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1 Simulated data and isothermal analysis (S1-S22)

1.1 Examples for simulated data
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Figure S1. Example of simulated data with AC,, = Okcal/molK and different noise levels. The dataset shown here was
simulated with an initial K; = 10~°M and a protein concentration [P]y = 107 M.
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1.2 K, fittings with 0% noise
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Figure S2. K| fits for simulated data with AC), = Okcal/molK and 0% noise. K, deviations are color coded with green
corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal

curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK
(A).
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Figure S3. K fits for simulated data with AC,, = 4kcal/molK and 0% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S4. K, fits for simulated data with AC,, = 8kcal/molK and 0% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S5. K fits for simulated data with AC, = 12kcal/molK and 0% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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1.3 K fittings with 1% noise
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Figure S6. K| fits for simulated data with AC), = Okcal/molK and 1% noise. K, deviations are color coded with green
corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK
(A).
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Figure S7. K, fits for simulated data with AC,, = 4kcal/molK and 1% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S8. K fits for simulated data with AC,, = 8kcal/molK and 1% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S9. K fits for simulated data with AC, = 12kcal/molK and 1% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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1.4 K, fittings with 2% noise
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Figure S10. K, fits for simulated data with AC,, = Okcal/molK and 2% noise. K; deviations are color coded with green
corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal

curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK
(A).

11/41



3x10°
2 x10°

Ti50=40 ° C

3x10°
2 x10°

Tiso=40 ° C

K, fitted/Kd, true

100
6x 1071
4x1071

[ —

0no0e000000
0000000000

0000®00000
0000000000

0000000 ®O00
0000000000

@000 00®@00eO0or

000®00000O0F

@000000@00O0}F

A A -

|

S =2 5 &
W/ °[d]

K, fitted/Kd, true

100
6x 1071
4x1071

[ — ]

0no00000000
00@0000000

0000Q00000
000000000

0000000 @@O
@000000000

oXeXeXoXeoXeXeXeX X X

Co0Oe0OeeOeof
000®000000F

000000 ®@00O0F

A S S

|

S =2 9 &
W/ °[d]

00000000 O0BF

3x10°
2 x10°

T|50=Tm=45 ° C

3x10°
2 x10°

T|50=Tm=45 ° C

Kg, fitted/Kd, true

100
6x 1071
4x1071

0@00000000
0000000000

0000QO00000
0000000000

0000000000
0000000 @@00

@00000@0O0O0r

0000000000

@000000Q00O0}F

o o !

107!

K, fitted/Kd, true

100
6x 1071
4x1071

[ — ]

0C®00000000
0000000000

0000Q@00000
0000000000

ocooooo0o0@00
0000000000

oXeXeXoXeoXeXeXeX Xo X

0000000000}
0000000000

0000000Q00O0F

o o !

107!

00000000 O0BF

Kg/ M

Kg/ M

3x10°
2 x10°

Ti50=50 ° C

3x10°
2 x10°

Tiso=50 ° C

K, fitted/Kd, true

100
6x 1071
4x1071

©0Q00000000
@000000000

0000Q00000
0000000000

0000000000
0O00000@00Q0

Q0000 @00O0Oor

0000000000

0000000000

(A S -

|

S =2 5 &
W/ °[d]

K, fitted/Kd, true

100
6x 1071
4x1071

[ — ]

©0Qo00000000
@000000000

0000000000
0000000000

©@000000000
0O00000@0 00

000000000 BF

0@0000000ef
0000000000

0000000000

A A S

|

S =2 35 &
W/ °[d]

00000000 O0BF

Kg/ M

Kg/ M

Figure S11. K, fits for simulated data with AC,, = 4kcal/molK and 2% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S12. K, fits for simulated data with AC,, = 8kcal/molK and 2% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A). Datasets outside the range are shown as white circles.
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Figure S13. K, fits for simulated data with AC,, = 12kcal/molK and 2% noise. K; deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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1.5 K fittings with 5% noise
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Figure S14. K, fits for simulated data with AC,, = Okcal/molK and 5% noise. K; deviations are color coded with green
corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal

curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK
(A).
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Figure S15. K, fits for simulated data with AC,, = 4kcal/molK and 5% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S16. K, fits for simulated data with AC,, = 8kcal/molK and 5% noise. K, deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S17. K, fits for simulated data with AC,, = 12kcal/molK and 5% noise. K; deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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1.6 K fittings with 10% noise
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Figure S18. K, fits for simulated data with AC,, = Okcal/molK and 10% noise. K; deviations are color coded with green
corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC}, during the thermal

curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK
(A).
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Figure S19. K, fits for simulated data with AC,, = 4kcal/molK and 10% noise. K; deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S20. K, fits for simulated data with AC,, = 8kcal/molK and 10% noise. K; deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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Figure S21. K, fits for simulated data with AC,, = 12kcal/molK and 10% noise. K; deviations are color coded with green

corresponding to the initial value. Datasets outside the range are shown as white circles. Fitting the AC, during the thermal
curve fitting process results in better agreement with the intial K; values (B) compared to fits with a fixed AC,, = Okcal/molK

(A).
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1.7 Fitted AC, values
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Figure S22. Fitted AC, values for simulated data with different initial AC,, noise levels. AC,, deviations are color coded with
green corresponding to the initial value. Datasets outside the range are shown as white circles. Continued in next figure.
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Figure S23. Continuation: Fitted AC,, values for simulated data with different initial AC,, noise levels. AC,, deviations are

color coded with green corresponding to the initial value. Datasets outside the range are shown as white circles.
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2 Differential scanning calorimetry of Pcs60

—0
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=
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Temperature / °C

Figure S24. Differential scanning calorimetry (DSC) of Pcs60 (180 M) in absence and presence of its ligand yS-ATP
(192 uM). Here the raw data is shown before baseline correction. Pcs60 shows two transitions between 20 and 80 °C. The
temperature of the first transition is shifted by ligand binding from 41.5 to 43.4 °C. The second transition at 60.3 °C is not
affected upon ligand binding. Since the two transitions overlap, it was not possible to extract a reliable value of the heat

capacity change upon unfolding AC,,.

25/41



3 Isothermal analyses with fitted AC, for proof-of-principle studies (S25-S28)
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Figure S25. Isothermal analysis for nDSF data shown in fig. 3 for a fitted AC,, = 8.8 kcal/molK (cf. table 1 in main text).
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3.2 SS1/ADPR
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Figure S26. Isothermal analysis for data shown in fig. 4 for a fitted AC,, = 7.6kcal/molK (cf. table 1 in main text).

27/41



3.3
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Figure S27. Isothermal analysis for data shown in fig. 5 for a fitted AC,, = 4.0kcal/molK (cf. table 1 in main text).
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3.4 Pcs60/yS-ATP
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Figure S28. nDSF binding study for Pcs60/yS-ATP (top) and isothermal analysis (bottom) for a fitted AC,, = 6.7 kcal/molK

(cf. table 1).
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4 WT Pcs60 in comparison with the Pcs60 mutant used for this manuscript
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Figure S29. (A) nDSF binding study for wild-type Pcs60 WT/yS-ATP. The region in the colored box was used for isothermal
analysis. (B) Melting temperature analysis with two different models yields apparent Ky, values. (C) Isothermal analysis for
AC, = 0. Compared to the Pcs60 mutant used for the studies in the main manuscript, the WT shows a very similar binding
behaviour with K; values around 20 uM.
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5 Pcs60_K523A mutant

5.1 Sequence alighment between Pcs60 and oxalyl-CoA synthetase from arabidopsis thaliana

ScPcs60 1MTIAATVTASFN.FI -VsBNVAV I VPETDTQVTYRDLSHMVGHFQTMFTNPNSPLY - - GAVFRQ TVAIIMR GL
GLL

AtAAE3 1MD§--------- VAKKFPDRRALSVSGKFENLTHARLHDL I ERAASRLVSDAGIKPGDVVAL

ScPcs60 78 AFLGATMD AK | GAPL PNIKEK FNF LNILK.AICVPI GTTK’I;ISSEILKSASTFGCFIVELAFDA.FIVE
SDSKLLLTSKE

AtAAE3 72 MEFLAV IRARATAAPLNAANTAEEFEF GNAPAQEA- - - - - - - s s e e e e e m s

ScPcs60 157 PEBIN YKRVIWRSENNAKFVN - - NPVKFPGFARSSIVALIL.G.TPITVPLLHLIIVR TL IANT.LIPLIRr

AtAAE3 133 LLDAGSDLVLSVADSDSVVDSATELVNHP - - - - - GALFL RPKGVPLTQLNLAS IKAVYKILTESDSTV

ScPcs60 235VVMPLFIVIGLIGVLL FRTQGSVVVPDG - - FHPKLFWDQFV CNWF CVPTISMIMLNMPKPNP - - -FPH[I
GLLAGLLSSLGAGAAVTLPAAGRFSATTFWPDMK AVPT IHQ]l | LDRHASHPETENPKL

AtAAE3 208 IVLPLF

ScPcs60 310 CISALAPATFHILIKEFNAPVLIAIAM.A.QM.NLP-PGKRIPGIVGQPQGVTVVILDINDNVLPPGKVG Vsl
KGE I QEPNNKG

AtAAE3 288 C EAFGAPVL PLPEEGPHKPGSVGKPVGQEMAI LN

ScPcs60 389 EIVILGIA.PKA.ENFTKREN.FRIGIQG FIPIGFLVLTGII.LI.GG.II Ilel PK[ID
AtAAE3 368 PNVTKGYKNNPEANKAGFEF - - GWFH TDGYLHLVGRIKEL INRGGEK | VDAVL PDVS

ASLAPVILS

ScPcs60 469.MIGIVVQAAIVLIKGEKMIY.LVNFL HLASF IPTIV.FVIKLP.:IGII.VI TFAKSSRNKSKL
AtAAE3 446 DEKYGEE|INCAVIPREGTTVTEED | KAFCKKNLAAFKVPKRVFE I TBNLP GAI IVAQHFLEKP - - - - - -

Figure S30. Sequence alignment of Saccharomyces cerevisiae Pcs60 and Arabidopsis thaliana AAE3 oxalyl-CoA synthase.
Protein sequences were alignment using MUSCLE (ref.) and visualized using Jalview (ref.). Conserved positively charged
residues are in red, negatively charged residues are in magenta, hydrophobic residues in blue, polar residues in green, cysteines

in pink, glycines in orange, prolines in yellow aromatic in cyan and non-conserved residues in white.
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5.2 Binding study with Pcs60_K523A/yS-ATP
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Figure S31. (A) nDSF binding study for Pcs60 K523A/yS-ATP (B) Melting temperature analysis with two different models
yields apparent K 4, values. (C) Isothermal analysis for AC;, = 0 (bottom).
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6 Reversibility tests at different temperatures as fig. 7 (S32)
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Figure S32. Refolding experiment with Pcs60 (A) and SS1 (B) with a maximum temperature of 50°C. Pcs60 unfolding is
still considerably reversible at 50°C whereas SS1 unfolding is irreversible already at 45°C.
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7 Heating rate tests with fitted AC,

(S33)

A | Melting temperature ranges |

1073
s 104
¥ 105
Binding affinities
1076 .
103
X
= 102 4
e
5 101 4
o
X Rel. K4 errors
10° .
1.0
Ranges of
< fraction unfolded
& 0.51
=
2 :
0.0 : " ; ; ; .
20 25 30 35 40 45 50 55
Temperature / °C
B [Melting temperature ranges| . 3°C¢min
1072
s 1074
o
¥
10_6 1 . . . g
Binding affinities
103
X »_./1//
= 102
e
GL) 101
o
X Rel. K4 errors <
100 T
1.0
Ranges of
g fraction unfolded
& 0.5
‘E
0.0

35 40 45

50 55 60 65
Temperature/ °C

Figure S33. Isothermal analysis at different heating rates for Pcs60/yS-ATP (A) and SS1/ADPR (B). For all datasets, the

fitted AC,, for a heating rate of 1°C/min was used (cf. main text table 1). The binding affinities were extracted at the
temperature with minimum Kj; fitting error marked by vertical lines (lines are horizontally shifted for visibility). All

temperatures and values are summarized in table 3.
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8 nDSF binding study: Protein kinase G (pknG) with inhibitor AX20017
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Figure S34. (A) nDSF binding study pknG with inhibitor AX20017" at 330 nm. (B) Melting temperature analysis with model
1 and 2. (C) Isothermal analysis of (A) in the marked region at three different temperatures. The K,; from isothermal analysis is
in good agreement with the reported IC50 of 390 nM'.
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Fluorescence at 350 nm
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Figure S35. (A) nDSF binding study pknG with inhibitor AX20017" at 350 nm. (B) Melting temperature analysis with model
1 and 2. (C) Isothermal analysis of (A) in the marked region at three different temperatures. The K; from isothermal analysis is
in good agreement with the reported IC50 of 390 nM'.
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Figure S36. nDSF binding study pknG with inhibitor AX20017'. The ratio between of the fluorescence intensities at

350 nm(fig. S35) and 330 nm (fig. S34) could not be used for a melting temperature analysis nor isothermal analysis in this
case. This is due to different quenching of the intrinsic protein fluorescence at the two wavelengths for the lower temperatures
caused by the ligand which results in a distorted fluorescence ratio.

Methods part: nDSF with pknG

18 dilutions of inhibitor ligand AX20017 starting at 150 uM at a constant pknG concentration of 12 uM were prepared in buffer
(25 mM tris-HCI at pH 7.6, 500 mM NaCl, 5% glycerol, 1% DMSO). The dilutions span a ligand concentration range between
150 uM and 152 nM with a dilution factor of 1.5 between each point. In addition to the ligand dilutions, a pure pknG sample in

the same buffer was used. The measurements were run as duplicate (in total 38 temperature curves). The LED laser power for
the experiments was 100%.
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9 Comparison between nDSF and Thermofluor for Pcs60/yS-ATP
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Figure S37. (A) nDSF binding study between Pcs60 and yS-ATP. For the nDSF data, two well separated transitions can be
identified around 40 and 60°C (maximum and minimum of derivatives). The first transition reports on ligand binding. (B) The
thermofluor binding study using the dye SYPRO Orange also shows two transitions. However, the first transition is dominated
by the second, which renders isothermal analysis more difficult for this protein system.

Methods part: Thermofluor

The Thermofluor measurement shown in fig. S37 was done as described by Boivin et al.?. Briefly, 2 ul of 20uM Pcs60 and 2 ul
of 64x SYPRO orange (Invitrogen) were added to 21ul of yS-ATP ligand solutions (serial dilution). The final concentrations
of the ligand are between 5 mM and 2.4 uM (12 dilutions). The final concentration of the protein is 1.6 uM for each sample
(including a control without ligand). Thermofluor measurements were performed with an iQ5 PCR detection system (Bio-Rad)
using a 96 well plate PCR plate (Greiner Bio One).
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10 Fitting procedure of the isothermal analysis
Isothermal analysis consists of three steps:

1. Fitting of thermal curves:

The observed unfolding enthalpy AH7, ops and the observed melting temperature T;, ops are fitted from the fluorescence
signal versus the temperature 7. This is done for each experimental curve (i.e. at each initial ligand concentration [L]o).

2. Slicing of the fraction unfolded along Tj,:

From all f,, 1), (T), the fraction unfolded f, r,, ([L]o) at a chosen temperature T;s,, which is typically close to the melting
temperature of the protein, is extracted for each initial ligand concentration [L]o.

3. Fitting of the dissociation constant Ky 7 :
This fraction unfolded f,, 7., ([L]o) versus [L]o is then used to fit the K, 7, and the unfolding equilibrium constant Ky ;. ),
both at the temperature Tis,.
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Figure S38. Simplified graphical representation of isothermal analysis.

Step 1. Fitting of thermal curves
For fitting the thermal unfolding curves Fluo(T), we use a reversible two-state folding model between the folded (F) and

unfolded protein (U) and the corresponding equilibrium constant Ky which is coupled to a 1:1 ligand (L) binding reaction with
the dissociation constant K;:

FL e P L S8 UL ()
The unfolding equilibrium constant is defined as
U]
Ky =7 2
[F]

with [U] and [F] being the concentrations of the unfolded and folded protein.
We assume that the fluoresence thermal shift assay discriminates between the unfolded species U and the sum of folded
species F'. The latter includes both the folded protein F and the protein/ligand complex FL. This approximation is equivalent

to assuming the same signal for F' and F L. The total fluorescence signal Fluo(T) can then be expressed using the following
model:

Fluo(T) = fu(T) * (m,* T +by) + (1 = fu(T)) * (mp x T +by) 3)

with m, /¢ being the slopes and b,/ being the intercepts of the unfolded/folded protein signal, respectively. The fraction

unfolded f,(T) is defined as the ratio between the concentration of the unfolded protein U and the total protein concentration
[Plo:

_ U]
ST = 1)y = T+ 1)+ P @
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In practice, not f,(T') but the observed unfolding enthalpy Az, obs and the observed melting temperature 7, op are fitted for
each experimental curve using the following relations:

Ku.ops(T)
u T)=———F—— i
fu(T) Ky.o6s(T) +1 N
_ Wl g
Ky ,o0s(T) = GEN € ©
AGy ops(T) = AH7, ops * (l - T ) —AC, * (Tm.Obs —T+In ( r )) 0
, : . Obs ’ T, 005

Here, [U], [F] and [FL] are the equilibrium concentrations of the unfolded, folded and complexed protein. AGy gps(T) is the
apparent Gibbs energy of unfolding and AC), is the change in heat capacity upon unfolding.

When using our webserver, there are three options for the fitting:

1. Local fit of each thermal curve with a fixed change of heat capacity AC), (all six parameters in eq. 3 are fitted individually
for each thermal curve)

2. Global fit of the slopes m,,/; for all thermal curves (the other parameters are fitted locally)

3. Global fit of m,/ and AC), (the other parameters are fitted locally)

Step 2: Slicing of the fraction unfolded

The parameters AH7,, ops and T, ops at each initial ligand concentration [L]y are then used to obtain the fraction unfolded at a
selected, fixed temperature Tjy, using equations 5—7. This way, the fraction unfolded f, 7, ([L]o) at T;, versus the initial ligand
concentrations [L]y is obtained.

Step 3: Fitting the dissociation constant K4
So far, ligand binding of the folded protein was not explicitly included in the model by using the dissociation constant K;:

[F]* (L]
[FL]

Still, binding of the ligand was already indirectly included by the dependence of AH7,, o5s and T, oy versus the initial ligand
concentration [L]y. Without binding of the ligand, these values and therefore also f;, ., ([L]o) would be constant. However, if
binding of the ligand causes a stabilization of the protein, a decrease of the fraction unfolded with increasing [L]y is observed.

Inserting equations 2 and 8 into 4 results in an expression for the fraction unfolded that now contains the dissociation
constant K,

K, — @®)

Ku 1,

fu.,T,-m ( [L]free) = 9)

L ree
Ky 1, + 72? +1

The depletion of the free ligand by binding to the protein is taken into account by using the equilibrium concentration of the
free ligand [L] 7., instead of the initial ligand concentration [L]o:

[L}free = [L]O - [FL] (10)

The complex concentration [FL] can be expressed as a function of the initial protein concentration [P]y, the initial ligand
concentration [L]o, the dissociation constant K; and the unfolding equilibrium K, at Tj,, using the law of mass action 8 and by
expressing [F]o with the total protein concentration [P]o using the relation [Fo = [P]o/ (Ky + 1):

sy — [FL)) (Lo - [FL))

oo L

11
Solving the respective quadratic equation for the concentration of the complex [FL] yields
_ [Lo+[Plo/(Ky+1)+Ka [([Llo+[Plo/(Ku+1)+Ka)>  [L]o[Plo
FL) = — - (12)
2 4 Ky +1

Combining equations 9, 10 and 12 results in a function f,, 7, 7], ([Llo, Ka.1;,,, Ku.T;,,) that can be used to fit Ky 7, , (and Ky 7,,,)
from the calculated f, 7, versus [L]y obtained from step 2.
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