Supplementary Information for

Cold-denaturation of a protein dimer monitored at atomic resolution

Mariusz J aremkol’z’ﬁ, Lukasz J aremk01’3’6, Hai-Young Kiml, Min-Kyu Chol, Charles D.
Schwieters4, Karin Gillerl, Stefan Beckerl, Markus Zweckstetter'™

"Department for NMR-based Structural Biology, Max Planck Institute for Biophysical Chemistry, 37077 Géttingen,
Germany;

? Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawinskiego 5A, 02-106 Warsaw, Poland;

3 Faculty of Chemistry, Warsaw University, Pasteura 1, 02-093, Warsaw, Poland

* Division of Computational Bioscience, Building 12A, Center for Information Technology, National Institutes of Health,
Bethesda, Maryland 20892-5624, USA.

> German Center for Neurodegenerative Diseases (DZNE), 37077 Géttingen, Germany.

® The authors contributed equally.

* To whom correspondence should be addressed. E-mail: Markus.Zweckstetter@dzne.de

S1



Supplementary Results
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Supplementary Fig. 1. Analysis of secondary structure of CylR2 by circular dichroism. (a)
Melting curve of CylR2 monitored at 222 nm (from a single measurement). The midpoint of heat
denaturation is 77.5 °C. (b) Influence of decreasing temperatures. Below 0 °C small changes were
observed at 208 nm and 214-220 nm consistent with the solved 3D structures (Fig. 4) that revealed the
destabilization of the short (6 residues) terminal B-sheet with decreasing temperatures while the helical
structure was preserved. Temperatures below -8 °C could not be reached due to limited stability of the
CD instrument.
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Supplementary Fig. 2. Graphical representation of backbone ’N-"H (a) and °C*-'H* (b) cross-peaks
that are no longer observable at decreasing temperatures.
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Supplementary Fig. 3. Increase in amide proton line widths at low temperatures due to the
interconversion between different conformations at an intermediate exchange rate.
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Supplementary Fig. 4. Relation between the global correlation time of CylR2, 1. , and the dynamic
viscosity of water n(T) divided by the temperature of the measurement. Values of the dynamic
viscosity of water were taken from http://www.engineeringtoolbox.com/water-dynamic-kinematic-
viscosity-d_596.html and Hallett '.
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Supplementary Fig. 5. Contacts plots of CylR2 structures at different temperatures. The upper-left and
lower-right parts indicate inter-proton and inter-heavy atom contacts, respectively. The three upper
panels present the dimeric and the three lower panels the monomeric species. Secondary motifs are
depicted on the right edge of the panel row. Red dashed circles highlight the symmetrical inter-subunit
interactions between Pro56Leu57Glu58 fragments, which disappear at -7°C. The blue dashed circle
marks the hydrophobic interactions between the C- and N-terminal parts of CylR2 that partially remain
despite the loss of the four H-bonds stabilizing the anti-parallel -strands of CyIR2.
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Supplementary Fig. 6. Expanded small region of the NMR ensemble of CylR2 at 25 °C highlighting

the intermolecular C-H-*x interaction between the aromatic moiety of Trp63 and the Hy2/3 side chain

protons of Lys48. The black dotted line is drawn from the side chain proton of Lys48 in subunit 1
(black) to the center of the aromatic moiety of Trp63 in subunit 2 (green).
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Supplementary Fig. 7. (a) Selected regions from 2D ['H,"’N] HSQC spectra at different temperatures
highlighting the non-linear temperature dependence of amide protons of Gln62 and GIn42. (b) H-bonds
that stabilize the N and C-terminal B-strands at the temperatures above -7 °C.
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Supplementary Fig. 8. Mechanism of unfolding of the intramolecular B-sheet of CyIR2. Backbone
representations of the NOE-based structures of CylR2 determined at -11 °C (a and c¢) and at -7 °C (b
and d). The side chains of residues that keep the native contacts between the two antiparallel B-strands
in the predissociated dimer (structure at -7 °C) and in the monomeric intermediate (structure at -11 °C)
are drawn as sticks. (e) and (f) highlight specific contacts between these residues observed in 3D "C-
edited NOESY-HSQC spectra at -11 °C and -7 °C, respectively. Despite the strong destabilization of
the backbone of the 3-sheet native-like contacts of the side chains.
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Supplementary Fig. 9. Fraction of methyl-containing NOE contacts at different temperatures within a
CylR2 monomer (dashed line) and between the two molecules of the CylR2 dimer (solid line).
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Supplementary Fig. 10. Comparison of experimental PRE profiles with values predicted from 3D
structures of CylR2 during cold-denaturation. In the upper two panels results for N4OC MTSL-
tagged CylR2 are shown. In the lower two panels the results for TS5C MTSL-tagged CylR2 are
presented. Experimental PRE profiles are shown as open circles and were recorded at 25 °C and -10
°C. Green points mark the theoretical profiles predicted by positioning the paramagnetic center at the
Cp atom of N40 (upper two panels) and T55 (lower two panels). The red profiles were predicted when
the paramagnetic center was located at the oxygen of a MTSL molecule that was attached to cysteine
40 and 55, respectively. Blue profiles are from MTSL positions rotated by ~180° around the S-S bond
between cysteine and MTSL. Error bars for predicted profiles represent + 1 standard deviation from the
linear average of 20 predicted profiles within the ensemble of 20 conformers at each temperature.
Averaged errors from three measurements for experimental PRE intensities are 0.11 for N40C at -10
°C, 0.10 for N40C at 25 °C, 0.08 for T55 at -10 °C and 0.06 for T55C at 25 °C. The comparison of the
experimental PRE data with predicted values highlights the impact of the exact position of the
paramagnetic center and therefore the conformation of the MTSL side chain for prediction of PRE
values from a 3D structure.
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Supplementary Fig. 11. Strips from the 3D "“C-edited NOESY-HSQC spectrum at -11 °C
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by blue arrows) in the monomeric intermediate.
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Supplementary Fig. 12. Effect of the point mutations L6S (left column) and 149S (right column) on
CylR2. (a) Superposition of 2D ['H,"’N] HSQC spectra for mutant (red) and wild-type (WT) protein
(blue). (b) Normalized and averaged 'H/"N chemical shift differences of backbone amide resonances
in mutant CyIR2 with respect to the wild-type form. The error in A8 is 0.05 ppm. (c) 2D ['H,"’C]
NOESY planes of L6S and 149S mutant CylR2 highlighting the strongly shifted side chain chemical

shifts of the K48 side chain due to the presence of intersubunit C-H-'m interactions between the

aromatic moiety of Trp63 and the Lys48 side chain. (d) Steady-state '’N-"H NOE values at 25 °C for
mutants and (e) their difference plots against wild-type CylR2. f) Difference plots between Ca
chemical shifts of mutant and wild-type CylR2. The secondary motifs are preserved in both mutants.
The maximum error is 0.2 ppm.
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Supplementary Fig. 13. Selected region of 2D ['H,"*C] HSQC spectra of cylR2 at -16 °C (a) and 25
°C (b). Selected Co/Ha and side chain resonances are labelled.

S17

Nature Chemical Biology: doi: 10.1038/nchembio.1181



Supplementary Fig. 14. Ensemble of conformers of the partially folded monomeric intermediate at -
16 °C using different subdomains for superposition. (a) The helix-turn-helix motif was used for
alignment. (b) Helices a1, a4 and 3, were used for alignment.
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Supplementary Fig 15. Temperature dependence of the CylR2-DNA complex. a) 2D ['H,"N]
TROSY-HSQC spectra as a function of temperature. b) 2D chemical shift plots for selected residues
demonstrating a linear chemical shift dependence for decreasing temperature. ¢) Hydrodynamic radius
(Ry) as a function of temperature. The averaged hydrodynamic radius (dotted line) <Ry> = 31.01+0.85
A of the CylR2-DNA complex remains unchanged along the studied temperature range within the
experimental error.
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Supplementary Fig 16. The core of the partially folded intermediate forms the dimer interface in
the native state. Superposition of the NOE-based ensemble of conformers at -16 °C (blue) and the
native CylR2 dimer determined at 25 °C (red). The superimposed fragments consist of Leu6 - Ile15 and
Leu43 - Ile60 marked by an ellipse. The two a-helices (ol and a4) and one 3¢-helix form the folding
nucleus that predisposes the protein for dimerization.
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Supplementary Table 1 | Simulation of the effect of changes in the global correlation time (tau_c)
and in the time scale (tau_i) and amplitude (SZ) of internal motions on *’N-"H NOE values.
Changes in global correlation time are due to the temperature-dependence of solution viscosity
(increase from 25 °C to 5 °C) and due to the dissociation of the CylR2 dimer into a monomer at -11 °C.
Calculations have been done using Lipari-Szabo's correlation functions assuming a nearly isotropic
global motion and fast internal motions that are separable from global motion **.

T (°C) tau-c (ns) tau-i (ps) S’ "N-'HNOE  sigma (s") R, (s) R, (s)
25 12 20 0.85 0.76 0.017 0.72 17.78
5 22 20 0.85 0.69 0.013 0.41 32.13
-11 16 20 0.85 0.73 0.015 0.55 23.50
-11 16 20 0.52 0.27 0.029 0.40 14.42
-11 16 150 0.85 0.28 0.048 0.66 23.59
-11 16 45 0.7 0.27 0.039 0.54 19.42

S21
Nature Chemical Biology: doi: 10.1038/nchembio.1181



Supplementary Table 2 | List of NMR experiments.

List of experiments at different
temperatures

25°C

2D ['H, *N] HSQC

2D ['H, 'N] HSQC

2D N-"H Het-NOE

2D ['H, **C] HSQC ali

2D ['H, **C] HSQC aro

3D ""N-edited NOESY-HSQC (150ms)

3D "C-edited NOESY-HSQC ali (200 ms)
3D C-edited NOESY-HSQC aro (200 ms)
3D CCH TOCSY

7C

2D ['H, **N] HSQC

-3°C

2D ['H, ®N] HSQC

2D ['H, ""N] HSQC

2D “N-"H Het-NOE

2D ['H, '*C] HSQC ali

2D ['H, '*C] HSQC aro

3D ""N-edited NOESY-HSQC (150ms)

3D '*C-edited NOESY-HSQC ali (200 ms)
3D 'C-edited NOESY-HSQC aro (200 ms)
3D CCH TOCSY

-7C

2D ['H, 'N] HSQC

2D ['H, **C] HSQC ali

2D ['H, **C] HSQC aro

3D '"N-edited NOESY-HSQC

3D '*C-edited NOESY-HSQC ali (200 ms)
3D ®C-edited NOESY-HSQC aro (200 ms)
3D CCH TOCSY

-11°C

2D ['H, **N] HSQC

2D ['H, **N] HSQC

2D “N-'"H Het-NOE

2D ['H, "*C] HSQC ali

2D ['H, '*C] HSQC aro

3D '"N-edited NOESY-HSQC

3D '“C-edited NOESY-HSQC ali (200 ms)

F1

2048
2048
2048
2048
2048
2048
2048
2048
2048

2048

2048
2048
2048
2048
2048
2048
2048
2048
2048

2048
2048
2048
2048
2048
2048
2048

2048
2048
2048
2048
2048
2048
2048

™

F2 F3 F1
128 - 9803.
128 - 9803.
128 - 9803.
128 - 9803.
50 - 8417.
210 50 | 9090.
50 230 9090.
40 196 9090.
120 64 7716.
128 - 9803.
128 - 9803.
128 - 9803.
128 - 9803.
128 - 8417.
50 - 8417.
210 50  9090.
50 230 9090.
40 196 9090.
120 64 7716.
128 - 9803.
128 - 8417.
50 -  8417.
46 230 T7716.
50 230 9090.
50 196 9090.
120 64 7716.
128 - 9803.
128 - 9803.
100 - 9803.
112 - 8417.
50 - 8417.
46 230 T7716.
50 | 230 9090.
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3D CCH TOCSY 2048 120 64 7716.049 13054.83 16

-14°C

2D ['H, *N] HsQC 2048 128 - 9803.992 1421.262 - 64
2D ['H, *N] HSQC 2048 128 - 9803.992 1421.262 - 32
2D ['H, °C] HSQC ali 2048 128 - 8417.508 13054.83 - 64
2D ['H, **C] HSQC aro 2048 50 - 8417.508 5291.005 - 64

3D "C-edited NOESY-HSQC ali (200 ms) 2048 50 230 9090.909 7052.186 9115.77 32
3D "C-edited NOESY-HSQC aro (200 ms) 2048 50 196 9090.909 4585.053 9115.77 16

3D CCH TOCSY 2048 120 64 7716.049 13054.83 13054.83 16
-16°C

2D ['H, *N] HSQC 2048 128 - 9803.992 1421.262 - 64
2D ['H, *N] HSQC 2048 128 - 9803.992 1421.262 - 32
2D ['H, **C] HSQC ali 2048 128 - 8417.508 13054.83 - 64
2D ['H, '*C] HSQC aro 2048 40 - 8417.508 5291.005 - 64

3D "C-edited NOESY-HSQC ali (200 ms) 2048 50 230 9090.909 7052.186 9115.77 32
3D CCH TOCSY 2048 120 64 7716.049 13054.83 13054.83 16
Mutant L6S at 25°C

2D ['H, "N] HSQC 2048 128 - 9803.992 1421. 262 - 16
2D ['H, **C] HSQC ali 2048 128 -  8417.508 13054.83 - 32
2D ""N-'H Het-NOE 2048 128 - 9803.992 1421. 262 - 40

3D "C-edited NOESY-HSQC ali (200 ms) 2048 50 1 9090.909 7052.186 9115.77 16

3D NHCACB 2048 50 100 9803.922 1421.264 13227.51 16
3D HNCA 2048 50 60 9803.922 1421.262 4938.272 16
3D CBCAcoNH 2048 50 100 9803.922 1421.262 13227.51 16

Mutant 149S at 25°C

2D ['H, "*N] HSQC 2048 128 - 9803.992 1421.262 - 16
2D ['H, **C] HSQC ali 2048 128 -  8417.508 13054.83 - 32
2D “N-'H Het-NOE 2048 128 - 9803.992 1421. 262 - 40

3D "C-edited NOESY-HSQC ali (200 ms) 2048 50 1 9090.909 7052.186 9115.77 16
3D HNCA 2048 50 60 9803.922 1421.262 4938.272 16

3D CBCAcoNH 2048 50 100 9803.922 1421.262 13227.51 16
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Supplementary Table 4 | Distances averaged for conformers of CylR2 ensembles determined at

different temperatures.

Temperature Distances (A; avetsdev)
O
Cy-C{ Ca-Ca
P65-YSI' L57-L57" L6-160 L6-149 L6-131 L6-L24
25 40+£04 7.1+0.3 5.1+0.1 82+0.1 89+03 12.9+0.5
-3 8.8+1.1 6.7+0.4 52+0.2 8.0+0.2 9.0+0.3 13.1£0.7
-7 (dimer) 11.9+2.1 10.2+0.9 44+03 8.6+0.3 8.8+04 13.1£0.5
-7 (monomer) N/A N/A 49+0.6 87+03 87+03 129+04
-11 N/A N/A 64+04 9.7£04 119+1.0 13.2+£0.7
-14 N/A N/A 6.8+0.6 11.0+0.9 164+1.2 16.4+0.9
-16 N/A N/A 7.0+ 0.6 9.7+1.0 140+ 14 155+1.1

Supplementary Video 1 — Structural changes that occur during cold-induced unfolding of CylR2
at atomic resolution. Each frame shows a single structure taken from the ensembles of 20 lowest-
energy NOE-based structures determined at 25 °C, -3 °C, -7 °C, -11 °C, -14 °C and -16 °C,
respectively. For the majority of residues only back-bone heavy atoms are presented. For residues
crucial for both tertiary and quaternary folding side chains are also shown.
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