the unfolded
state (Crowther et al., 2010). Typical causes
of non-ideal denaturation profiles include lack
of a compact, globular fold (i.e., intrinsic dis-
order); lack of hydrophobic core and/or hy-
drophobic patches on the solvent-exposed sur-
face of the folded protein; and poor protein
stability at room temperature. In cases such as
these, thermal shift assays cannot be used to
reliably extract information about protein sta-
bility, because the environmentally sensitive
SYPRO Orange dye gives high fluorescence
background at low temperature and/or the pro-
tein lacks a cooperative unfolding transition.

Protein Stability
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Selection of solution conditions
In theory, any matrix of solution condi-

tions can be tested by thermal shift assay.
However, the selection of solution conditions
to screen is highly dependent on the protein
being screened and the specific needs for
downstream biochemical assays or structural
biological approaches. Suggested buffer and
additive screens that have worked well for a va-
riety of proteins are listed in Tables 28.9.1 and
28.9.2, respectively. If a reasonably accurate
relationship between pH and protein stability
is to be determined, care should be taken
to understand how most biological buffers
change pH with increasing temperature (Good
et al., 1966; Fukada and Takahashi, 1998).

Collecting thermal shift data on a wide
variety of real-time PCR instruments

Many different real-time PCR instruments
have been used to collect thermal shift data
(Matulis et al., 2005; Sampson et al., 2011;
Fedorov et al., 2012; Ablinger et al., 2013).
Optimization of protocols for protein thermal
denaturation on each real-time instrument will
depend on the specific software.

Troubleshooting
As indicated above, not every protein will

produce an ideal thermal denaturation curve.
To determine if a poor melt curve is due to the
specific protein target, a few parameters can
be screened in an effort to improve assay re-
sults. Systematic titration of the concentration
of both SYPRO Orange dye (0.5× to 10× fi-
nal concentration) and the protein being tested
(1 to 20 μM) is recommended to determine if
optimal conditions for the denaturation assay
can be found.

Anticipated Results
Rapid determination of protein melting

temperatures can be obtained in a wide range
of solution conditions with as little as 2 ml
purified protein at low concentration (5 to
15 μM). The quality of the thermal denatura-
tion curve is protein-dependent and provides
information on protein stability. By screen-
ing a variety of solution conditions and addi-
tives, it is possible to identify conditions that
maximize the stability of recombinant protein
fragments. Based on these data, it is possible
to significantly improve performance in bio-
chemical assays and structural biology appli-
cations. Therefore, the thermal shift technique
provides a rapid and inexpensive assay to im-
prove recombinant proteins for in vitro study.

Time Considerations
With purified protein and premade buffer

or additive screens in hand, less than 3 hr are
needed to collect data in a 96-well assay plate,
including setup time. Data analysis for one
96-well assay plate typically takes 1 hr or less
using the methods outlined in this unit.
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