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SUMMARY

Differential scanning fluorimetry (DSF) is a widely used technique for deter-
mining the apparent melting temperature (Tma) of a purified protein. Here, we
present a protocol for performing and optimizing DSF experiments. We describe
steps for designing and performing the experiment, analyzing data, and optimi-
zation. We provide benchmarks for typical Tmas and DTmas, standard assay con-
ditions, and upper and lower limits of commonly altered experimental variables.
We also detail common pitfalls of DSF and ways to avoid, identify, and overcome
them.

BEFORE YOU BEGIN

Differential Scanning Fluorimetry (DSF) is an in vitro technique that allows the apparent thermal sta-

bility of a protein to be measured using minimal protein and without specialized instrumentation.

DSF is also referred to as the Thermal Shift Assay (TSA) or ThermoFluor. It is distinct from thermal

stability experiments performed on cells or lysates, such as CETSA1 or Cellular Thermal Shift Assays,

because DSF is performed in vitro with purified protein. DSF is also distinct from nanoDSF2 despite

their similar names; nanoDSF uses a specialized instrument to measure unfolding via tryptophan

fluorescence, while DSF uses a standard qPCR instrument to measure unfolding via selective dye

fluorescence. DSF was miniaturized and adapted into a standard benchtop assay in the early

2000s.3 As a result, DSF has become commonly used at scales from single samples to industrial

high-throughput screens.4–6

Setting up a DSF experiment is easiest when the following preparations are made before beginning

the experiment: (i) the concentration of the protein stock solution is at least 5 mM, (ii) any compounds,

peptides, or other assay components to be added are in concentrated solutions (i.e., any small mol-

ecules are prepared as 10 mM DMSO stock solutions), and (iii) the intended thermocycling protocol

is established as a template on the qPCR instrument (see materials and equipment).

When testing more than 5 to 10 conditions, preparing a separate plate containing the experimental

additives, such as ligands, reduces pipetting time and experimental errors because buffer, protein,

and/or dye mixtures can be uniformly added to this plate. Finally, because some qPCR plates and

tubes can inducemisleading fluorescence, plasticware can optionally be pre-tested for DSF compat-

ibility as described in troubleshooting 1: Artifactual dye fluorescence.

STAR Protocols 4, 102688, December 15, 2023 ª 2023 The Author(s).
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Design experiment and layout

Timing: 1 h

Important factors to consider while choosing conditions for DSF experiments are outlined below,

alongside standard DSF conditions, for reference (Table 1).

Key steps in experimental design are outlined below.

1. Choose a protein concentration at which the sample is well behaved, and can reasonably un-

dergo the studied process (e.g., relevant stoichiometries can be achieved between protein

and other potential additives in the experiment). Standard: 1–5 mM.

Note: Here, a ‘‘well-behaved’’ sample means that the protein does not aggregate or change

its oligomerization state.

2. Choose buffer conditions that are typical for the protein.

Note: DSF is compatible with most standard buffers. See Table 1 for limitations.

3. Choose a DSF dye that selectively detects the unfolded state of the protein to be tested. Stan-

dard: SYPRO Orange.

Note: The DSF dyes appropriate for a given protein are determined empirically, and some

sample DSF dyes are listed in Table 5 (see materials and equipment).

4. Choose a DSF dye concentration. Standard for SYPRO Orange is ‘‘53’’ (10 mM).

Note: Dye concentration should be high enough to produce raw fluorescence data with a

signal to noise ratio that minimizes variability in Tma between technical replicates (see

Table 1. Standard ranges and starting places for DSF experiments

Component Starting point Notes Limits

DSF dye SYPRO Orange See Table 5 for
alternative dyes

Incompatible with some proteins and reagents.5,7,8

See Troubleshooting 1: Artifactual dye fluorescence.

DSF dye
concentration

53 SYPRO Orange ‘‘53’’ corresponds
to 10 mM9

Upper limit: dye insolubility
Lower limit: loss of RFU signal (e.g., see Figure 3D)

Buffer The preferred
biochemical buffer
for the protein

DSF is compatible with most
biochemical buffers. Our default
buffer is: 20 mM HEPES,
pH 7.4, 100 mM NaCl

For SYPRO Orange:
High background fluorescence in high viscosities (e.g., >10%)
Quenched at pH < 5 or >10
High background fluorescence with micelles and membranes.

Protein
concentration

5 mM DSF dyes give stronger signals for
some proteins than others, so
optimal protein concentration
can vary between proteins.

Upper limit: protein expense, or protein behavior
Lower limit: loss of RFU signal (typically 100–500 nM)

Thermocycling
protocol

Range: 25�C–95�C
Heating rate: 1�C /min

See materials and equipment See troubleshooting 2 and limitations

Additives The preferred
additives for the protein

DSF is compatible with many standard
additives, such as reducing agents
(DTT, TCEP), EDTA, 0.001% Triton
X-100, peptides, compounds,
or metal ions

Artifactual activation of the DSF dye.
See troubleshooting 1: Artifactual
dye fluorescence.

Additive
concentrations

Four-point
dose-response

Optimal additive concentrations
are often higher in DSF than
other assays.

Upper limit: compound solubility
Lower limit: DTma sensitivity
See limitations and troubleshooting 1:
Artifactual dye fluorescence.
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expected outcomes), but low enough that the dye does not aggregate or induce aggregation

of the additives (see troubleshooting 1: Artifactual dye fluorescence.)

5. If testing additives (i.e., compounds, or peptides) choose the number and concentrations of ad-

ditives to test, ideally with positive and negative controls.

Note: For binding experiments, additives are typically tested in at least four concentrations. If

an estimated KD is already known for an additive, it can be best to choose concentrations such

that this value falls in the middle of the tested range.

6. Choose control conditions to reveal experimental artifacts, such as aggregation.

Note: Whenever possible, include a protein-free control for every tested condition to prevent

themisinterpretation of artifactual, protein-independent fluorescence (see troubleshooting 1).

7. Choose additional control conditions to aid interpretation of the data, if possible. Standard: pre-

validated ligands as positive controls.

8. Choose a thermocycling protocol that samples temperatures at which the protein is maximally

folded to maximally unfolded. See Tables 1, 2 and 3 for standard protocols and examples.

Note: The chosen thermocycling protocol should also yield reproducible and easily analyzed

raw unfolding curves (see troubleshooting 2). Standard: 25�C–95�C at +1�C/min.

KEY RESOURCES TABLE

MATERIALS AND EQUIPMENT

� Setting up qPCR protocols.

Any qPCR instrument can be used for DSF, as long as it can measure fluorescence at the wavelengths

required by the DSF dye. See Table 4 for recommended and alternative fluorescence channels for

SYPROOrange. Thermocycling instructions for the two standard protocols, continuous and iterative

heating, are found below.

Table 2. qPCR cycling conditions – continuous heating, also called ‘‘straight ramp’’

Step RFU read Temperature Time DT Cycles

1 Yes 25�C 50 s 1.0�C 70 cycles

2 No 25�C 1 min

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

SYPRO Orange (50003) Thermo Fisher Scientific Ref S6650

Other

384-well qPCR plates Axygen PCR-284-LC480WNFBC

96-well qPCR plates USA Scientific 1402-8590

Optically clear plate seals Applied Biosystems 4311971

E100 ClipTip p125 matrix pipette Thermo Fisher Scientific #4671040BT

Software and algorithms

DSFworld Wu et al.1 https://gestwickilab.shinyapps.io/dsfworld/
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The ‘‘thermocycling protocol’’ is a general term that is used to refer to the method by which the pro-

tein is heated (Figure 1). ‘‘Continuous heating’’ (Table 2) is the default, standard thermocycling pro-

tocol used in DSF. The primary alternative, ‘‘Iterative heating’’ (Table 3), is slower and more prone to

instrument-specific variations, but it is sometimes necessary to achieve reproducible unfolding curves.

Please note that the unfolding processes monitored in continuous and iterative thermocycling proto-

cols are theoretically distinct, although often used interchangeably. See troubleshooting 2.

Note: The final 25�C step (Table 2, Step 2) is used to ensure that the qPCR block returns to

approximately ambient temperature after the experiment concludes. This step prevents acci-

dental pre-run proteinmelting if experiments are run back-to-back. Fluorescence is not read in

step 2 because it is not a part of the DSF experiment.

Note: Many qPCR instruments give consistent, plate location-based variations in Tma (see

troubleshooting 3). This effect is typically small, and can be ignored unless thermal shifts

are small and require high precision (e.g., G 0.2�C). This effect has also been recently re-

ported and characterized using DSF-GTP.10

Note: Minor variation in results collected on different instruments is rare but possible. Instru-

ment-specific effects are more likely to be relevant in high throughput screening, where

thermal shifts are small and require high precision (e.g.,G 0.2�C), or when ‘‘up-down’ thermo-

cycling protocols are used. See troubleshooting 3 for more information on instrument-depen-

dent effects.

Note: See https://www.aatbio.com/fluorescence-excitation-emission-spectrum-graph-viewer

for alternative channel names and information.

� qPCR tubes or plates.

Not all qPCR plates or tubes are manufactured to be compatible with DSF, and, in our experience,

this compatibility must be determined empirically. Because plate compatibility is fast and easy to

test, but difficult to identify retroactively, it is recommended that each new lot of plates is tested

for DSF compatibility prior to use, as described in troubleshooting 1.

� DSF dyes.

The standard DSF dye is SYPROOrange (Table 4). However, SYPROOrange is not able to selectively

detect the unfolded states of some proteins8 and in these cases an alternative dye must be

Table 3. qPCR cycling conditions – iterative heating, also called ‘‘up-down mode’’

Step RFU read Temperature (�C ) Time DT Cycles

1 Yes 25�C 10 s 70 cycles

2 No 25�C 30 s 1.0�C

Table 4. Fluorescent channels for SYPRO Orange measurement

Channel Comment Excitation (nm) Emission (nm)

Recommended channel

FRET SYPRO is brightest in this channel 490 600

Alternative channels

JOE Or other ‘‘green’’ channels 515 545

TAMRA Or other ‘‘yellow’’ channels 535 580

ROX Or other ‘‘orange-red’’ channels 565 605

SYPRO Orange can be measured in a variety of fluorescence channels (Figure S1).
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identified. Alternative dyes (Table 5) can also sometimes overcome technical issues, including com-

pound incompatibility8 and fluorescent interference from additives. Historically, ANS and 1,8-ANS

were the primary alternatives for DSF,11 but these dyes absorb at shorter wavelengths than qPCR

instruments typically measure, precluding their use in most modern DSF applications.

Dyes should be stored according to manufacturer’s instructions. In general, most dyes can be stored

for approximately one year as 5mMDMSO stocks in the dark, either at ambient temperature (�25�C)
or frozen (�30 to �80�C).

Note: The ‘‘53’’ working concentration of SYPRO Orange corresponds to approximately

10 mM. See Figures S8 and S9.

STEP-BY-STEP METHOD DETAILS

The protocol below describes the specific steps needed to study the binding of 10 compounds to a

protein of interest. Each compound is tested in triplicate at four concentrations (20, 10, 5, and

2.5 mM). We also use this general protocol to study interactions with additives other than com-

pounds, such as metal co-factors or peptides. See Figure 2 for a simplified schematic of this proto-

col. See Figure S2 for a plate-view map of the full experiment and for plate layout.

Table 5. Alternative DSF dyes

Reagent or resource l (nm) Working CONC. Use Source Identifier

SYPRO Orange 490/600 ‘‘53’’ Standard DSF dye Thermo Fisher Ref S6650

Proteostat 480/600 ‘‘13’’ Aggregate detection Enzo ENZ-51027-K100

GloMelt 468/507 ‘‘13’’ Alternative DSF dye Biotium Ref. 33021-T

1,8-ANS 350/470 50 mM Traditional DSF dye Widely available11 CAS 82-76-8

bis-ANS 355/520 50 mM Traditional DSF dye Widely available11 CAS 65664-81-5

DCVJ 490/580 100 mM mAb formulations Menzen et al.12 CAS 58293-56-4

CPM 380/460 250 mM Thiol-reactive dye Alexandrov et al.13 CAS 76877-33-3

Red-Tris-NTA 618/660 200 nM His-tagged proteins Ronzetti et al.14 NanoTemper, #MO-L018

BODIPY FL-cystine 490/520 2 mM Thiol-reactive dye Hofmann et al.15 Invitrogen B20340

Aurora library varies 1–50 mM Protein-adaptive DSF Wu et al.8 See Wu et al.8

Figure 1. Schematic of continuous and interactive heating thermocycling protocols

(A) In continuous heating, temperature is increased incrementally over time, and RFU is measured at regular intervals

throughout heating. A typical temperature range in continuous heating is 25�C–95�C.
(B) In iterative heating, in each step of the heating protocol, the sample is heated and then re-cooled, and RFU is

measured following re-cooling. With each subsequent step of an iterative heating protocol, the high temperature to

which the sample is heated increases incrementally. Like continuous heating, a typical temperature range in

continuous heating is 25�C–95�C. For simplicity, the figure displays iterative heating only up to 55�C.

ll
OPEN ACCESS

STAR Protocols 4, 102688, December 15, 2023 5

Protocol



Combine protein and compounds

Timing: 30–60 min

We begin by creating 43 working solutions of both protein and compounds. These 43 solutions are

then mixed in equal volumes, creating 23 solutions containing both protein and compound, and

incubated. We prepare and incubate these solutions in PCR strip tubes.

Combining protein and additives as a first step allows this solution to incubate in the absence of dye.

This dye-free incubation can reduce possible interference of the DSF dye with the folded protein and

it minimizes competition between dye and compound for binding to the folded protein. This step

alsominimizes other artifacts, such as, dye-assisted binding of otherwise non-binding compounds,16

and dye-induced compound aggregation (see troubleshooting 1).

Note: For experiments testing more than 5 to 10 conditions, we recommend completing all

required calculations before beginning experimental set-up. This step is particularly helpful

to identify how much excess volume should be added to the starting solutions to account

for pipetting loss in consecutive dilution and transfer steps (e.g., see steps 3d and 4a, 7d,

and 9 below).

Note: In this sample experiment, each compound is tested at four concentrations: 20, 10, 5,

and 2.5 mM, and each condition is tested in triplicate. The compound stock solution is

10 mM. The final protein concentration is 1 mM, and the stock protein concentration is

100 mM.

Figure 2. Schematic of step-by-step procedure for testing the binding of one small molecule by DSF

The step-by-step protocol describes the testing of ten compounds by DSF; for simplicity, only one compound is represented in this schematic. Steps 1–

3: First, 43 solutions of compound and protein are prepared and combined in a 1:1 ratio. See ‘‘Combine protein and additives’’ in text. A

complementary no-protein control, containing buffer and compound, is also prepared at this step. Step 4. Next, a 23 solution of DSF dye is prepared in

buffer. See ‘‘make concentrated dye solution’’ in main text. Steps 5 and 6: The dye solution is then combined in a 1:1 ratio with the protein+compound

samples and no protein controls. Step 6: These final samples are then distributed into the wells of a qPCR plate.
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1. Prepare 10 mL of buffer containing 1% DMSO. This buffer is used in all subsequent steps of the

protocol.

Note:When working with small molecules, we include 1% DMSO in the buffer to improve the

solubility of both compounds and DSF dye (see troubleshooting 1 for more information on ad-

ditive and dye solubility in DSF experiments). In experiments where solubility is a major

concern, such as high throughput screening or when an additive is known to be relatively insol-

uble, we also include 0.01% Triton X-100.17,18

2. Prepare 43 solutions of each compound at each concentration to be tested (Figure 2, Step 1) and

set aside.

a. Calculate the number of wells required for each compound at each concentration.

1 concentration 3 3 replicates = 3 wells per compound at each concentration

Include a no � protein control for every tested condition :

3 wells with protein+ 3 wells without protein = 6 wells per compound at each concentration:

b. Calculate the required volume of final (13) compound at the highest tested concentration.

6 wells per concentration 3 10 mL per well = 60 mL

c. Calculate the volume of 43 compound required to create all serial dilutions.

i. To perform serial dilutions, begin by making double the required volume for the highest

concentration.

60 mL 3 2 = 120 mL per compound at highest concentration

ii. Calculate required volume of 43 compound at highest concentration.

120 mL of 1 3 solutionO4 = 30 mL of 43 solution

Exact volume of 4 3 solution at highest concentration = 30 mL of 43 solution

iii. Add excess volume of account for pipetting loss.

30 mL of 4 3 compound3 115% = 34:5 mL

Round up to make the pipetting and calculations easier : 50 mL of 43 solution:

iv. Calculate the volumes of compound stock and buffer to combine.

Final ð1 3 Þ highest compound concentration = 20 mM

4 3 highest compound concentration = 80 mM

Stock compound concentration = 10 mM ð80 mM final concentration

O10 mM stock concentrationÞ350 mL final volume

= 0:4 mL compound stock

Round up to avoid pipetting inaccuracies below 1 mL : 1 mL compound stock:
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Final recipe : 1 mL compound stock+ 124 mL buffer

d. Prepare 43 solution of each compound at the highest tested concentration. To the first tube in

a PCR strip tube, add 1 mL of 10 mM compound to 124 mL of buffer. Mix well by pipetting

approximately half of the tube volume (�60 mL) up and down 20 times.

Note: if volumes at this step exceed 150 mL, we use 1.5 mL microcentrifuge tubes in place of

PCR strip tubes.

Note: We perform DSF using 384 well plates with a 10 mL well volume by default, though

larger well volumes (up to 30 mL) are also common. Larger well volumes (20–60 mL) may be

required for 96 well plates.

e. Include a DMSO control by combining 1 mL of DMSO with 124 mL of buffer.

f. Create the serial dilutions of each compound and DMSO control.

i. Add 60 mL of buffer to three tubes in each of the 11 PCR strips now containing the 43 so-

lutions of each compound (10 compounds + 1 DMSO control)

ii. For each compound, transfer 60 mL of the highest concentration solution into a tube con-

taining 60 mL of buffer. Mix the new diluted solution thoroughly by pipetting up and down.

Note: For some compounds, changing pipette tips between each consecutive dilution

noticeably increases the accuracy of concentrations across dilution series.

iii. Create the remaining two serial dilutions by transferring 60 mL of the newly diluted solution

into a new tube containing 60 mL of buffer and mixing in the same manner as before.

3. Prepare purified protein solution at 43 final concentration (Figure 2, Step 2).

a. Calculate the number of protein-containing wells in the final experiment.

10 compounds + DMSO control3 4 concentrations per compound3 3 replicates = 132 wells

Final : Number of protein � containing wells : 132 wells

b. Calculate required volume of 13 protein solution.

132 wells 3 10 mL per well = 1;320 mL of 13protein solution

c. Calculate exact required volume of 43 protein solution.

1;320 mL of 1 3 solutionO4 = 330 mL of 43protein solution

d. Add excess volume to account for pipetting loss.

330 mL 3 115% = 379 mL of 43protein solution

Increase excess volume to account for pipetting loss to the multiple transfers required to test

multiple compounds : 379 mL of 4 3 protein solution+ additional excess

= 420 mL of 43protein solution:

Note: Here, excess volume of protein solution is needed to account for pipetting loss (see

step 4 below).
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e. Calculate volumes of protein stock and buffer to combine.

Final ð1 3 Þ protein concentration = 1 mL

4 3 protein concentration = 4 mL

Stock protein concentration = 100 mM

ð4 mM final concentrationO100 mM stock concentrationÞ 3 420 mL final volume

= 16:8 mL protein stock

Final recipe : 16:8 mL protein stock+ 403:2 mL buffer

f. In a 1.5 mLmicrocentrifuge tube, add 16.8 mL of 100 mMprotein stock to 403.2 mL buffer and mix

wellbypipettingapproximatelyhalf of the total volume (�200mL) upanddown20 times.Setaside.

Note: The protein sample can be filtered at this step to remove aggregates. We typically use

Amicon Ultrafree-0.1 micron MC Centrifugal filters.

4. Create 23 solutions of protein with compound (Figure 2, Step 3).

a. To the top four tubes of 11 strips of PCR strip tubes, pipette 9 mL of 43 protein solution.

Note: After this step, there will be a maximum of 24 mL of 43 protein solution remaining,

minus the volume lost to pipetting.

b. Into each protein-containing tube, pipette 9 mL of 43 compound solution. Mix well by pipet-

ting up and down.

c. To the bottom four tubes of the same 11 PCR strip tubes, pipette 9 mL of buffer.

5. Create 23 solutions of protein-free controls with compound.

a. Repeat the above step, using buffer in place of the 43 protein solution.

6. Incubate 23 solutions for 20 min at ambient temperature (approx. 25�C).

Note: For systems which may require more time to equilibrate, increase the length of this in-

cubation accordingly.

Note: We perform steps 2–6 using a programmable electronic multichannel pipette (see key

resources table).

Make concentrated dye solution

Timing: 5 min

This step allows thorough mixing of the dye solution before combining with the protein and addi-

tives, which decreases assay variability from uneven distribution of the dye across wells. This step

also provides an opportunity to observe any SYPRO Orange aggregation (see troubleshooting 1:

Use fresh SYPRO Orange) and remake any aggregated solutions with fresh dye before combining

with more precious reagents such as protein or compounds (See troubleshooting 1).

7. Prepare a 23 solution of DSF dye (Figure 2, Step 4).

a. Calculate the number of dye-containing wells in the final experiment.

10 compounds + DMSO control3 4 concentrations per compound3 3 replicates = 132 wells
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Include a no � protein control for every tested condition : 132 wells with protein
+ 132 wells without protein = 264 wells

b. Calculate the required volume of 13 dye.

264 wells 3 10 mL per well = 2;640 mL 13dye

c. Calculate exact required volume of 23 dye solution.

2; 640 mL 1 3 dyeO2 = 1;320 mL 23dye

d. Add excess volume to account for pipetting loss.

1;320 mL 3 115% = 1;518 mL 23dye

Round up to 2,000 mL to simplify pipetting.

Note: Here, more excess volume of 23 dye is needed, to account for pipetting loss to each of

the compounds tested (see step 9 below).

e. Calculate the volume of dye stock and buffer to combine.

Final ð1 3 Þ dye concentration = ‘‘53 00 SYPRO Orange

2 3 dye concentration = ‘‘103 00 SYPRO Orange

Stock dye concentration = ‘‘50003 00 SYPRO Orange

ð‘‘10 3 00 final concentrationO ‘‘5000 3 00 stock concentrationÞ 3 2;000 mL final volume

= 4 mL ‘‘50003 00 SYPRO Orange

Final recipe : 4 mL ‘‘5000 3 00 SYPRO Orange+ 1;996 mL buffer

8. In a 2 mL microcentrifuge tube, combine 4 mL of 50003 SYPRO Orange and 1,996 mL buffer and

mix well by pipetting up and down.

Note: At this step, we watch carefully for any unusual coloration of the SYPRO Orange solu-

tion, as this can indicate that the dye stock has aggregated. See troubleshooting 1.

Combine protein and dye solutions

Timing: 15 min

Combine the 23 working solutions of dye and protein + additives in the PCR tubes. This step allows

the protein, ligand and dye to mix prior to addition to the qPCR plate.

9. Pipette 18 mL of 23 dye into each of the PCR strip tubes prepared in steps 2–6 (Figure 2, Step 5).

Note: There will be approximately 400 mL of excess 23 dye solution remaining after this step,

minus the amount lost to pipetting.
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Note: Because the 23 solutions have already been thoroughly mixed, it is also acceptable to

add the 23 dye solution directly to the qPCR plate at this step. The 23 protein + compound

solutions can then be added to the 23 dye solutions in the qPCR plate. Wells do not require

further mixing after addition to the qPCR plate. This step saves time and reduces experimental

error from air bubbles being introduced during mixing.

10. Mix each solution well by pipetting up and down carefully 10–20 times and transfer 10 mL of each

solution into a single well of the final qPCR plate that is to be used for heating and measurement

(Figure 2, Step 6).

CRITICAL: Some makes, and even certain lots, of qPCR plates can be DSF-incompatible.

See troubleshooting 1 for examples and a procedure for determining compatibility with

DSF prior to experimental set-up.

Note: We use a programmable electronic multichannel pipette (see key resources table) to

perform steps 9 and 10. For step 9, we repeatedly fit three matrix pipette tips into the 2 mL

microcentrifuge tube, draw up the maximum allowable volume, and multi-dispense 18 mL

of dye into the top edge of each PCR strip tube (Figure S3), carefully avoiding any cross-

contamination between PCR strip tubes, and ensuring the full volume of dye combines with

the protein and compound solution in each tube. For step 10, we program the pipette to first

mix the solution by slowly pipetting 10 mL up and down 5 times, followed by a step to draw up

33 mL of solution, and then dispense 10 mL of solution three times.

Note: When pipetting small volumes into wells (e.g., 2–5 mL), we pipette each component

onto opposing vertical sides of each well, and then spin the plate down to settle and mix

the components into the bottom of each well (Figure S3). This approach reduces the number

of pipette-tip changes required to prevent cross-contamination.

11. Seal the plate with optically clear sealing film.

12. Spin the plate gently (e.g., 1 min at 1000 rcf) to settle any droplets to the bottoms of the wells.

Note: Prior to placing the plate in the qPCR machine, visually inspect the wells and make note

of any uneven appearance, such as changes in solution color (See troubleshooting 1).

Heat and measure in qPCR instrument

Timing: �1 h

This step produces the fluorescence data required to calculate Tma and DTma.

13. Place the prepared qPCR plate in a qPCR instrument, and heat and monitor fluorescence.

Note: See ‘‘Materials set up’’ for how to program thermocycling protocols on a qPCRmachine.

See troubleshooting 2 for key ways that a qPCR thermocycling protocol can be used to opti-

mize and troubleshoot DSF experiments.

Final DSF reaction mixture

Reagent Final concentration Amount

43 Purified protein (4 mM) 1 mM 2.5 mL per well

43 Compound (varies) 13 2.5 mL per well

23 SYPRO Orange (‘‘103’’) ‘‘53’’ (�10 mM) 5 mL per well

Total N/A 10 mL per well
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14. Following completion of the heating protocol, export the raw fluorescence data (Table 6) from

the qPCR machine and proceed to data analysis and interpretation.

CRITICAL: Always ensure that the exported result file contains raw fluorescence data.

Many qPCR instruments export semi-processed results by default, such as amplification

data. These pre-processed results are not appropriate for DSF analysis.

EXPECTED OUTCOMES

The expected results for DSF experiments are summarized below. Expectations are broken down

into three categories: expectations for raw fluorescence data, reproducibility, and sensitivity to com-

mon experimental variations. In addition, a visual guide to the components of a DSF curve is

included (Figure 3), which includes examples of raw DSF curves which meet (Figure 3C) or violate

Table 6. Example of raw data measured on a qPCR instrument

Temperature A1 A2 A3

25 1185.30594 3596.51177 807.581347

26 1245.61295 3933.54899 823.417192

27 1259.20655 4281.19015 842.943395

. . . .

94 510.250524 1668.08898 869.663463

Figure 3. Summary of expected results for DSF experiments

(A) A raw DSF unfolding curve. Key parts of the curve are highlighted and labeled.

(B) Description of expected results for DSF curves. Solid line: protein + dye. Dashed line: buffer + dye (no protein control).

(C) Expected variation in DSF curves between proteins, and technical replicates. Each plot contains experiments performed in technical triplicate. Each

individual line represents a single replicate.

(D) Common problematic feature in DSF curves. Each plot contains experiments performed in technical triplicate. Each individual line represents a

single replicate.

(E) left: In vitro Tmas for unique proteins, aggregated from the ProThermDB dataset.19 59.3% of proteins have Tmas between 45�C–70ºC. Data is colored

by the organism of protein origin, revealing that this distribution is true of many organisms. middle: In vitro DTma s resulting from point mutations,

measured in the same buffer conditions and colored by organism. right: In vitro DTma s resulting from changes to buffer, buffer concentration, and/or

pH, measured in the same buffer conditions and colored by organism.
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(Figure 3D) expectations for successful DSF experiments, alongside a summary of common Tmas

and DTmas (Figure 3E) from the ProThermDB database.19

QUANTIFICATION AND STATISTICAL ANALYSIS

DSF data analysis has three primary steps.

1. Visualize raw RFU data (Tables 6 and 7). Critical inspection of raw RFU data plays an important role

in both artifact identification and informing the approach taken to extracting Tma values (See

troubleshooting 1). We use a standard procedure to inspect raw data for all experiments (below).

2. Calculate Tma. The Tma is defined as the mid-point of the unfolding transition. The best

approach to Tma calculation is often protein- and application-specific. We provide an overview

of current methods for Tma extraction in Table 8.

3. Calculate thermal shifts (D Tma) (Tables 9, 10, and 11). The impact of a given perturbation (e.g.,

ligand binding) is expressed as a shift in the Tma (DTma). DTma is calculated by subtracting the

Tma of a control condition from the Tma of a tested condition. Statistical significance of DTmas is

determined using standard statistical procedures and is therefore not discussed.

CRITICAL: As stated in the protocol above, always ensure that the exported DSF results

contain raw fluorescence data. Many qPCRs export semi-processed data by default, such

as amplification data. These values can visually resemble raw fluorescence data, but are

not appropriate for DSF experiments.

Table 7. Example of raw data measured on a qPCR instrument

Temperature Well RFU

25 A1 1185.305941

26 A1 1245.612947

27 A1 1259.206548

. A1 .

95 A1 510.2505239

25 A2 3596.511772

26 A2 3933.54899

27 A2 4281.190151

. A2 .

95 A2 1668.088983

25 A3 807.5813474

26 A3 823.4171917

27 A3 842.9433951

. A3 .

95 A3 869.6634628

Table 8. DSF data analysis softwares

Software Source

DSFworld Wu et al.9

GraphPad Prism

Meltdown Rosa et al.20

MeltTraceur Lee et al.21

HTSDSF Explorer Martin-Malpartida et al.22

TSACRAFT Lee et al.23

SimpleDSFviewer Sun et al.24

DMAN Wang et al.25

ThermoQ Phillips et al.26
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Visualize raw RFU data

For all DSF experiments, we begin the analysis step by plotting the raw RFU data. An example of

typical exported raw data for a DSF experiment are presented below, in Tables 6 and 7.

4. Create a plot that overlays the raw RFU data for both ‘‘with-protein’’ samples and ‘‘no-protein’’

controls for each tested condition (for examples, see Figures 3B–3D, 5B, and 7).

a. Examine this plot to confirm that significant temperature-dependent fluorescence appears

only in the protein-containing sample. If temperature-dependent fluorescence occurs in the

no-protein samples, we do not proceed with analysis. Instead, we optimize the DSF conditions

to reduce protein-independent fluorescence (i.e., see troubleshooting 1).

b. If the no-protein control does not reveal artifactual fluorescence, qualitatively assess the shape

of the raw data curves. Qualitative assessments include how many transitions are visually

apparent and their approximate steepness, and the presence of undesirable fluorescent

signal at pre-unfolding temperatures (Table 9). See expected outcomes.

c. If no unexpected changes in curve shape are observed, note features of the curve to help inform

the approach taken to Tma quantification. For example, if two distinct transitions are visually

apparent in the raw data, it may be important to use a DSF data analysis program capable of

handlingmulti-transition data. See expected outcomes and quantification and statistical analysis.

Calculate Tma

Tma is calculated from raw DSF curves using either of two general approaches: first derivative or sig-

moid fitting. These methods don’t represent conflicting interpretations of DSF data; rather, they are

different mathematical approaches to extracting the mid-point of a sigmoidal transition.

A common approach is to calculate Tmas is by fitting raw DSF curves to a Boltzmann sigmoid using

general software packages, such as GraphPad Prism. This approach is widely used, simple, and re-

quires no specialized tools. However, it typically requires truncating the rawDSF data at its maximum

value to remove the post-peak decrease (Figures 3A and 3B).

Table 9. Expected outcomes for raw fluorescence data

Category Expectation See figure

Protein-dependent
fluorescence

Samples that do not contain protein (negative controls) show minimal
changes in fluorescence across the measured temperature range

Figures 3B
and 3C

Unfolding transition(s) Samples that contain protein show a clear unfolding transition, visible
as an increase in fluorescence within the measured temperature range

Figures 3A–3C

Unfolding transition(s) Unfolding transitions is roughly sigmoidal in shape Figures 3A–3C

Unfolding transition(s) Unfolding transitions may contain multiple, overlapping transitions Figures 3A–3C

Post-transition Unfolding transition fluorescence may steadily decrease
after reaching peak intensity

Figures 3A–3C

Table 10. Expected outcomes for reproducibility of DSF results

Category Expectation See figure

Raw curve total fluorescence intensity may vary 10%–50%
between replicated conditions

Figures 3C and 3D

Raw curve the shape of the transition is very similar between replicated
conditions, such that the normalized raw data should visually
overlay very closely

Figures 3C and 3D

Tma Tmas vary widely between proteins; �60% of proteins
have Tmas between 45�C–70ºC

Figure 3E

Tma Day-to-day variation for replicated conditions does not exceed �1�C Figures 3B and 3C

Tma Lab-to-lab variation for replicated conditions does
not exceed �1�C–3�C

Figures 3A–3C

DTma The maximum DTma achieved with saturated ligand binding
is different between proteins. e.g., while maximum DTmas
of many protein-ligand interactions is �10�C, the DTma of
saturated binding of biotin to streptavidin is 37�C.27

Figure 3C
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� Data analysis softwares.

Common DSF data analysis softwares are presented in Table 8. Certain softwares are particularly

suited to certain applications, and these specifications are noted. DSFworld is listed in the key re-

sources table (doi: https://doi.org/10.5281/zenodo.8432908), as it was used to analyze the results

in this protocol. Note that most qPCR instrument manufacturers do not provide data analysis soft-

ware that is suitable for DSF.

LIMITATIONS

For a system to be studied using DSF, a non-membrane protein must unfold at a temperature acces-

sible by a qPCR instrument, e.g., 15�C–85�C. Most proteins meet this requirement (Figure 3E), with

notable exceptions including ultra-stable proteins from thermophilic species, or certain structural

families such as hexameric ATPases.31,32 Other limitations of DSF are often application-specific,

and related to whether or not the perturbation of interest (e.g., ligand binding) can be clearly and

reliably detected. These limitations, while different for each case, often have common features:

Dye incompatibilities. For some proteins, the available DSF dyes may not be able to selectively

detect unfolding8 (see Table 5 and troubleshooting 2). If a GFP-tagged version of the protein is

available, DSF with GFP-tagged proteins (DSF-GTP) may be performed instead.10,33,34 Otherwise,

Circular Dichroism35 (CD) and Differential Scanning Calorimetry36 (DSC) remain the gold-standard

techniques to determine protein Tmas.37

Unreliable source of thermodynamic parameters. For many proteins, thermal unfolding can be

complex. As a result, thermodynamic quantities like DG, DH, and DS cannot be reliably extracted

from DSF data. Accordingly, the calculation of ligand KDs from DSF data, though demonstrated in

the literature,38 may be less reliable than other methods, such as isothermal titration calorimetry

(ITC), time-resolved FRET (TR-FRET), or fluorescence polarization (FP). A practical manifestation of

this idea is that ligands often appear to bind at higher concentrations than expected (e.g., the con-

centration of ADP ribose required to observe binding to nsp3 macrodomain 1 was reported to be

higher for DSF than in ITC or homogenous time-resolve fluorescence (HTRF) experiments18).

Membrane proteins. Most current examples of DSF involving integral membrane proteins involve

the use of cysteine-reactive dyes, largely CPM.13 Though some membrane proteins contain the

required, buried cysteines, DSF applications remain less common with membrane proteins than

for soluble ones and are anecdotally regarded as less reliable. Further, interpretation of DSF results

Table 11. Expected outcomes for sensitivity of DSF experiments

Category Expectation See figure

Tma variation Tmas vary widely between proteins; �60% of
proteins have Tmas between 45�C–70ºC

Figure 3E

DTma DTmas for buffer conditions are often >10�C Figure 3E

DTma DTmas for mutations vary widely, and are often destabilizing. Figure 3E

DTma For validated binding, DTma increases as
ligand concentration increases

DTma Dose-response relationships between ligand
concentration and DTma are not always sigmoidal

DTma Ligands included at or around their KD often yield DTmas of
1�C–12�C. See Limitations regarding the use of DSF
for KD determination.
NOTE: Statistically significant DTmas below 1�C have
been reported for fragments18

NOTE: DTmas exceeding 12�C do occur, and may be
more common for covalent ligands28

DTma Though ligand binding is typically expected to increase Tma, negative
DTmas have also been reported for validated binding interactions.29,30
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for membrane proteins can be particularly challenging, because theories of thermal denaturation for

membrane proteins are less well developed.39

TROUBLESHOOTING

When issues with DSF experiments do occur, they typically fall into two general categories: (1) arti-

factual fluorescence and (2) complex or inaccurate unfolding curves (Table 9). These categories and

potential solutions are discussed in individual sections below.

Problem 1: Artifactual dye fluorescence

In our experience, artifactual dye fluorescence is the most common cause of failed or misinterpreted

DSF results. By artifactual dye fluorescence we mean the appearance of fluorescence by something

other than the tested protein. For example, SYPRO Orange can fluoresce aberrantly in the presence

of glycerol, detergents, lipids and EDTA.7 Artifactual dye fluorescence is typically revealed during

visualization of raw RFU data, by the presence of strong fluorescent signal in the protein-free control

(see quantification and statistical analysis). However, it also arises from issues in experimental design

or set-up (see Design experimental and layout).

The raw DSF curve alone does not provide enough information to discern legitimate fluorescence

from artifacts. Instead, artifactual fluorescence is best revealed by the appearance of fluorescent

signal in no-protein controls, which differ only from tested conditions in the absence of protein.

When the inclusion of no-protein controls is impractical, such as in high-throughput screening, we

strongly recommend re-introducing them at the earliest possible validation step. See the ‘potential

solutions’ below for some common, and often pernicious, sources of protein-independent fluores-

cence in DSF.

In addition to the solutions described below, protein-independent fluorescence can also be reduced

using the following standard practices.

� Minimize high-viscosity buffer components such as glycerol, as many DSF dyes are more fluores-

cent in higher viscosity environments.

� Use aggregation-prone reagents such as detergents or small molecules at concentrations below

their Critical Aggregation Concentration40 (CAC) when possible. When compounds and SYPRO

Orange are mixed, aggregation has been observed at lower concentrations than is expected

for either alone (see troubleshooting 1), as the combined CAC may be lower than expected. To

reduce compound-induced dye fluorescence, we often include 0.001% Triton X-100 in DSF

buffers.

� Try using fresh filtered stocks of any buffer additives, such as detergents or EDTA.

� If no example of successful DSF for the tested protein is available for comparison, it can be helpful

to include a positive control protein, such 10 mMhen egg white lysozyme and 10 mM (‘‘53’’) SYPRO

Orange.

Note: Most qPCR instruments can reach temperatures from 4�C to 100�C. Because robust

Tma calculation requires data points at both the lower- and upper-plateaus of the unfold-

ing curve, the compatible Tma range for a given qPCR includes temperatures from �10�C
above the minimum measurable temperature to �10�C below the maximum measurable

temperature.

Note: Though best characterized for SYPRO Orange, all DSF dyes likely have the capacity for

aberrant activation.

Note: For a discussion of dye fluorescence by folded proteins, see troubleshooting 2.
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Note: SYPRO Orange activation or quenching at ambient temperature (approximately 25�C)
is sometimes accompanied by a change in visual pigmentation during experimental set-up

(Figure S4).

Note: See troubleshooting 3 for a possible approach to identify artifactual fluorescence in pri-

mary compound screens, where performing no-protein controls is not feasible.

Potential solution: Ensure plate and tube compatibility with dye

A common, and often-overlooked, DSF artifact is the induction of dye fluorescence by qPCR plastic-

ware (protocol step 13), such as PCR tubes or microwell plates. Unlike more familiar forms of back-

ground, this fluorescent signal seems to result from the interaction of the plasticware with the DSF

dye. To ensure tube or plate compatibility, it is recommended to pre-test new lots of plasticware

prior to use (for a sample procedure in 384-well plates, see Figure 4A). Plastic-based dye activation

looks different for different plate and tube types, and can even resemble a bright, seemingly normal

protein unfolding curve (Figure 4C). One way to rapidly identify this artifact is to examine the raw

data of a protein-free control.

CRITICAL: Plastic compatibility can vary between different lots of the same plate type,

meaning that plate-induced fluorescence can occur after opening a new box of a previ-

ously compatible plate or tube type, even from the same manufacturer. We typically

test one plate per lot, because, in our experience, its compatibility is representative of

the lot. The lot number is typically printed on the plate packaging.

Potential solution: Use fresh SYPRO orange

SYPRO Orange can aggregate, and these aggregated dye stocks can produce low-quality DSF

curves (Figure 5). This problem is often apparent during the visualization of raw RFU data (see quan-

tification and statistical analysis), but may also be observed visually during dye dilution in the exper-

imental set up (protocol step 8). Aggregated stocks of SYPRO Orange appear cloudy, and more

lightly colored, than fresh dye (Figure 5A). In our hands, this aggregation can occur regardless of

storage conditions (i.e., anywhere between 25�C and �80�C) and is often aggravated by freeze-

thaw cycles. If the SYPRO Orange stock appears off-color or cloudy at any point and produces

poor quality results (Figure 5B), we recommend re-starting with fresh dye. More broadly, one should

visually inspect SYPROOrange solutions when a new buffer, additive or small molecule is introduced

(Figure 5C). Changes in color can portend unreliable results. For example, the color intensity of

SYPRO Orange solutions decrease below � pH 5. Conversely, an increase in visual pigmentation

of SYPRO Orange solutions can occur due to aberrant interactions with small molecules (Figure S10,

Methods S1).

Potential solution: Check if additive is activating the DSF dye

Some small molecules induce DSF dye fluorescence, particularly at higher concentrations. This

type of artifactual dye activation is often revealed during the visualization of raw RFU data

(see quantification and statistical analysis), but may also be observed by a change in solution co-

lor (protocol step 10). In these cases, the small molecule does not need to be intrinsically fluo-

rescent; rather, the combination of the small molecule and the DSF dye often produces the pro-

tein-independent fluorescence. Examples are provided (Figure 6) and extended examples are

also shown (Table S1; Figures S5–S7). This compound-induced, protein-independent fluores-

cence can obscure melting transitions, producing inaccurate Tmas and/or DTmas (Figure 6B).

The best way to avoid this artifact is to minimize compound aggregation: (i) Compound aggre-

gation can be sensitive to storage conditions and the age of the stock solution,40 such that ag-

gregation can sometimes be eliminated by using fresh, filtered stocks, (ii) Because SYPRO Or-

ange is reported to be detergent incompatible, detergents are typically not included in DSF

assays. However, this incompatibility may be application-specific, because we regularly include

0.001% Triton X-100 to reduce compound aggregation, and this addition can reduce
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compound-induced fluorescence dramatically, and (iii) The simplest approach is to use com-

pounds at lower concentrations, provided the Tma is sensitive enough to produce statistically

significant DTmas.

Note: Colloidal aggregation may occur at sub-CMC concentration when small molecules and

SYPRO Orange are combined (Figure S5).

Note: See Figures S8 and S9 for the chemical characterization of SYPRO Orange. A standard

‘‘53’’ working concentration corresponds to �10 mM.

Figure 4. Every new lot of plates or tubes should be tested for DSF compatibility

(A) A general experimental layout to test new plate lots of DSF compatibility. If a specific buffer will be used in

downstream experiments, it is best to use that buffer for the plate compatibility test. Otherwise, any standard, simple

buffer can be used, such as 10 mM HEPES, 200 mM NaCl, pH 7.20.

(B) Spaghetti plot of DSF data from a DSF-compatible microwell plate lot, demonstrating a clear melting curve with

low inter-well variation, and no protein-independent fluorescence. Each curve represents a single replicate.

(C) Spaghetti plot of DSF data from a DSF-incompatible microwell plate lot, demonstrating a bright fluorescent

response which mimics a protein melting curve, when dye and buffer are heated in the absence of protein. Each curve

represents a single replicate.
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Problem 2: Unfolding curve is difficult to interpret

Even in the absence of artifactual, protein-independent fluorescence (troubleshooting 1), the DSF

unfolding curve for a protein can be difficult to analyze. This difficulty can sometimes be resolved

by adjusting either the experimental design (See design experiment and layout) or analysis method.

Difficulty interpreting unfolding curves arises during data visualization or analysis (see quantification

and statistical analysis) and, if not corrected, they can appear as poor fit quality or unusually high

variability in calculated Tmas (see expected outcomes).

Figure 5. Atypical color suggests non-optimal conditions

(A) Typical, soluble 50003 SYPRO Orange stock appears dark and clear, and produces orange 53 working solutions

(left), while spontaneously aggregated freshly-thawed 50003 SYPRO Orange appears cloudy and light, and produces

markedly pale 53 working solutions.

(B) DSF data collected for the model protein lysozyme using soluble 53 SYPRO Orange shows a clear, accurate

melting curve and no protein-independent fluorescence (left). The same experiment performed using the pale,

aggregated stock produces high room-temperature fluorescence and an obscured melting curve and increased

protein-independent fluorescence (right). Results are shown as the average of experiments performed in triplicate

and error bars are standard deviation (SD).

(C) Room-temperature activation of SYPRO Orange, in this figure by increasing concentrations of glycerol, often

produces pink-pigmented solutions during experimental set-up.
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Some atypical unfolding curves arise because the starting protein sample is either impure or aggre-

gated. If a DSF unfolding curve is difficult to interpret, the first step is to ensure that the protein sam-

ple is pure (>90%), and not misfolded or unfolded. We often begin by filtering the protein solution

prior to remove potential protein aggregates. However, even pure, well folded proteins can have

complex unfolding trajectories, resulting in similarly complex DSF results (see Figure 3B). Robustly

extracting Tmas from complex curves can require DSF-specific softwares (see Table 5). When select-

ing conditions to yield interpretable DSF curves, we use the following criteria.

� DSF experiments should reproduce the Tma determined by a gold-standard approach (e.g., CD)

under the same buffer conditions.

� When choosing conditions used for DSF (e.g., buffer, concentration), select those similar to con-

ditions used in other, well-established biochemical assays.

� Ensure that the dye is not interacting with the folded protein. For example, if pre-transition fluo-

rescence is high (Figures 3A and 3D), it is possible that the DSF dye is binding to the folded pro-

tein, and potentially interfering with its normal behavior.

Even if the conditions are optimized, some DSF curves are challenging to interpret. In these cases,

we suggest three approaches that are discussed in more below: (1) optimize detection of the

Figure 6. Compounds can induce artifactual DSF dye fluorescence

DSF was performed with four compounds at eight concentrations (0, 0.2, 0.6, 1.9, 5.6, 16.7, 50, and 150 mM). Each

compound was tested in buffer alone (negative control for compound fluorescence), with 53 SYPRO Orange

(negative control for compound-induced SYPRO Orange fluorescence), and with 53 SYPRO + 1 mM lysozyme. All

experiments performed in technical triplicate. Plotted lines = mean. Error bars = standard deviation. A. Example

compound which does not induce SYPRO Orange fluorescence, for reference. B. Three compounds which do induce

SYPRO Orange fluorescence. Compound-induced fluorescence obscured the melting transition of lysozyme. All

results are the average of triplicates and the error is SD.
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unfolded state by changing DSF dyes, (2) optimize how the unfolded state is generated by changing

thermocycling protocols, and (3) optimize the unfolding process itself by changing the environment

(e.g., buffers) or the folded state itself.

Potential solution: Change DSF dyes

Sometimes atypical DSF curves arise because the dye used for the DSF experiments (protocol step 8)

fails to selectively detect the unfolded states8 (see design experiment and layout). In these cases, the

most effective solution is to switch DSF dye (Figure 7A). Candidate dyes must be ordered and tested

empirically for compatibility with the protein of interest (see Table 5).

Note: Though nearly impossible to prove in all cases, it is generally thought that DSF dyes

increase in fluorescence when bound to unfolded protein. Thus, in general, inaccurate re-

porting of unfolding indicates that there is a mismatch between the environments generated

upon protein unfolding (e.g., exposure of hydrophobic surfaces), and the environments in

which the dye will become fluorescent (e.g., selective binding to those hydrophobic sur-

faces). Thus, different dyes might detect different unfolded states, potentially resolving in-

compatibility issues. When switching dyes, it is best to re-optimize the buffer (see Potential

Figure 7. Potential solutions to uninterpretable DSF curves

See annotations below each plot for brief descriptions of issues and solutions; see Figure 3 for description of

expected DSF curve shapes.

(A) Change DSF dyes. Results shown for two proteins. Left: use of dye A020 for CLOCK PASB. Right: use of dye L082 for

SARS-CoV-2 non-structural protein 2 (nsp2).

(B) Change thermocycling protocols. Results shown for two proteins. Left: use of iterative heating to generate

reproducible melts at the known Tma for hsp27 3D mutant. Right: use of continuous heating for Bag3 DWW domain,

which shows no unfolding signal in iterative heating. Each plot contains experiments performed in technical triplicate.

Each individual line represents a single replicate.

(C) Change buffer conditions. Results shown for one protein, LRRK2, in four different conditions. Each plot contains

experiments performed in technical triplicate. Each individual line represents a single replicate.
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Solution: Optimize buffer conditions), or how the unfolded states are generated (see Poten-

tial Solution: Optimize thermocycling protocol).

Potential solution: Optimize thermocycling protocol

For many proteins, DSF results are sensitive to the thermocycling protocol—that is, the rate at which

the sample is heated, and whether or not it is re-cooled between heating steps (protocol step 13;

Table S2; Figures S10 and S11). While continuous heating is both faster and more common, some

proteins require iterative heating to generate clear, reproducible unfolding curves (Figure 7B,

left). In contrast, for other proteins, an unfolding curve is only measurable in continuous heating (Fig-

ure 7B, right). It is currently difficult to predict which thermocycling protocol will yield the best

results.

Note: DSF results are sensitive to the thermocycling protocol because protein thermal dena-

turation is influenced by both thermodynamics and kinetics (Table S2; Figures S10 and S11). In

general, proteins subject to up-down mode can sample the irreversibly unfolded states at the

lower temperatures, while continuous-ramp protocols sample a mix of reversible and irrevers-

ible states. The standard, continuous ramp DSF heating protocol of 1�C per minute was first

established in the 1970s and 1980s, because this rate was thought to be sufficiently slow that

samples would reach pseudo-equilibrium.41 However, this is only true for some systems.

Note: It is possible that, for some studies, bespoke thermocycling protocols (e.g., with longer

incubation or cooling steps) could be optimal. This possibility has not been widely explored in

the literature.

Potential solution: Optimize buffer conditions

DSF curve shape can also be optimized by changing the conditions of the folded protein (e.g., by

optimizing buffers, or adding stabilizing ligands). In one example, we used the GTPase domain of

Leucine-rich repeat kinase 2 (LRRK2), a large kinase implicated in the development of Parkinson’s

disease. The LRRK2 GTPase domain binds both GDP and divalent metal cofactors, preferably

Mg2+ or Mn2+. Addition of GDP with either Mg2+ or Mn2+ reduces initial dye fluorescence (Figure

7C), making the raw DSF curve more interpretable. Other examples of using buffer conditions to

simplify DSF curve shape are reported.42

Potential solution: Estimating artifactual fluorescence without no-protein controls

The fluorescent spectra of SYPRO Orange may help discern between compound- and protein-

induced dye fluorescence. For example, compared to protein-dependent fluorescence, com-

pound-induced SYPRO Orange fluorescence has a higher FAM:TAMRA ratio. Thus, measuring in

both of these channels is a straightforward way to allow detection of artifacts.

Problem 3: Variation in results between different qPCR instruments

Instrument-specific variations are typically minor and can often be safely ignored. However, in some

cases, being aware of these variations may be helpful (e.g., in high-throughput automated work-

flows, or if an application is intolerant to minor variations between Tma). Two instrument-specific pa-

rameters that can impact DSF experiments are (i) the rate at which a sample is heated during a tem-

perature increment, and (ii) the time required to take a fluorescence reading.

� Rate at which a sample is heating during a temperature increment.Using the instrument default for

heating rate is standard for DSF experiments.While some instruments allow heating rates to be set

as an experimental parameter (e.g., in 30 s, increment +1�C at a rate of X �C/s), it is unclear if

changes in this parameter meaningfully impact results. However, in ‘‘up-down mode’’ protocols,

which require more heating and cooling, heating rates can have a large impact on the overall run

time.
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� Time required to take a fluorescence reading. The time required to measure fluorescence is typi-

cally not accounted for in the instrument’s projected run-time. Moreover, it is not a variable that

can easily be changed. The time required to take a fluorescence reading is often best determined

by calculating the difference between the projected and actual elapsed time for a run. For

example, a continuous heating protocol that includes 70 cycles of a 1-min step would be projected

to complete in 70 min. If this protocol actually completes in 82 min, then this equates to�10 addi-

tional seconds per cycle. In this example, to achieve an actual heating rate of 1�C/min, the instru-

ment’s cycle duration must be reduced from 1 min to 50 s.

Problem 4: Systematic variation in Tma by plate location

Many qPCR instruments have some reproducible variation in Tma by well location. This variation is

most easily observed when Tma is plotted as a plate-view heat map (Figure 8A). For many instru-

ments, this variation is small enough to be safely ignored. However, for some qPCRs, such as

qPCR instrument 4 in the example (Figure 8A), the variation is large enough to complicate

interpretations.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Jason Gestwicki (Jason.gestwicki@ucsf.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Aa DSF data was analyzed in DSFworld (doi: https://doi.org/10.5281/zenodo.8432908), which is

available as an open source website at https://gestwickilab.shinyapps.io/dsfworld/, and open-

source code at https://github.com/gestwicki-lab.

Figure 8. Instrument-specific, plate-location effects in Tma

In each of four different qPCR instruments, DSF was performed on identical 384-well plates containing the same DSF conditions in every well (1 mM hen

egg white lysozyme, 53 SYPRO Orange, 10 mM HEPES pH 7.20, 200 mM NaCl). Four plates were run in each instrument, followed by Tma calculation. If

no plate-location based variation was observed, Tma would be identical across all wells.

(A) Plate-view plots of the mean Tma for each instrument, demonstrating instrument-specific variation in plate location-based effects on Tma.

(B) Scatter plot displaying mean Tma and standard deviation in each instrument, demonstrating reproducibility in location-based variation in Tma.
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