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ABSTRACT: Understanding protein folding is crucial for protein sciences. The conformational spaces and energy landscapes of cold (un-

folded) protein states, as well as the associated transitions, are hardly explored. Furthermore, it is not known how structure relates to the coop-

erativity of cold transitions, if cold and heat unfolded states are thermodynamically similar, and if cold states play important roles for protein 

function. We created the cold unfolding 4-helix bundle DCUB1 with a de novo designed bipartite hydrophilic/hydrophobic core featuring a 

hydrogen bond network which extends across the bundle in order to study the relative importance of hydrophobic versus hydrophilic protein-

water interactions for cold unfolding. Structural and thermodynamic characterization resulted in the discovery of a complex energy landscape 

for cold transitions, while the heat unfolded state is a random coil. Below ~0 oC, the core of DCUB1 disintegrates in a largely cooperative manner 
while a near-native helical content is retained. The resulting cold core unfolded state is compact and features extensive internal dynamics. Below 

-5 oC, two additional cold transitions are seen, i.e. (i) the formation of a water mediated, compact and highly dynamic dimer, and (ii) the onset 

of cold helix unfolding decoupled from cold core unfolding. Our results suggest that cold unfolding is initiated by the intrusion of water into 
the hydrophilic core network and that cooperativity can be tuned by varying the number of core hydrogen bond networks. Protein design has 

proven to be invaluable to explore the energy landscapes of cold states and to robustly test related theories.     

INTRODUCTION 

Our understanding of the driving forces of protein folding1 is cru-

cial for protein science, structural biology and biomedical research. 

Tremendous progress has been made to compute atomic resolution 

structures of folded proteins from sequence.2,3 In contrast, no theory 
exists to predict structural features of partially unfolded states or 

folding intermediates, or folding kinetics and thermodynamics.4 The 

same holds for conformational states which are lowly populated un-
der conditions when a protein is folded. Those can be of functional 

importance.5 7 Although the phenomenon of protein cold unfolding 

has been known since the beginning of protein sciences,8 cold tran-

sitions and cold (unfolded) states are significantly less well under-
stood than their heat congeners. Here we study distinct macrostates 

associated with the energy landscape9,10 of a cold unfolding protein. 

When compared to the folded macrostate,7 protein heat unfolding 

leads to the formation of a macrostate associated with a microcanon-

ical ensemble of higher energy E and higher entropy S S 
ntrast, cold unfolding8,11,12 results in a macrostate asso-

ciated with an microcanonical ensemble of lower E and lower S 

S 
system,13,14 and the crucial role of water for the formation of both 

heat and cold unfolded states is widely recognized.15 There are two 

distinct types of ordered water molecules in presence of proteins. In 

the case of cold unfolding, solvent exposure of hydrophobic surfaces 
leads to the formation of ordered, strongly hydrogen bonded and 

thus energetically favorable networks of water molecules16 18 which 

feature a hallmark of the LELS cold unfolded state of proteins with a 
predominantly hydrophobic core. Hydrophilic protein-water 
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interactions may likewise result in ordered, strongly hydrogen 
bonded water molecules at low temperatures. In general, however, 

the relative importance of these two types of ordered water mole-

cules (i.e., networks of surface water molecules on hydrophobic sur-

faces versus water molecules exhibiting hydrophilic interactions with 

the protein) has long been a matter of debate.17,19,20  

Structural features determining the degree of cooperativity21 23 of 
cold unfolding transitions are largely unknown. We suggest that the 

relative importance of the two types of ordered water molecules play 

a key role in determining the cooperativity of cold unfolding: the for-

mation of energetically favorable networks of water molecules on hy-
drophobic surfaces is inherently a cooperative process, while even a 

single water molecule can be ordered through multiple hydrophilic 

interactions within the protein core. Hence, formation of surface 

networks it likely to result in pronounced cooperativity, while the 
hydrophilic ordering of water molecules may proceed either in a co-

operative, or a non-cooperative manner by successive ordering of in-

dividual water molecules in the core. 

Insights from protein cold unfolding studies are highly comple-

mentary to studies relying on the perturbation of other variables of 

state: for the characteriz 9,10 (Fig-

ure 1) and cold LELS states are potentially as important as heat 

HEHS states. In general, states which are lowly populated (i.e. ex-

hibit increased free energy) under conditions when a protein is 

folded may be either LELS or HEHS states, and they may both rep-
resent folding intermediates or alternate conformations of the folded 

state which may be of functional importance. To distinguish be-

tween them, the T-dependence of populations needs to be meas-
ured.24 In selected cases, such measurement were performed and it 

has been shown that ambient T lowly populated states are (partially) 

heat unfolded HEHS states.25 28 However, in many cases it is not ev-
ident if the experimental characterization of lowly populated states 

(primarily by NMR29) captures cold LELS or heat HEHS states.  

 

 

Figure 1. Schematic representation of the energy landscape10 of 

DCUB1 inferred from experimental data. The HEHS heat unfolded 
state, the HEHS heat unfolding intermediate, the folded state, the LELS 

cold core unfolded state, and the LELS cold dimer are indicated. Note 
that the dimer formation involves intermolecular contacts. For simplic-

ity, the landscape was not expanded accordingly.30 

The experimental characterization of protein cold unfolding us-
ing high resolution techniques is greatly impeded by the fact that 

most naturally occurring proteins are predicted to cold unfold far be-

low the freezing point of water. While the use of capillaries allows the 

extension of the experimental T-range down to about -15 oC,24,31 36 

this is not sufficient for most naturally occurring proteins. Further-

more, it is imperative that chemical denaturants, which denature the 

genuine cold unfolded states, and/or extreme pH values are 
avoided.37 39 

-residue CTL9(L98A),37,40 43 111-residue yeast frataxin 

yfh1,18,38,44 46 dimeric 66-residue CylR2,36 126-residue apo-
IscU(D39A),39 and 91-residue HIV1 protease monomer47] have 

been characterized at higher resolution under near physiological 

conditions. Of these, only dimeric CylR2 was studied in supercooled 

water well below 0 oC. Valuable insights were obtained regarding the 
residual structure in cold unfolded states as well as the associated co-

operativity of unfolding. However, the molecular cores of these 

model proteins do not contain any buried sidechain-sidechain H-

bond (only the cores of fraxtaxin and IscU contain each a single 
sidechain  backbone H-bond) while the polar moieties forming 

sidechain-sidechain H-bonds can be expected to be best suited to 

optimally coordinate individual water molecules in the core. Be-
cause of this, these model proteins are ill suited as starting points to 

types of ordered water molecules for the formation of cold unfolded 

state structures and associated unfolding cooperativity.  

To create a versatile platform to systematically test hypotheses 

related to protein cold unfolding we turned to protein design.48 We 

redesigned a previous protein design target, that is, the hyperther-

mostable 13 kDa 4- Go of unfolding ~16 

kcal·mol-1 at 25 oC; heat denaturation temperature > 100 oC) which 

contains a de novo designed, entirely hydrophobic core.49 Using a re-

cently developed ROSETTA-based protocol,50 we placed hydro-

philic hydrogen bond (H-bond) networks within the core of 
DRNN. Experimental screening of designs lead to the identification 

of the 12 kDa Designed Cold Unfolding 4-helix B

which features a bipartite core with an H-bond network located at 
the center (and orthogonal to the main bundle axis) of the otherwise 

entirely hydrophobic core (Figures 2, 3). Importantly, an NMR 

structure and corresponding multidimensional NMR data are avail-

able for DRNN (PDB ID: 2LCH),49 and the surfaces of DRNN and 
DCUB1 are virtually identical because only core residues were 

changed for redesign.  

In stark contrast to DRNN, the folded state of DCUB1 is only 

marginally stable (Go of unfolding ~3 kcal·mol-1 at 25 oC), and cold 

and heat unfolding transitions are registered at −5 and 65 oC, respec-

tively. Here we present a comprehensive biophysical characteriza-
tion of the cold unfolded, folded and heat unfolded states of DCUB1 

(and selected mutants) along with the respective unfolding transi-

tions by using cryo-X-ray crystallography, nuclear magnetic reso-

nance (NMR), circular dichroism (CD) and fluorescence spectros-
copy, differential scanning calorimetry (DSC), small angle X-ray 

scattering (SAXS), and molecular dynamics (MD) simulations.



3 

 

 

 
Figure 2. Ribbon representation of the superposition of DRNN X-ray structure Chain-A (PDB ID 3U3B, in green) and DCUB1 Rosetta design 

model (in orange). The sidechains of the 16 residues that were replaced in DRNN to design DCUB1 (Figure S1.1) are depicted in neon. (B) 
Ribbon representation of the superposition of DCUB1 X-ray structure (PDB ID 7T2Y, Chain-A and Chain-B in brown and orange) and lowest 

energy NMR conformer (PDB ID 7T03, in green). Core residues are depicted in neon. (C) Line representation of backbone and core side 

chains of 20 conformers representing the DCUB1 solution NMR structure. The hydrogen bond network in layer 3 is colored in green and 

highlighted with a dashed green box. All other core residues are hydrophobic. The color coding of the six layers in the core of DCUB1 is layer 1 

(top; orange): residues 11, 57, 58; layer 2: residues 15, 53, 61, 101; layer 3 (green; H-bond network): 19, 49, 65, 97; layer 4: 22, 46, 68, 94; layer 

5: 26, 42, 72, 90; layer 6: 29, 39, 75, 87. (D) Gradient of the internal core mobility inferred from core side chain root mean square fluctuation 

C atoms 

and the core side chain heavy atoms displayed in a stick representation. The thickness of the spline curve of the backbone is proportional to the 
RMSF of core side chain heavy atoms. As indicated by the green cone, core residues display smoothly decreasing RMSF values from the top to 

the bottom of the bundle. The hydrogen bond network in layer 3 is highlighted with a dashed green box. 

 

This approach enabled a detailed structural and thermodynamic 
characterization of DCUB1 unfolding and the development of gen-

eral hypotheses regarding protein cold unfolding and the associated 

degree of transition cooperativity. The new insights presented here 
are of high relevance for establishing a predictive theory of cold un-

folding and cold alternate conformations to also enhance our general 

understanding of psychrophilic proteins and their function,51 for im-

proving protein design methodology,52 
53 i.e. the creation of novel cold-active 

enzyme and ice-binding proteins. 

METHODS 

Computational design. DCUB1 was designed using an earlier version of a 

Rosetta protocol developed for creating buried hydrogen bond networks in 
proteins.50 First, the core of DRNN was defined as all residues with more 

than 18 neighbors, where two residues are a neighbor if their C atoms are 

within 10 Å. For all core residues, a fixed backbone design simulation with 

Monte Carlo sampling was performed54 with the energy function modified55 
en 

Monte Carlo accept (i.e. after a rotamer change or amino acid change) the 

structure was analyzed to determine if a new hydrogen bond network was 
present. A network being defined as a set of residues where each residue in 

the network is hydrogen bonding with another residue in the network and 
there exists a hydrogen bonding path between all residues in the network. At 

the end of the trajectory, the networks observed during the simulation were 
ranked by the number of residue pairs forming hydrogen bonds with each 
other. We visually inspected the top ranked designs and submitted about ten 

to FastDesign simulations52 in which the rotamers of the hydrogen bonding 
residues were fixed but neighboring residues were allowed to mutate and the 
backbone was allowed to make small adjustments. The final designs were 

56 visually in-
spected, and DCUB1 was selected for experimental characterization. For de-
tails, see Supporting Information section 1. 

Molecular dynamics simulations. MD simulations (Table S2.1) were 

performed with established protocols using the program GROMACS57 
v5.1.3 with the AMBER99SB-ILDN force field, the TIP4P-Ew water model 
and chloride or Na ions, a box size of approximately 8 X 8 X 8 nm, periodic 

boundaries, and 2 fs step-size on GPUs of the XSEDE Comet cluster. The 
TIP4P-Ew model been shown58 to appropriately reproduce supercooled wa-
ter properties and the closely related TIP4P/2005 water model has been suc-

cessfully used for protein cold denaturation simulations.59 Simulation sys-
tems were adjusted to 298 K during a 1 ns simulation with position restraints 
(NVT ensemble) using the V-rescale thermostat.60 ion 

sure using the Parrinello-Rahman barostat.61 MD simulations (Table S2.1; 

130-600 ns each; total ~4 s) started from several different DCUB1 con-

formers: the Rosetta design model, the two Xray structures of the 



4 

 

 

asymmetric unit (Chain-A with and without the water molecule in H-Bond 
network; chain-B with and without the water molecule in H-Bond network), 

the lowest energy NMR conformer, the three Gly-mutants of DCUB1 de-
rived from either the DCUB1 ROSETTA design model or the chain-B X-ray 
structure). For comparison, MD simulations were performed for DCUB1 at 

-50 oC starting from the X-ray structure (chain-A) a
design DRNN at 25 oC starting from chain-B of the cryo-X-ray structure 
(PDB ID: 3U3B). MD trajectories were analyzed using the suite of programs 

in GROMACS57 v5.1.3 and Visual Molecular Dynamics (VMD).62 For de-
tails, see Supporting Information section 2. 

Protein cloning, expression and purification. Proteins were expressed 

with pCDB24 vectors as SUMO domain fusion proteins containing an N-
terminal hexa-Histidine tag. The vectors were transformed into BL21(DE3) 
cells which were grown on MJ9 minimal media containing 15NH4Cl as the 

sole nitrogen source and U-13C-glucose or 10% U-13C-glucose/90% unla-

beled glucose as the sole carbon source. The fusion proteins were purified 
using a Ni-NTA gravity columns and cleaved by ULP1 SUMO protease. A 
second Ni-NTA chromatography step yielded the purified protein. To pre-

pare high-quality mono-disperse SAXS samples, a gel-filtration step was 
added. For details, see Supporting Information section 3. 

X-ray crystallography. Crystallization of DCUB1 was performed using 

the same protocols used to crystallize DRNN.49 Lyophilized DCUB1 was re-
suspended in water at 20 mg/mL and dialyzed into 100 mM ammonium ac-
etate. Hanging drop vapor diffusion was used to grow crystals in 0.2 M mag-

nesium acetate and 20% (w/v) PEG 3350. Crystals were cryo-protected by 
transferring them into well solution supplemented with 15% (v/v) ethylene 
glycol before plunging into liquid nitrogen. Diffraction data were collected 

at 100 K at the Advanced Proton Source, Lemont IL. Crystals diffracted X-
rays to a resolution of better than 1.4Å in the P1 21 1 space group with cell 

and contained two molecules in the asymmetric unit. The diffraction data 
were processed using HKL2000.63 For details, see Supporting Information 
section 4. 

Nuclear magnetic resonance spectroscopy. For NMR data acquisition, 

samples of DCUB1 and the mutants R44G, K92G and R44G/K92G were 
prepared in NMR buffer (50 mM Na phosphate, 100 mM NaCl, pH 7.0) at 

protein concentrations between 300 mM and 1.2 mM.  50 M 4,4-dimethyl-

4-silapentane-1-sulfonic acid (DSS) and an aliquot of cOmplete protease in-

hibitor cocktail (Roche, Basel, Switzerland) were added to each sample. 
NMR data (Table S5.1) were acquired using an Agilent INOVA 750 MHz 
spectrometer equipped with a 1H{13C,15N} probe and a Bruker AVANCE III 

HD 800 MHz spectrometer equipped with a cryogenic 1H{13C,15N} probe. 
Temperatures were calibrated using a 99.8% deuterated methanol64 sample. 
Chemical shifts were referenced to DSS. In between measurements, samples 

were stored at -20 °C. For measurements below 0 oC, samples were prepared 
in thick walled NMR tubes with an inner diameter of 3 mm (New Era, New 
York, NY), and samples were supercooled in the magnet by reducing T by 

about 0.1 oC/min.35 To enable accurate quantitative analyses, all 800 MHz 

1D 1H and 2D COSY data were acquired with 4 s relaxation delay between 
scan. Specifically, the fraction of the folded state, fn(T) was calculated as was 

described34 from the total integral of two well resolved, upfield shifted me-
thyl signals of the folded state and an integral of aliphatic signals representing 

both folded and cold core unfolded state in 1D 1H NMR (Figure 4C; Figure 
cold core-

unfolding transition Ho
cc,NMR and Tcc,NMR. For details, see Supporting Infor-

mation section 5. 
Circular dichroism spectroscopy. 222(T) data for the 

global Gibbs-Helmholtz analysis of DCUB1 and the mutants R44G, K92G 
and R44G/K92G (Table 1; Figure S7.1) were acquired between 4 and 97 oC 
on a Jasco J-815 CD spectrometer using a 1 mm cuvette at protein concen-

trations of 19 M in NMR buffer (50 mM Na phosphate, 100 mM NaCl, pH 

7.0). The same CD spectrometer was used to acquire the near UV CD data 

for DCUB1 at 20 oC (Figure 5C) using a 1 mm cuvette at a protein concen-

tration of 100 M in NMR buffer. Far UV CD spectra (200-260 nm) for 

monitoring the helical content for DCUB1 and the mutants R44G, K92G 
and R44G/K92G as a function of T (Figure S7.2; Table S7.1), and 222(T) 

to obtain melting temperatures and Ho 

unfolding transitions (Table 3) were acquired on a second Jasco J-815 spec-
trometer between -10 and 90 oC. This spectrometer is equipped with multi-

cell holder and data were acquired using a 1 mm cuvette at 10 M protein 

concentration in NMR buffer (50 mM Na phosphate, 100 mM NaCl, pH 

222(T)-profiles were fitted over the T-range of heat unfolding transi-

T) = fn n(T) + (1-fn u(T n(T) being a linear 

function of T u(T) being a quadratic function of T

Hoff analyses were performed using K(T) = fn(T) / [1 - fn(T)] (Figure S7.3) 

yielding H0
h,CD and Th,CD. For details, see Supporting Information section 

7. 
Fluorescence spectroscopy. Fluorescence emission spectra were rec-

orded for DCUB1 and the mutants R44G, K92G and R44G/K92G between 
0 and 95 oC on Cary Eclipse Spectrophotometer equipped with temperature 

controller (Varian Inc. Palo Alto, CA). Protein samples were prepared at ~2 

M concentrations in NMR buffer (50 mM Na phosphate, 100 mM NaCl, 

pH 7.0). The excitation wavelength was set to 295 nm and the emission spec-
tra were recorded between 305 to 455 nm in 1 nm steps. Bandwidths for ex-

citation and emission were set at 5 nm. Two observables were extracted from 
the spectra, i.e. the total intensity TI (area under the emission spectrum) and 

the average emission wavelength, CM X(T) 

= TI(T) (Figure S8.2) or CM(T) (Figures S8.3), T-profiles were fitted over 

the T-range of the heat unfolding transition to the equation X(T) = fn Xn(T) 

+ (1-fn) Xu(T), with Xn(T) and Xu(T) being a linear function of T. Using 

K(T) = fn(T) /[1 - fn(T  Hoff fits were performed for the heat-

unfolding transition to yield Ho
h,TIFL, Ho

h,CMFL., Th,TIFL, and Th,CMFL (Table 

3). For details, see Supporting Information section 8. 
Small angle X-ray scattering. Synchrotron SAXS data were collected at 

the BioSAXS beamline65 4-2 of the Stanford Synchrotron Radiation 
Lightsource (SSRL), Menlo Park, CA. The sample to detector distance was 
set to 1.7 m and X-

a Pilatus3 X 1M detector (Dectris Ltd, Switzerland) the setup covered the 
 0.5 Å-1 where q is the magnitude of 

the scattering vector defined as q 

-rays. Aliquots of 20-30 µl of sample solution was 
loaded into a capillary flow-cell, made from a standard X-ray quartz capillary 

(Hilgenberg GmbH, Germany) with a measured inner diameter of ~1.3mm 
and nominal wall thickness of 0.01 mm. The temperature of the flow-cell was 
controlled using thermoelectric elements with an in-house built PID con-

troller using an AD590 as a temperature transducer. The temperature scale 
of the setup was calibrated using a B&K precision thermometer (B&K Pre-
cision Corp, Yorba Linda, CA). A plastic tent was placed around the capillary 

holder and continuously flushed with dry nitrogen during the experiment 
(Figure S9.7) to eliminate condensation and eventual ice built up at temper-
atures below the hutch dew point (~ 10°C). The low temperature limit for 

the experiment was established by visual observation of the sample in the ca-
pillary using the inline microscope at the beam line while reducing tempera-
ture and looking for initial ice formation. Data were collected at tempera-

tures above this point. Data were collected at each temperature first from the 
buffer blank, followed by the protein sample and again another buffer blank 
to ensure proper cleaning of the capillary after the protein measurement. For 

the measurements below 0 °C the samples were first loaded into the flow-cell 
at 0 °C and then cooled down to the target temperature. In order to ensure 
proper temperature equilibration the sample was kept at the target tempera-

ture for about 5 min before measurements started. Series of ten to twenty  
1 s exposures were collected and the sample solutions were oscillated in a 

stationary quartz capillary cell at 5 l/s during data collection to maximize 

the exposed sample volume and thus to reduce the radiation dose per 
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exposed sample volume. Due to the increase in viscosity of the sample with 
decreasing temperature the effective oscillation speed at low temperatures 

will be somewhat reduced, however no significant increase in radiation sen-
sitivity of the sample was observed. The collected data were radially inte-
grated, analyzed for radiation damage by comparing the different frames 

with each series, averaged and buffer subtracted using the automated data 
reduction pipeline SAXSPipe at the beam line. Subsequently,  Guinier anal-
ysis, P(r) function calculation and molecular weight estimation was per-

formed using programs from the ATSAS suite.66 For details, see Supporting 

Information section 9. 
Differential scanning calorimetry. DSC measurements were per-

formed on a MicroCal Automated PEAQ-DSC instrument (Malvern Pana-

lytical, Westborough, MA) for two identical DCUB1 DSC samples of 290 

M protein concentration (3.6 mg/mL) in NMR buffer (50 mM Na phos-

phate, 100 mM NaCl, pH 7.0) using published protocols.67 Prior to sample 
analysis, the instrument performance was verified using the protocols de-
scribed in the MCL2015 kit (Malvern Panalytical, Westborough, MA). The 

two DSC thermograms were acquired between 2 and 100 °C at a scan rate of 
1 °C·min-1 and were fitted to a two-state model67 using the MicroCal PEAQ-
DSC software package. For details, see Supporting Information section 10. 

RESULTS AND DISCUSSION 

Computational design. Designing hydrogen bond networks is a 

challenging problem because the vast majority of the buried polar 

groups need to have a hydrogen bond partner for the protein to have 
a favorable free energy of folding. To design a hydrogen bond net-

work in the core of DRNN, we performed two rounds of simulations 

with the molecular modeling program Rosetta.48 In the first round, 

the energy function was modified to only calculate hydrogen bond 
energies and steric repulsion and rotamer-based Monte Carlo opti-

mization was used to find sets of amino acid side chains that could 

form connected hydrogen bond networks. These side chains were 
then fixed, and in the second stage of the protocol the surrounding 

residues were redesigned to accommodate the new buried polar res-

idues. A standard full atom energy function in Rosetta56 was used for 

this stage. The resulting designs were ranked by the size of the hy-
drogen bond network and the calculated energy of the model. Our 

favorite design, named Designed Cold Unfolded Bundle 1 

(DCUB1), was further characterized with 10 ns MD simulations at 
25 oC to confirm that the designed hydrogen bond network remains 

at least partially intact during the short simulations. DCUB1 con-

tains 16 mutations relative to DRNN (Figures 2A, S1.1). In the de-
sign model, Asn 18, Asn 49, Glu 65, and Ser 97 are predicted to form 

a string of hydrogen bonds (Figure 3) stretching across the protein 

core from Asn 18 to Ser 97. Adjacent to this network, Ser 19 is also 

predicted to form a hydrogen bond to the wild type Thr 98. The 
other mutations in DCUB1 are substitutions to alternative hydro-

phobic residues. 

Initial assessment of cold and heat unfolding. To assess if 

DCUB1 exhibits cold denaturation, we first performed an initial 
CD- -Helmholtz (gGH) analysis68 using guani-

dine hydrochloride (GHCl) as the chemical denaturant (Table 1; 

Figure S7.1). Importantly, GHCl was not used for any other study 

presented in this paper. Assuming that Cp
o

gGH is constant, the global 

222[Go(T), m·c(GHCl)), T] predicted (i) cold/heat denatur-

ation at Tc,gGH  = −14  / Th,gGH  = 70 oC, (ii) yielded m = 1.54 kcal·mol-

2, (iii) maximum stability at Tms,gGH = 27 oC  with Go(Tms) = 3.2 

kcal·mol-1, and (iv) Cp
o

gGH = 1.10 kcal·mol-1·K-1 (1.13 kcal·mol-1·K-1 

is predicted using the equation of Spolar et al.69).  Second, we ac-

quired a series of 2D [15N,1H]-correlation spectroscopy (COSY) 

spectra of DCUB1 from 25 oC down to -12 oC in a supercooled so-

lution (Figures S5.1, S5.2). These spectra revealed the onset of cold 
unfolding around 10 oC, near completion of cold denaturation at 

−12 oC, and suggested that Tc  ~ −5 oC is, in the absence of GHCl, 

somewhat higher. Two sets of signals were registered for the folded 

and the cold unfolded state showing that their interconversion is 
slow on the chemical shift timescale for all temperatures at or below 

25 oC. An isotropic overall rotational correlation time of ~7.5 ns was 

inferred from 15N spin relaxation times (a hydrodynamic calcula-

tion70 yielded 7.1 ns) showing that DCUB1 is monomeric in solution 
at 25 oC. Based on this initial assessment, DCUB1 was chosen for 

comprehensive biophysical characterization.  

Folded state. An NMR solution structure of DCUB1 (PDB ID: 
7T03) obtained at 25 oC (Table S5.2) and a 1.4 Å cryocrystallo-

graphic X-ray structure (PDB ID 7T2Y; Table S4.1) are very similar 

(Table 2; Figure 2). Both structures confirmed the accuracy of the 

Rosetta model (Figure 2; Figures S6.1, S6.2): all pairwise RMSD val-
ues calculated for, respectively, backbone and all heavy atoms are in 

the ranges 0.51-0.74 Å and 1.13-1.50 Å (Table 2). A comparison of 

the design model with the experimental structures (Figure 2) re-
vealed that the residues forming the two hydrophobic cores located 

above and below the H-bond network are in the designed 1 rota-

meric states (Figure S6.2). Intriguingly, however, the X-ray struc-
tures of both protein molecules in the asymmetric unit revealed a 

single tetra-coordinated water molecule within the H-bond network 

which forms H-bonds to the oxygen of the sidechain OH group of 
Ser 19, a proton of the sidechain NH2-moiety of Asn 49, an oxygen 

of the sidechain CO2-moiety of Glu 65, and the proton of the 

sidechain OH group of Ser 97 (Figures 3A, B). As a result, an unex-
pectedly complex hydrophilic network is formed in which three of 

the six H-bond residues (Asn 18, Ser 19, Asn 49, Glu 65, Ser 97, Thr 

98) are in different conformations when compared with the design 

model. First, the sidechain of Ser 19 forms (in both protein mole-
cules of the asymmetric unit) a bifurcated H-bond to the water and 

the backbone carboxyl group of Leu 15 instead of the sidechain hy-

droxyl oxygen of Thr 98 in the design model. Second, the sidechain 
of Glu 65 adopts two alternate, about equally populated confor-

mations (in both protein molecules in the asymmetric unit; Figure 

S4.1): one in which the CO2-moiety forms a bifurcated H-bond with 

the water and the sidechain NH2-moiety of Asn 49 and one in which 
it forms a bifurcated H-bond with the water and the sidechain OH-

moiety of Ser 97. Third, the sidechain of Ser 97 adopts (in both pro-

tein molecules in the asymmetric unit) two alternate conformations, 

one in which the OH-moiety forms a bifurcated H-bond with the 
CO2-moiety of Glu 65 and the internal water molecule and in which 

this moiety forms a H-bond with the backbone carboxyl group of Val 

94. Moreover, additional H-bonds are observed in the X-ray struc-

tures (when compared with the design model), i.e., (i) in both pro-

tein molecules of the asymmetric unit between the sidechain NH2-

moiety of Asn 49 and the backbone carboxyl moiety of Leu 15, and 

(ii) in one of the protein molecules of the asymmetric unit with two   
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Table 1. Thermodynamic parameters obtained from global Gibbs-Helmholtz analysis1 

 Tc,gGH  
Ho 
(Tc,gGH

)  

So 
(Tc,gGH)  

Tms,gGH   
Go 
(Tms,gGH)   

Ho 
(Tms,gGH)   

Th,gGH  
Ho 
(Th,gGH) 

So 
(Th,gGH) 

ΔCo
p,gGH  m 

Integral 

Go 

dome  

R 2 

DCUB1 
-14 ± 

0.2 

-42 ± 

1.1 
-162 ± 8 

27 ± 

0.2 

3.2 ± 

0.14 
3.2 

70 ± 

0.2 
51 ± 1.1 

147 ± 

3 

1.10 ± 0.02 

(1.14) 

1.54 ± 

0.02 
182 0.997 

R44G 
-11 ± 

0.7 

-33 ± 

2.9 

-128 ± 

19 

24 ± 

0.7 

2.2 ± 

0.20 
2.2 

61 ± 

0.7 

39.3 ± 

2.9 

117 ± 

37 

1.00 ± 0.08 

(1.16) 

1.15 ± 

0.05 
107 0.982 

K92G 
-16 ± 

0.3 

-34 ± 

1.4 
-170 ± 8 

23 ± 

0.3 

2.5 ± 

0.16 
2.5 

64 ± 

0.3 
41 ± 1.4 

130 ± 

3 

0.93 ± 0.035 

(1.15) 

1.6 ± 

0.04 
137 0.996 

R44G/K92

G 

-9 ± 

0.7 

-30 ± 

2.6 

-115 ± 

17 

23 ± 

0.7 

1.8 ± 

0.16 
1.8 

57 ± 

0.7 
35 ± 2.6 

107 ± 

4 

0.99 ± 0.072 

(1.15) 

1.44 ± 

0.06 
81 0.993 

1 T is in oC; Ho in kcal.mol-1; Go in kcal.mol-1; So in cal·mol-1·K-1; p°gGH in kcal mol-1 K-1 with the predicted56 values in parenthesis; m in  

kcal·mol-1·M-1; Integral in kcal·K·mol-1; R2 represents the fraction of the variation of the response that is predicted by the model in the program Mathe-

matica. 

Table 2. RMSD values calculated between DCUB1 X-ray and NMR structures and the Rosetta design model 

DCUB1 Backbone atom RMSD [Å] 

Mean  

NMR coordinates 

Rosetta model Xray  

Chain-A 

Xray  

Chain-B 

Heavy 

atom 

RMSD 

 [Å] 

Mean NMR coordinates  0.62 0.74 0.76 

Rosetta model 1.19  0.51 0.49 

Chain A 1.36 1.15  0.26 

Chain B 1.50 1.40 1.14  

 

 

alternate conformations of the sidechain of Thr 98 between the OH-

moiety of Thr 98 and the backbone carboxyl moiety of Asp 95 and 
in the other between this moiety and the backbone carbonyl of Val 

94. 

 

Figure 3. View from the top of the bundle (Figure 2) on the internal H-

bond network of DCUB1. Helical segments are represented as ribbons 
and H-bonds are depicted as dotted lines. (A) Rosetta design model. (B) 

Xray with the internal water (red sphere; Figure S4.2). (C) Superposi-

tion of X-ray (brown) and lowest energy NMR conformer (green). 

Comparison with the NMR structure shows, first, that the back-

bone dihedral angles (Figure S6.1) and nearly all sidechain 1-dihe-

dral angles (Figure S6.2) observed in the X-ray structure are within 

the corresponding ranges of the 20 NMR conformers. Importantly, 
however, NMR showed that the entire H-bond network is subject to 

pronounced slow conformational exchange at Tms: the backbone 

NH signals of Ser 19 and Ser 97, the sidechain amide resonances of 

Asn 18 and Asn 49, as well as all sidechain resonances of Ser 19, Asn 

49, Glu 65, Ser 97 and Thr 98 are severely broadened so that NOEs 
to their sidechains could not be detected [notably, the comparably 

high precision of the H-bond network observed in the NMR struc-

ture (Figure 2) results from steric constraints arising from its posi-
tioning between the two hydrophobic cores]. Hence, the X-ray H-

K. This view is supported by the fact that the B-factors of the internal 

water (as well as the other 282 water molecules) and the sidechains 
of the residues forming the network are not increased when com-

pared with the remainder of the core. Furthermore, alternate confor-

mations are observed for the sidechains of Glu 65, Ser 97 and Thr 98 
(see above) and it may well be that the alternate X-ray confor-

mations are the lowest-energy ones between which conformational 

exchange occurs at ambient T [such a correlation between the ob-
servation of alternate X-ray sidechain conformations and NMR line 

broadening was likewise observed for His 4 (backbone NH signal 

broadened), and Met 96 (backbone NH signals of Asp 95 and Met 

96 broadened). Consistently, a comparative NMR structure calcula-
tion with constraints for sidechain-sidechain H-bonds observed in 

the X-ray structure did not yield any NMR constraint violations and 

thus showed that the X-ray network structure is located entirely 

groups located in the two layers above and below the H-bond 
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network (Figures 2, S2.7) exhibit strong NOEs to water (Figure 
S5.9A). No such NOEs were observed for any of the methyl groups 

located further away from the network, or for any of the methyl 

groups located in the core of DRNN.49 Since the surfaces of DRNN 

and DCUB1 are virtually identical (only core residues were changed 
for redesign) NOEs mediated by rapidly exchanging protons on the 

surface would have been detected also for DRNN. Hence, we per-

formed an NMR structure calculation for DCUB1 constraining a 
single water molecule with upper-limit distance constraints derived 

from the methyl-water NOEs. In the resulting NMR structure (Fig-

ure S5.9B), the water molecule is positioned very close to where it is 

detected in the X-ray structure (Figure 3; S5.9C) while no violations 
of other NMR constraints were obtained. This finding strongly sup-

ports the notion that the water detected in the X-ray structure is like-

wise present as a long-lived water molecule at Tms in solution.  

MD simulations for DCUB1 at 25 oC (130−610 ns; total ~2.7 s) 

starting from four different conformers (i.e. design model, two X-ray 
structures in asymmetric unit, and the lowest-energy NMR con-

former) showed that the core hydrogen bonds are highly populated 

and supported the notion that the water molecule in the network 
represents an integral structural feature (Figure 2; Supporting Infor-

mation section 2). Remarkably, not a single exchange with a bulk wa-

ter molecule was observed in our simulations (and in simulations 

started without the internal water molecule it was accommodated in 
the network with the 2 ns equilibration period before the production 

run). This suggests that the lifetime of the molecule is ~1 s or 

longer. Considering also that methyl-water NOEs are measured at 

the chemical shift of bulk water (i.e. exchange is fast on the chemical 

shift time scale), we estimate that the lifetime is in the typically ob-

served71,72 range of about 1-100 s. Moreover, in two of the simula-

tions at 25 oC, as well as comparative 100 ns simulation at -50 oC, two 

additional water molecules were located above the H-bond network 
(Figure S2.8) suggesting that the onset of cold unfolding may be me-

diated by the intrusion of water molecules into (and above) the H-

bond network. All simulations revealed consistently a pronounced 
gradient of internal core mobility from top (high mobility) to bot-

tom (low mobility) in the orientation chosen for Figure 3 (Figure 

S2.7; Tables S2.3, S2.4), and backbone RMSD basin analyses 

showed that larger conformational excursions are associated with 
partial helix-coil transitions of helices I and IV (Figures S2.3, S2.4, 

S2.5). While simulations starting with the design model or an X-ray 

structure sample conformational space rather close to the starting 
structure (backbone heavy atom RMSD values remain < ~4 Å for 

simulations of comparable length; Table S2.2), simulations with the 

ambient temperature lowest-energy NMR conformer sample a sig-

nificantly larger space (RMSD up to ~6 Å; Table S2.2). This is con-
sistent with the view that the X-ray structures represent low energy 

T 
 higher energy 

conformers. 

Rosetta energies of internal water molecules. The cryo-X-ray 

structure revealed that the internal water molecule is exceptionally 
well coordinated by the sidechains of the H-bond network (Figures 

2, 3) and it exhibits a B-factor which is well within the range of the 

protein heavy atom B-factors. Moreover, NMR revealed its presence 

at Tms = 25 oC (Figure S5.9) and, in conjunction with MD, a lifetime 

in the range of ~1-100 s. We performed a Rosetta energy minimi-

zation of the two X-ray structures and the lowest energy NMR con-

former containing internal water. The positions of the water mole-

cules changed by less than ~0.3-0.4 Å and the calculated energies for 

the waters were favorable between about 2 and 2.5 kcal·mol-1. The 

same result was obtained for the first frames of the MD simulations 
started with the X-ray structure and the NMR structure. Hence, our 

Rosetta calculations strongly support the view that the internal water 

molecule is indeed in a LELS state.  

We performed the same calculations for the first frame taken from 

the comparative simulation at -50 oC, in which two additional water 

molecules are located above the H-bond network (Figure S2.8). In-

triguingly, one of the additional water molecules is located within the 
hydrophobic core above the H-bond network and yielded a positive 

Rosetta energy. Evidently, the energy minimization did not move 

this water into an energetically more favorable position suggesting 

that such higher H internal water molecules my play an important 

role to nucleate the formation of energetically favorable networks of 

water molecules on hydrophobic surfaces. 

Comparison of molecular cores of DCUB1 and cold unfold-

ing model proteins. The bipartite hydrophilic-hydrophobic core of 

DCUB1 (Figures 2, 3) represents a salient design feature, and the 

hydrophilic sidechain-sidechain interactions could be envisaged to 

ecules without necessarily disrupting the polypeptide backbone con-

formation. To compare, we analyzed the cores of the five model pro-

teins studied thus far, that is, 91-residue CTL9 (PDB ID: 1DIV; res-
idues 58-149), 111-residue yeast frataxin yfh1 (2FQL), 126-residue 

apo-IscU (3LVL; Chain-B), dimeric 66-residue CylR2 (1UTX), the 

95-residue HIV-1 protease monomer 1-95 (5JFP; residues 1-95). 
Furthermore, we analyzed the core of 79-residue apoKti1173 (5AX2) 

which cold unfolds above 0 oC and exhibits a rare hyperbolic p-T 

phase diagram, but for which no detailed characterization of the cold 
unfolded state is. Fully buried core residues were defined as having 

less than 10% solvent accessible surface area. The analysis revealed 

that the cores of these six model proteins do not contain any buried 

hydrophilic sidechain-sidechain interactions, and solely the cores of 
fraxtaxin and IscU contain a single hydrophilic sidechain backbone 

H-bond each. Hence, the cores as well as the protein-protein inter-

face of the CylR2 dimer are (nearly) entirely hydrophobic. This 

comparison underscores the importance of protein design for creat-
ing novel cold denaturing proteins to robustly test and validate the-

ories explaining protein cold unfolding. 

Cold transitions and cold states.  

NMR spectroscopy: cold unfolding of the core. To monitor polypep-

tide backbone and molecular core during cold unfolding, a series of 

2D [15N,1H]- and [13Cmethyl,1H]-COSY spectra were acquired be-

tween Tms = 25 oC and −12 oC in a supercooled solution (Figures 4, 
S5.1, S5.2; Tables S5.1, S5.2). Analysis of the 2D [13Cmethyl,1H]-

COSY spectra revealed (i) that cold unfolding is entirely reversible, 

(ii) two distinct sets of signals for folded and cold state are registered, 

with a minor Met methyl signal indicating the presence of a lowly 
populated (maximum around 0 oC with < 5%; Figure 4B) cold 
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unfolding intermediate, (iii) 1H methyl shifts of the folded state do 
not reveal any significant conformational changes, and (iv) a cold 

unfolding midpoint around −5 oC. Hence, the cold unfolding transi-

tion detected by 2D NMR (Figure 4) proceeds largely in a coopera-
tive manner and can be approximated well by a 2-state model. Since 

the 1H linewidths of all well resolved methyl signals of the folded 

state simply scale with the viscosity increase when lowering T, cor-
responding excess line broadening was estimated to be smaller than 

~5 Hz. This finding shows that the lifetimes of the two states are very 

long on the chemical shift time scale (i.e. at least ~100 ms). Further-
more, the chemical shifts of all cold state methyl signals are nearly 

identical to the expected aqueous random-coil values so that a single 

peak cluster is observed for each type of methyl group (Figure 4A). 
This observation shows that all methyl groups are hydrated and that 

-un-
15N,1H]- and [13Cme-

thyl,1H]-COSY spectra recorded for DRNN at -10 oC show that the 
protein fold is unchanged and that its core remains entirely intact 

(Figure S5.6). 

Analysis of the 2D [15N,1H]-COSY spectra revealed (i) that back-
bone and sidechain amide (NH) signals of the cold core unfolded 

state exhibit a reduced backbone amide proton shift dispersion (~ 2 

ppm) which, however, is somewhat larger than expected for a ran-

dom-coil (Figure S5.1), and (ii) that many of the resolved signals ex-
hibit significant line broadening indicating the presence of extensive 

slow conformational exchange of the backbone of the cold core-un-

folded state on the s-ms timescale (the line broadening prevented 

the measurement of 15N spin relaxation parameters to characterize 

the internal dynamics of the cold core-unfolded state). Moreover, 

the measurement of the temperature coefficients of amide proton 
shifts of 54 well resolved 2D [15N,1H]-COSY signals of the cold core-

unfolded state revealed 19 amide moieties (35% of the well resolved 

signals) with coefficients less negative than -5 ppb/K which is indic-
ative of hydrogen bond formation.74 This finding suggests that a sig-

nificant fraction of the helices remain intact in the cold core-un-

folded state. 

In order to structurally characterize the cold core unfolded state 
further, we acquired triple-resonance as well as 3D NOESY NMR 

data at 0 oC (Table S5.1). At this temperature, ~70% folded and 

~30% cold core unfolded states are present, and the signals of the 

folded state may serve as a reference for the analysis of the core cold-
unfolded state signals. First, no NOEs were detected for any of the 

aromatic rings and the methyl groups for the cold core unfolded 

state, which provides strong additional evidence for the disintegra-
tion of the core. Second, as expected from analysis of 2D [15N,1H]-

COSY, severe line broadening in the 3D spectra prevented reso-

nance assignment. Notably, however, sequential NH-NH NOEs 

were detected for 36 out of 69 spin systems, which further supported 
the notion that a significant fraction of the helices remains intact 

upon cold core-unfolding. 

The fraction of folded core-unfolded state, fn, was calculated as 
was described34 from the total integral of two well resolved, upfield 

shifted methyl signals of the folded state and an integral of aliphatic 

signals representing both folded and cold core unfolded state in 1D 
1H NMR (Figure 4C; Figure S5.10). The thus obtained fn-values are 

consistent with values obtained by integrating the 2D [13Cmethyl,1H]-
COSY signals of Met and Ile, which give rise to two signal clusters 

being well resolved between folded and cold core-unfolded states 

(Figures 4A, S5.1). 

analysis for the cold core-unfolding transition Ho
cc,NMR =  

-43 kcal/mol and Tcc,NMR = -6 0C (Table 3; Figure S5.11). 

Far-UV CD spectroscopy: helices remain largely intact in cold core-

unfolded state but start to cold unfold below -5 oC. To monitor the hel-
ical content (Table S7.1) during cold unfolding, CD spectra (Fig-

ures 5A, S7.2) were acquired from 25 oC down to -10 oC in a super-

cooled solution and the T 222(T) was monitored 
in between their acquisition (Figures 5B; S7.4). Deconvolution of 

the CD spectra using the BestSel server75,76 revealed that the helical 

content (Figure 5; Table S7.1) remains constant between 25 oC 
(77% content; consistent with the folded state containing a struc-

ture-based content of 79%) and -5 oC (76%; ~50% cold core-un-

folded state) before dropping somewhat to 70% at -10 oC. Hence, 

the CD data reveal (i) that the helices remain largely intact in the 
cold core-unfolded state as it is present at about -5 oC, which is con-

sistent with previous studies showing that individual helices are in-

creasingly stabilized when lowering T down to about 0 oC,77,78 and 

(ii) the onset of cold helix unfolding significantly below Tcc,NMR = -6 
oC. The presence of an isodichroic point at 204.5 nm (Figure S7.2) 

suggests that the cold helix unfolding transition may well proceed in 
a cooperative manner. The conformational preferences of cold un-

folded helices present in supercooled water as well as the corre-

sponding CD spectra are unknown, which prevents the determina-

tion of thermodynamic parameters for this cold transition. However, 

the comparison of the T-dependence of the helical content and the 

NMR-based fn-values for cold core unfolding (Figure 5E) clearly 

shows that the cold helix unfolding occurs at significantly lower T 

than the cold core unfolding. Hence, these two cold transitions are 

largely decoupled. Considering that Cp
o for helix heat denaturation 

is both small and negative,78 cold unfolding of individual helices is 

not necessarily expected at such low T. The discovered cold helix un-

folding strongly suggests that either the heat and cold unfolded 

states are thermodynamically distinctly different (which in turn 
would suggest that they are also structurally distinctly different) or 

that the onset of cold unfolding of helices of DCUB1 below about -

5 oC is associated with the formation of a SAXS-detected, putatively 

water-mediated, dimer (see below).  

222(T) profiles obtained using 

GHCl for the global Gibbs-Helmholtz analysis shows that GHCl de-

natures the helices of the cold core-unfolded state (Figure S7.1). 
Specifically, at -10 oC and without GHCl an MRE value of about  

-25,000 deg cm2 dmol-1 is measured (Figure S7.4) while in the pres-

ence of 5.8 M GHCl an MRE of 1,530 deg cm2 dmol-1 (very similar 

to the MRE expected for a disordered protein) is obtained at 2 oC 
(Figure S7.1). This finding underscores the importance to study 

cold unfolded states of proteins in the absence of any chemical de-

naturant. 

Near-UV CD Spectroscopy: residual structure in cold core-unfolded 

state. We recorded a near-UV CD spectrum at 20 oC (Figure 5C) and 

282(T), which is dominated by the CD  
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Figure 4. DCUB1 cold core unfolding (A to C) and cold dimer formation (D) monitored by NMR. (A) Methyl regions of the 2D [13C,1H]-COSY 

spectra recorded at -12 (on the left) and 25 oC (on the right). At -12 oC, a single peak cluster is observed at the random coil chemicals shifts for each 
type of methyl group which is indicated. At 25 oC, the resonance assignments of the four Met residues chosen for (B) are indicated and the ribbon 

drawing shows the location of these residues in the bundle. Signals in the boxes are from methylene groups. (B) 1(1Hmethyl)-slices taken from the 2D 
[13C,1H]-COSY spectra (Table S5.1) recorded between 25 and -12 oC (Figure S5.1). The folded state gives rise to four signals for the Met residues. 

The cold core unfolded state giving rise to one major signal and a minor signal indicating the presence of a lowly populated (< 5%) cold core unfolding 
intermediate (labeled with an asterisk in the 0 oC cross section). (C) Fractions of folded state, fn, versus T measured with 1D 1H NMR for DCUB1, and 

mutants R44G, K92G and R44G/K92G. The fractions for DCUB1 are very similar to the ratios of the integrals obtained for the signals of folded and 
unfolded state in (B).  (D) Radius of hydration, rH, of DCUB1 measured with 1D 1H DOSY NMR versus T (Table S5.2, Figure S5.12). The radii 

calculated (section 5 of Supporting Information) for the folded state and a dimer are indicated as horizontal dashed lines. The data validate the SAXS 

detected cold dimer formation (Figure 7D). 
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Table 3. Thermodynamic parameters1 

Cold core unfolding from NMR 

 Tcc,NMR ± std dev Ho
cc,NMR(Tcc,NMR) ± std dev So (Tcc,NMR) ± std dev 

DCUB1 -6.0 ± 0.1  -43 ± 2.0 160 ± 8 

R44G -4.0 ± 0.4 -57 ± 6.4 212 ± 24 

K92G -3.6 ± 0.2 -31.9 ± 1 118 ± 4 

R44G-K92G -2.6 ± 0.1 -43.1 ± 1 159 ± 3 

Heat unfolding 

 Th ± std dev Ho (Th) ± std dev So (Th) ± std dev 

222-profile from CD 

DCUB1 Th,CD = 65 ± 0.02 Ho
h,,CD = 40 ± 0.5 118 ± 1.5 

R44G 61 ± 0.03 41 ± 0.6 123 ± 1.7 

K92G 59 ± 0.11 34 ± 3.8 103 ± 11.5 

R44G-K92G 56 ± 0.01 35 ± 0.3 108 ± 0.9 

Total intensity (TI) from fluorescence spectra 

DCUB1 Th,TIFL = 62 ± 0.4 Ho
h,TIFL = 36 ± 1.7 108 ± 5.1 

R44G 57 ± 0.3 35 ± 1.5 107 ± 4.4 

K92G 57 ± 0.3 35 ± 1.6 106 ± 4.8 

R44G-K92G 52 ± 0.4 31 ± 1.8 96 ± 5.4 

Center of spectral mass (CM) from fluorescence spectra 

DCUB1 Th,,CMFL = 68 ± 0.4 Ho
h,CMFL = 35 ± 1.9 103 ± 5.6 

R44G 64 ± 0.3 37 ± 2.1 108 ± 6.1 

K92G 63 ± 0.1 38 ± 1.1 113 ± 3.2 

R44G-K92G 59 ± 0.2 37 ± 1.6 111 ± 4.9 

DSC 

 Th,cal ± std dev Ho
cal (Th,cal) ± std dev Cp

o
cal (Th,cal) ± std dev 

DCUB1 61 ± 0.5 Ho
cal = 39 ± 1.0 1.05 ± 0.05 

1 T is in oC; Ho in kcal·mol-1; So in cal·mol-1·K-1  11 T is in oC; 

Ho in kcal·mol-1; So in cal·mol-1·K-1 . 

 

of Tyr and Trp residues,79 between 25 and -10 oC (Figure 5D): only 

282 is measured in this T range. Alt-
hough it is quite challenging to relate tertiary structure and near-UV 

CD spectra,80 the rather small change indicates the presence of sig-

nificant residual structure81 in the core cold-unfolded state. 

Fluorescence Spectroscopy: residual structure in cold core-unfolded 

state. A series of emission spectra (305-455 nm; excitation at 295 

nm) were acquired from 25 oC down to 0 oC (Figures 6, S8.1). At 25 
oC, the maximum of the emission spectrum, max, of Trp 39 is located 

at 325 nm, which is well within the range typically observed for Trp 
82 max is blue shifted relative 

to entirely solvent exposed Trp (Figure S8.4) and 3-methyl-indole,82 

which exhibit, respectively, very similar max at 358 nm and 365 nm. 

Notably, max of Trp dissolved in NMR buffer hardly changes be-

tween 0 and 90 oC (Figure S8.4). First, the total intensity (TI, area 

under the emission spectrum) decreases to about 70% when lower-

ing T from 25 to 0 oC (Figure S8.2), which is indicative of increased 
dynamic quenching83 due to the cold core-unfolding. Second, mon-

itoring max, did not reveal any red shift or change of the average 

emission wavelength (CM

T to 0 oC (Figure S8.3). Consistent with the near-UV CD data, the 

virtual absence of a red shift thus indicates84 that the indole moiety 

of Trp 39 remains at least partially buried upon cold core-unfolding. 

Small Angle X-ray Scattering: formation of a dimer below -5 oC. To 

characterize further the cold unfolding transitions inferred from 
NMR and CD spectroscopy, we acquired solution SAXS profiles 
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(Table S9.1) for DCUB1, DRNN and R44G/K92G in the tempera-

ture range from T = 23 oC down to -10 oC (-12.5 oC for DRNN) in 

supercooled NMR buffer (Table S9.1, Figures 7; S9.3, S9.4, S9.5).  

Inspection of the Guinier plots of the DRNN profiles along with 
those obtained for a concentration series acquired at -5 oC did not 

reveal any indication of aggregation or increased intermolecular in-

teractions at any of the temperatures (Figure S9.1). Moreover, the 

corresponding Kratky plots as well as the pair-distance distribution 

functions, P(r), indicated that DRNN is, as expected, well folded 

over the entire T-range with the calculated molecular weight being 

consistently within 10% of the expected value of 13 kDa (Figure 7F). 

In contrast, the radius of gyration, Rg, increases moderately and, 

within the precision of the measurements, linearly from with 

Rg/T = 0.025 Å/K, that is, from 16.7 to 17.7 Å when cooling the 

sample from 23 to -10 oC (Figure 7E).  

 

Figure 5. Discovery of cold helix unfolding decoupled from cold core 

unfolding, and heat unfolding monitored by CD (Figure S7.4). (A) Far 

UV CD spectra (all spectra are shown in Figures S7.2, S7.3) recorded 

for DCUB1 at -10, 25 and 80 oC. (B) 222(T)-profile recorded 

for DCUB1. The profiles for mutants R44G, K92G and R44G/K92G 

yses are shown in Figure S7.4C. (C) Near UV CD recorded for DCUB1 

at 20 oC. (D) 282(T)-profile recorded for DCUB1. (E) Helical 

content (blue dots; axis on the right) versus T for DCUB1 (Table S7.1). 

The grey dots represent the fractions of folded state versus T during cold 

core unfolding (Figure 4C) and Tcc,NMR (Table 3) is indicated by a verti-

cal dashed line. (F) Same as (E) but for R44G. (G) Same as (E) but for 

R92G. (H) Same as (E) but for R44G/K92G. 

 

Figure 6. Onset of cold core unfolding and heat unfolding monitored 

by fluorescence spectroscopy (Figure S8.1) (A) TI(T)-profiles meas-

ured for DCUB1 and mutants R44G, K92G and R44G/K92G. (B) 

CM(T)-profiles measured for the heat unfolding transitions of DCUB1 

and mu

heat unfolding transitions monitored in (A) and (B) yielded H0
h,CMFL, 

and Th,,CMFL 

Figures S8.2 and S8.3, respectively. 

A previous SAXS study of 2-macroglobulin85 revealed a moderate 

increase of scattering power when lowering T down to -15 oC and 

the authors suggested that this is due changes of core protein hydra-

tion. However, 2D [15N,1H]- and [13Cmethyl,1H]-COSY spectra rec-

orded for DRNN (Figure S5.6) showed that its core is not hydrated 

at -11 oC. Hence, the moderate increase of Rg upon supercooling 

likely results from a moderate and gradual expansion of the surface 

hydration of DRNN when lowering T. 

For DCUB1, the inspection of the Guinier plots along with those 

obtained for a concentration series acquired at -5 oC also showed no 

significant aggregation at any of the temperatures (Figure 7A) and a 
SAXS profile acquired after cooling down to -12.5 and then return-

ing to 23 oC was virtually identical to the initial one recorded at 23 
oC, confirming that the cold transitions are entirely reversible. Stand-
ard Kratky plots (Figure 7B), Kratky plots normalized to the forward 

scattering intensity, I0, (Figure S9.4) and P(r) functions (Figure 7C) 

reflect increasing structural disorder when lowering T from 23 to  

-10 oC. Rg remains nearly constant at ~ 17 Å down to 0 oC (~30% 

cold core unfolded state) revealing that the cold core unfolded state 

is rather compact at this T. The molecular weight inferred from the 
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SAXS profiles remains within 10% of the value of DCUB1 (12.1 
kDa) down to -0 oC. Intriguingly, however, the forward scattering 

intensity, I0, is about 2.5-fold higher at -10 oC when compared with 

25 oC (Figures 7A,D), Rg increases to ~30 Å (Figure 7E) and the mo-

lecular weight doubles to about 25 kDa (Figure 7F). 

 

Figure 7. Cold dimer formation discovered by SAXS. (A) Log[I(q)] 

versus q plots for SAXS profiles recorded for DCUB1 at 23, 0, -5, -10 oC. 

The low-q region is shown in the insert on the left, and the correspond-

ing Guinier plots are shown in the insert on the right. (B) Kratky plots 

and (C) P(r) functions for the SAXS profiles shown in (A). For proteins 

DCUB1, mutant R44G/R92G and DRNN are shown: in (D) the I0 nor-

malized relative to I0(23 oC) versus T, in (E) Rg versus T, and in (F) the 

molecular weight derived from the volume of correlation87 versus T. 

Hence, the SAXS data acquired at -5 and -10 oC revealed the onset 

of an additional cold transition, that is, the formation of a cold dimer 

(Figure 1). Consistently, the maximum distance, Dmax, of the P(r) 

function approximately doubles, its maximum is shifted toward 

higher r value (Figure 7C) and the Kratky plots (Figure 7B, S9.4) are 

indicative of a comparably ordered state. Since all methyl 1H chemi-
cal shifts remain unchanged and at their respective random-coil val-

ues when lowering T from -5 to -10 oC (Figures 4A, S5.2), the methyl 

groups must remain fully hydrated upon dimerization. This can be 
-

with a hydrated core resembling the one that was described for anti-

freeze protein Maxi.86 The formation of such a dimer may well be 
driven by the formation of a larger number of LELS water molecules 

overcompensating the loss of entropy arising from dimerization 

(Figure 1). The moderate reduction of helical content observed by 

CD when lowering T from -5 to -10 oC (Figure 5E) may indicate that 

some helical segments become disordered in the dimer.  

Diffusion ordered 1D 1H NMR spectra88 (DOSY) acquired be-

tween 25 oC and -11 oC (Figure S5.12) confirmed the cold dimer 

formation. At 25 oC, the hydrodynamic radius, rH = 19.3 Å, is nearly 

identical to the value predicted by an X-ray structure based hydro-

dynamic calculation89 (19.6 Å; Figure 4C, Table S5.3). Upon cool-

ing to -11 oC, rH increases by about 50% to 28.2 Å and exceeds rH = 

24.2 Å which is predicted for a protein with twice the molecular 

weight of DCUB1 and the same axial ratio (1.98) when approximat-
ing the molecular shape as a prolate spheroid.70 The SAXS data (Fig-

ures 7B, S9.4) showed that the cold dimer is compact but only par-

tially folded. This provides a straightforward rationale90 why the rH 
value measured at -11 oC is about 20% in excess of the calculated 

value (notably, the cold dimer may also exhibit a larger axial ratio 

than the folded state which would contribute to the excess). 

Heat unfolding transition and heat unfolded state. For a de-

it is important to compare cold and heat unfolding regarding (i) 

structural differences of cold and heat unfolded states, (ii) differ-

ences in cooperativity of cold and heat unfolding, and (iii) the ther-
modynamic equivalence of the two unfolded states. The latter point 

is related to the question if a single Go(T)-dome suffices for an ac-

curate thermodynamic description of both transitions. Hence, we 

employed DSC,67 CD, fluorescence and NMR spectroscopy to ob-

tain complementary insights into the heat unfolding of DCUB1. 

Differential Scanning Calorimetry. We measured the DSC67 profile 

for DCUB1 between 2 and 95 oC (Figure 8) which yielded the calo-

rimetrically measured heat unfolding temperature Th,cal = 61 oC, the 

enthalpy of unfolding, Ho
cal = 39 kcal/mol and a heat capacity dif-

ference at Th,cal of Cp
o

cal
  = 1.05 kcal·mol·K-1 (Table 3). The high 

quality of the fit for a two-state transition (Figure 8) and the obser-

vation that, within the experimental error, Ho
cal 

Hoff values Ho
h,CD and Ho

h,FL (Table 3) show that heat unfolding 

Furthermore, the finding that, within the experimental error, Cp
o

cal
  

= Cp
o

gGH indicates that the genuine heat unfolded state and the 

GHCl heat unfolded state are thermodynamically quite similar. 

 

Figure 8. DCUB1 heat unfolding monitored by DSC. The partial molar 
heat capacity Cp

0
cal  versus T is shown as a solid line (the value for Cp

0
cal  

for unfolded DCUB1 at T > 90 oC is in agreement with prediction91). 

The progress heat capacity67 obtained from the fit of a 2-state model is 

shown as a blue dashed line. The calorimetric thermodynamic parame-

ters (Table 3) are indicated 

Far-UV CD spectroscopy: random-coil heat unfolded state. To mon-

itor the averaged helical content during the heat unfolding, a series 

of CD spectra were acquired from Tms = 25 to 80 oC, and the T de-

222(T) was monitored in between their acquisition 

(Figures 5B, S7.3). The deconvolution of the CD spectra using the 
BestSel server75,76 revealed that the helical content decreases from 

~77% at Tms = 25 oC (consistent with ~95% folded state which con-

tains a structure-based content of 79%) to ~24% at 80 oC in the heat 
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unfolded state (Table S7.1). Hence, the heat unfolded state features 
a helical content which is as expected for a random-coil according to 

Bragg-Zimm theory92 when considering the presence of helices I to 

analysis yielded Ho
h,,CD = 40 kcal·mol-1 and Th,CD = 65 0C (Table 3; 

we also performed a non- 222[Go(T), T] using Cp
o

cal = 
1.05 kcal·mol-1·K-1 and virtually identical thermodynamic parame-

ters were obtained). 

Near-UV CD Spectroscopy: increased disorder in the heat unfolded 

state. Within the comparably low precision of the measurements, the 

282(T) profile (Figure 5D) reflects the increased structural disorder 

arising from the transition of the folded state into a random coil. 

NMR spectroscopy: random-coil heat unfolded state. To monitor the 

polypeptide backbone during the heat denaturation transition, series 

of eight 2D [15N,1H]- and [13Cmethyl,1H]-COSY spectra were acquired 

between Tms = 25 oC and 60 oC (Figures S5.6, S5.7). Considering 

that CD yielded Th,CD = 65 oC, about 50% of the protein is unfolded 

at 60 oC, and 2D spectra recorded after the sample was cooled back 
to 25 oC revealed that the heat denaturation is entirely reversible. 

Although accelerated amide proton exchange prevents recording of 

high-quality 2D [15N,1H]-COSY spectra above ~50 oC, a largely re-
duced 15N,1H-chemical shift dispersion is observed at 60 oC for the 

heat unfolded state when compared to folded and cold core un-

folded state (Figure S5.1). Moreover, sharp methyl signals with 

chemical shifts close to their random-coil values are detected in 2D 
[13Cmethyl,1H]-COSY spectra for the heat unfolded state at 60 oC (Fig-

ure S5.7), further supporting that the heat unfolded state results in a 

random coil. 

Fluorescence spectroscopy: heat unfolding intermediate. A series of 

emission spectra (305-455 nm; excitation at 295 nm) were acquired 

between Tms = 25 oC and 95 oC (Figure 6). First, the total intensity 

(TI, area under the emission spectrum) decreases by about 85% 

when increasing T to 90 oC. Second, in stark contrast to cold core 

unfolding, monitoring max, revealed a large red shift of 25 nm (to 

~350 nm at 95 oC) indicating that the indole moiety of Trp 39 is, in 

agreement with a random-coil state, largely solvent exposed in the 
heat unfolded state. Consistently, the average emission wavelength 

increases from ~339 nm at 25 oC to ~355 nm at 95 oC, and the aver-

age emission wavelength (CM

Ho
h,TIFL =  

36 kcal·mol-1, Ho
h,CMFL = 35 kcal·mol-1, and Th,TIFL = 62 oC and 

Th,,CMFL = 68 oC (Table 3; we also performed a non-linear fits using 

Cp
o

cal = 1.05 kcal·mol-1·K-1 and virtually identical thermodynamic 

parameters were obtained). The two Th values are very similar to the 
one obtained with CD, which indicates that increased dynamic 

quenching occurs along with the loss of helical content. However, 

the ~6 oC difference between the two fluorometric Th values indi-
cates the presence of heat unfolding intermediates (Figure 1) in 

which the indole moiety of Trp 39 is, on average, located in less sol-

vent exposed conformations as in the heat unfolded random coil. 

Thermodynamic and structural hypotheses tested with mu-

tants R44G, K92G and R44G/K92G. It is well known that Gly res-

idues destabilize helices93 96 and thus -helical proteins relative to 

their heat unfolded states. As a result, Gly mutations are expected to 

shift the Go(T)-dome down to lower free energy values, which is 

associated with an increase of Tc and/or a decrease of Th. Moreover, 

assuming that Cp
o is not significantly affected by the mutation, Tms 

[So(Tms) = 0 at this T], is expected to decrease. We studied the im-

pact of Gly-mutations on cold core unfolding, helix cold melting and 

cold dimer formation by creating variants of DCUB1 in which sol-
vent-exposed helical residues, located at least two helical turns away 

from the H-bond network, are mutated to Gly (Figure S1.2). Specif-

ically, we chose the mutants R44G (located in helix II comprising 20 

residues) and K92G (in helix IV comprising 19 residues) as well as 
the double mutant R44G/R92G (Figure S1.2). 2D [15N,1H]-COSY 

(Figures S5.3, S5.4, S5.5) revealed that the mutants are well folded 

at Tms and exhibit cold unfolding in the absence of GHCl around 

Tc,gGH (Table 1). CD spectra recorded around Tms revealed that the 

helical content in the folded state (Figures 5D,E,F) decreases ac-

cording to DCUB1 (77%) > R44G (65%) > K92G (58%) > 
R44G/K92G (53%). MD simulations suggest that the low helical 

content of R44G/K92G results from enhanced partial helix-coil 

transitions in helices II and IV (Figure S2.6) arising from the muta-

tions. 

Initial assessment by CD-based global Gibbs-Helmholtz (gGH) 

analyses68 using guanidine hydrochloride (GHCl) as the chemical 

denaturant largely confirmed the expected impact of the mutations 

on the Go(T)-dome (Table 1): R44G, K92G, R44G/K92G exhibit, 

respectively, Tc,gGH  = -11, -16, -9 oC (DCUB1: -14), Tms,gGH = 24, 23, 

23 oC (DCUB1: 27) and Th,gGH  = 61, 64, 57 oC (DCUB1: 70), 

Go(Tms) = 2.2, 2.5, 1.8 kcal·mol-1 (DCUB1: 3.2). Consistently, the 

m-values are 1.15, 1.60, 1.44 kcal·mol-1·M-1 (DCUB1: 1.54), respec-

tively. It has recently been suggested97 to calculate the integral 

Int[Go(T)] (Eq. S1; positive area under the dome) between Tc and 

Th to gauge thermal stability, and we obtained Int[DGo(T)] = 107, 

137, 81 kcal·mol-1·K (DCUB1: 182). The Go(Tms,gGH) values and 

the integrals indicate that the impact of the two mutations is about 

additive. The Cp
o

gGH,
 values are, as predicted from sequence,69 not 

significantly affected by the mutations, i.e., 1.00, 0.93, 0.99  
kcal·K-1·mol-1 (DCUB1: 1.10). Subsequently, we acquired 1D 1H 

NMR, CD and fluorescence spectroscopic data as a function of T for 

all three mutants and SAXS profiles for R44G/K92G in order to as-
sess the impact of the mutations on (i) cold core unfolding, (ii) cold 

helix unfolding, (iii) cold dimerization, and (iv) heat unfolding.  

To study the cold core transitions of the mutants, a T-series of 1D 
1H NMR spectra (Table S5.1) was recorded to measure fn(T) (Fig-

ure 4C; Figures 5F, G, H

yielded for R44G, K92G, R44G/K92G, respectively, Tcc,,NMR = -4, -4, 

-3  oC (DCUB1: -6) and Ho
cc,NMR = -57, -32, -43 kcal·mol-1 (DCUB1 

= -43). The Tcc,,NMR values are only slight increased (by about 2-3 oC), 

while the Ho
cc,NMR values deviate somewhat from the value meas-

ured for DCUB1, with the values for R44G being more negative, the 

one for K92G being less negative and the one for R44G/K92G being 
about the same. Hence, the impact of mutations on the thermody-

namics of cold core unfolding is rather limited. This finding suggests 

that this transition depends largely on core stability and supports the 
view that it is largely driven by the formation of LELS water mole-

cules around the core sidechains. Consistently, the fluorescence 
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spectra of DCUB1 and all three mutants are very similar (Figures 6, 

S8.1), i.e. when lowering T from 25 to 0 oC, TI decreases to about 

40%, which reflects similarly increased dynamic quenching due to 

the cold core-unfolding. Monitoring max, did not reveal any red shift 

or change of CM, which indicates that the indole moiety of Trp 39 in 

the mutants remain similarly buried upon cold core unfolding. Sec-
ond, CD spectra (Figure S7.2) show that, as for DCUB1, the helical 

content (Table S7.1), albeit lower, remains nearly constant for all 

three mutants between 25 and -5 oC before dropping by ~20% at -

10o, and the presence of isodichroic points at the same wavelength 
of 204.5 nm (Figure S7.2) suggest that the cold helix unfolding in 

the mutants may also proceed in a cooperative manner. The com-

parison of the T-dependence of the helical content and the NMR-

based fn-values for cold core unfolding (Figures 5F, 5G, 5H) shows 

that the cold helix unfolding also occurs at significantly lower T than 
cold core unfolding. As for DCUB1, the CD data thus reveal (i) that 

the helices are as intact as in the folded state in the cold core-un-

folded state at about -5 oC, and (ii) the onset of cold helix unfolding 

significantly below Tcc,NMR. Third, SAXS profiles acquired for 

R44G/K92G as a function of T (Figure S9.3-S9.6) revealed that the 

cold dimer formation is not noticeably impacted by the mutations 

and is formed as for DCUB1. At 10 oC, Rg increases to about 28 Å 

(Figure 7E), which indicates comparable compactness, and the mo-

lecular weight is about doubled (Figure 7E).  

To study the heat unfolding of the mutants, CD (Figure S7.3C-
H) and fluorescence spectra (Figures 6, S82, S83) were acquired. 

For R44G and R92G, the values for Th,CD, Th,TIFL and Th,,CMFL de-

crease by about ~5 oC relative to the values measured for DCUB1 
(Table 3; Figures S8.2B, S8.3B). For R44G/R92G, the correspond-

ing decreases are ~10 oC. Hence, the mutations affect heat unfolding 

Th values to a much larger extent than the cold core unfolding Tcc,NMR 

values, and the impact of the mutations is about additive. All Ho
h 

values are, within the experimental error, the same as the value ob-

tained for DCUB1 (Table 3). About the same ~6 oC difference is ob-

tained between the two fluorometric Th values which indicates the 

presence of heat unfolding intermediates also in the mutants. 

CONCLUSIONS  

The present study illustrates that computational protein design 
opens new avenues to study protein cold transitions and DCUB1 

represents the first of a series of designs in our pipeline. In contrast 

to previously studied cold denaturing model proteins, DCUB1 con-

tains a layered bipartite and mixed hydrophilic/hydrophobic core 
featuring a H-bond network formed by several sidechains. Intri-

guingly, folded DCUB1 contains a tetra-coordinated, low energy 

water molecule (lifetime in the s range), which is not part of the 

computational design, in the H-bond network. When lowering T be-

low Tms, an unexpected and unprecedented complex set of cold tran-
sitions was discovered. First, below about 0 oC, the core of DCUB1 

disintegrates and tertiary packing is lost while a near-native helical 

content is retained. This finding was validated by studying Gly-mu-

tants which exhibit quite similar cold core unfolding Tcc. Moreover, 

the cold core unfolded state exhibits significant residual structure, 

which was also described for the four previously studied monomeric 

single domain model proteins CTL9(L98A),37,40 43, yeast frataxin 
yfh1,18,38,44 46 126-residue apo-IscU(D39A),39 and HIV1 protease 

monomer47. Below about -5 oC, two additional cold transitions, 

which have not been described previously, are seen, that is, the for-

mation of a water mediated dimer and the onset of cold unfolding of 
helices, which is decoupled from the cold core unfolding. Gly muta-

tions neither increased the temperature for the onset of helix unfold-

ing nor impeded noticeably cold dimer formation. This suggests that 
such mutations either do not destabilize helices with respect to cold 

unfolding and/or that the helix cold unfolding is coupled to dimer 

formation. Currently, no theoretical approach4,98 exists that predicts 

these experimental discoveries. Future studies are required to delin-
eate a conformational ensemble representing the cold dimer which 

may inspire the engineering of new types of ice-binding proteins.53  

Thus far, only the study of dimeric 66-residue CylR2,36 revealed 

two different cold transitions, i.e. the cold dissociation of the dimer 

followed by partial cold unfolding of the monomeric units, and it has 

been the only protein cold unfolding study in which cold transitions 

were structurally characterized at higher resolution by NMR at tem-

peratures well below 0 oC (i.e. in supercooled solution). Our study 

of DCUB1 is the first cold unfolding study combining NMR, SAXS 

and CD spectroscopy performed with supercooled solutions. Hence, 
future studies on other systems with supercooled solutions32 may 

also reveal more than one, and potentially coupled cold transitions.  

DCUB1 cold core unfolding proceeds in a largely cooperative 
manner and is, as expected for a LELS state, associated with a nega-

tive Ho and a positive So. The negative Ho is primarily due to the 

formation of additional water-protein H-bonds as well as water-wa-

ter H-bond networks on exposed hydrophobic surfaces. The posi-

tive So results from the partial immobilization of the water mole-
cules involved in these two types of additional H-bonds. Upon heat 

denaturation, both tertiary as well as most secondary structure is lost, 

and the heat unfolded state represents a random coil. As expected for 

a HEHS state, heat unfolding is associated with a positive Ho and a 

negative So. Taken together, these findings can be concisely sum-

marized in a schematic representation of the energy landscape of 

DCUB1 (Figure 1), which above -5 oC is dominated by three 
macrostates (cold core unfolded, folded, heat unfolded), while at 

even lower T the cold core unfolded state forms a water mediated 

dimer. Additional complexity is added by the onset of helix cold un-

folding which is decoupled from the cold core unfolding. 

In previous studies, a combined thermodynamic description of 

cold and heat unfolding relied on the Gibbs-Helmholtz (GH) equa-

tion which is employed under the assumption that Cp
o does not de-

pend on T and is the same for the cold and the heat unfolding tran-

and heat unfolded states and results in a well-known two-state 

Go(T) function with dome-like shape and zero-crossings at both Tc 

and Th. The importance of cold denaturation studies to (i) assess 

protein stability whenever heat denaturation is associated with ag-

gregation (aggregation upon cooling is rare, likely because the die-

lectric constant of water increases99 when lowing T), and (ii) accu-

rately estimate a constant Cp
o and thus the Go(T)-dome has been 

emphasized. However, given the significant structural differences of 
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the cold and heat unfolded states of DCUB1, it appears problematic 

to justify the assumption that Cp
o is the same for both transitions. 

The same may hold for previously studied model proteins. Cold de-

naturation Cp
o values have not yet been measured so that compar-

isons with the corresponding values for heat denaturation are not 

available. Hence, future studies will be necessary to reveal for which 
proteins this conjecture holds. In addition, our study confirms the 

importance of not using chemical denaturants: they denature the 

genuine cold unfolded state(s) and artifactually result in thermody-

namically (nearly) equivalent chemically unfolded cold and heat un-

folded states. 

Since the interconversion of folded and cold core unfolded states 

is slow (< ~10 s-1), a significant free energy barrier must exist for this 
cold transition. The same was observed for the four monomeric sin-

gle domain model proteins CTL9(L98A),37,40 43 yeast frataxin 

yfh1,18,38,44 46 apo-IscU(D39A),39 and HIV1 protease monomer47. 

Further studies will be necessary to delineate the relative importance 
of entropy and energy changes associated with the formation of a 

transition state ensemble, but it can expected that the free energy 

barrier results from a complex interplay of entropic (primarily due to 
the increase in conformational entropy and the loss of entropy of 

bound water molecules) and enthalpic effects (primarily due to the 

loss of protein-protein H-bonds and the formation of new water-

protein and water-water H-bonds).  

Our study revealed that the H-bond network of DCUB1 readily 

accommodates an internal low energy water molecule. First, consid-

ering that individual H-bonded core water molecules stabilize pro-

tein molecules by 0.6-4 kcal/mol71,72 while Go(Tms) = 3.2 kcal/mol 
for DCUB1, the water molecule detected in the H-bond network 

may well be critical for the foldedness of DCUB1 at Tms. This view is 

supported by Rosetta calculations which showed that the water mol-
ecule is highly stabilized by favorable H-bond interactions within the 

buried polar H-bond network. Second, MD simulations suggest that 

the onset of cold core unfolding is mediated by the intrusion of water 

molecules into the hydrophilic part of its bipartite core. In particular, 
the insertion of water molecules in between more flexible hydro-

philic sidechains, which does not disrupt secondary structure ele-

ments, appears to be crucial. Hence, the internal H-bond network 

unfolding. This view is supported by the detection of a lowly popu-

lated (< 5%) cold core unfolding intermediate. For proteins with an 

entirely hydrophobic core, e.g. frataxin, clusters of charged surface 
 mol-

100 Furthermore, water insertion may likewise 

stabilize the cold denaturation transition state ensemble (TSE), re-
duce the free energy barrier and thus accelerate cold core unfolding. 

In this case, the presence of internal water molecules may point at 

hitherto unknown free energy relationships101 connecting thermo-

dynamics and kinetics of cold core unfolding. Similarly, the excessive 
NMR line broadening observed for the polypeptide backbone amide 

moieties of the cold core unfolded state indicates that the water mol-

ecules enable fast interconversion between the conformers repre-
senting this state, pointing at their well-known role as a lubricant15 

for protein folding.  

It is unknown which structural features determine the cooperativ-
ity of cold core unfolding. The formation of energetically favorable 

networks of water molecules on hydrophobic surfaces is inherently 

a cooperative process involving several water molecules. Consist-

ently, the monomeric single domain model proteins 
CTL9(L98A),37,40 43, yeast frataxin yfh1,18,38,44 46 and HIV1 protease 

monomer47, all of which feature a core devoid of sidechain-sidechain 

hydrophilic interaction, have been shown to cold unfold (above 0 
oC) cooperatively. In contrast, even a single water molecule can be 

ordered through multiple hydrophilic interactions with the protein, 

which has been observed in an MD simulation of the cold unfolding 

- 59 In fact, most water molecules located 
in protein cores are individual, located close to the protein surface 

and form 3.7-4.3 H-bonds71 (some are bifurcated). Moreover, they 

are rare in -helical proteins and are often coordinated by loops,71 

which supports the view that sidechains are required to optimally co-

ordinate internal water. We hypothesize that the mechanism of cold 

core unfolding of DCUB1 results from the segmentation of the core 
into two hydrophobic and one hydrophilic segment: water pene-

trates first into the central H-bond network which is followed by the 

cooperative collapse of the two small hydrophobic cores above and 
below the H-bond network. This mechanism offers an explanation 

for the largely cooperative cold core unfolding of DCUB1, which is 

remarkable given (i) that individual water molecules can be accom-

modated by the internal H-bond network and (ii) the rather low rel-

ative contact order102 (~0.075) of DCUB1. 

It is widely acknowledged that the entire conformational space 

sampled by protein molecules in solution is intimately linked to their 

folding and function.6,7,24,103 This evidently includes states which are 

lowly populated at ambient T at which the folded state dominates. 

Such states exhibit elevated free energies and may distinctly differ in 

structure when compared with the folded state typically captured in 
atomic resolution structures. Recognizing that both LELS and 

HEHS states are lowly populated at ambient T, it can be expected 

that both may be of biological importance. While the potential im-
portance of cold unfolded states for folding has been recognized, 

most of the thus far reported structural characterizations of lowly 

populated states of biological importance assume that those are 
HEHS states. However, it is in many cases unclear if the experi-

mental characterization of lowly populated states, primarily by 

NMR24,29,104 and room T X-ray crystallography,5 captures LELS or 
HEHS states. , we surmise an in-

terpretation bias which results from the vast number of heat unfold-

ing studies thus far complemented only by comparatively few cold 

unfolding studies. Evidently, functional roles discussed for HEHS 
states can likewise be envisaged for LELS states (for example, they 

may play a role to modulate allosteric interactions). Notably, it has 

been shown that intrinsically disordered proteins (IDPs) are less 

cold sensitive. In this case, natural evolution has apparently resulted 
in proteins whose function is not negatively impacted by cold dena-

turation. Moreover, our study pointed at the importance of internal 

water for cold denaturation and, remarkably, the location of some 
internal water molecules are evolutionarily conserved.71 This can be 

related to their role to form functionally important LELS states. Spe-

cifically, this may, quite generally hold for the function of antifreeze 

proteins as was recently suggested.86 
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Successful computational protocols to support the iterative engi-
neering of novel cold denaturing proteins hold significant promise. 

First, it would be important to be able to design proteins which ei-

ther unfold cooperatively or non-cooperatively. Arguably, engineer-

ing cooperatively denaturing proteins is more straightforward: based 
on current knowledge and our results, cooperativity can be expected 

for hydrophobic or bipartite cores with a central hydrophilic seg-

ment representing a pre-determined breaking point, and tuning of 

Ho(Tc) can adjust the steepness of the transition. In contrast, we 
hypothesize that proteins with a largely hydrophilic core, which en-

able the gradual insertion of water in the core associated with the for-

mation of a quasi-continuum of partially unfolded macrostates, tend 

to cold denature non-cooperatively. This view is supported by the 
discovery of lowly populated cold core unfolded intermediate for 

DCUB1 which contains only a single internal H-bond network. 

Non-cooperatively cold unfolding proteins could potentially func-

tion as rheostats23 sensing T over a broad range. It can also be ex-

pected that future efforts to design cold unfolding proteins will im-

prove the required computational protocols. For example, our failed 

core, resulted in an important improvement of a central design pro-

tocol52 used by the Rosetta community. Further improvements may 
include the involvement of explicit water molecules in the computa-

tional design and/or a suitable combination with explicit14,18,105 or 

implicit106 solvent MD simulations, which may also predict effects 

arising from variations of the ionic strength.46 

Finally, new insights into cold transitions and the future develop-

ment of theory to predict energy landscape and structural features of 

LELS states promise to (i) enhance our understanding of the role of 

cold transitions in biomedical research, e.g. for amyloid fibril home-

ostasis107 or vaccine development, 108,109 (ii) provide new insights 

into the functioning of psychrophilic proteins,110 and (iii) support 
the engineering of cold-adapted enzymes and ice-binding proteins.53 

The use of protein design has proven to be a significant, efficient and 

effective means to enhance of our understanding of protein cold 

transitions.  
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1. Comparison of DRNN and DCUB1 designs 

 
Figure S1.1. Ribbon representation of (A) the DRNN X-ray structure Chain-A (PDB ID: 3U3B) and (B) the 

DCUB1 Rosetta design model. The sidechains of residues that were replaced in DRNN to design DCUB1 

are depicted in neon. (C) Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) sequence 

alignment of DRNN and DCUB1. Residues labeled with an asterisk are identical in DRNN and DCUB1. 

 

Figure S1.2. Ribbon representations of the (A) DCUB1, (B) R44G, (C) K92G, and (D) R44G/R92G design 

models. The side chains of Arg 44 and Lys 92 (labeled) and the residues of the H-bond network residues 

are depicted in neon. 
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2. Molecular dynamics simulations 

MD simulations (Table S2.1) were performed with established protocols using the program GROMACS1 

v5.1.3 with the AMBER99SB-ILDN force field, the TIP4P-EW water model  and chloride or Na ions, a box 

size of approximately 8 X 8 X 8 nm, periodic boundaries, and 2 fs step-size on GPUs of the XSEDE Comet 

cluster (MCB180104). The TIP4P-EW model been shown2 to appropriately reproduce supercooled water 

properties and the closely related TIP4P/2005 water model has been successfully used for protein cold 

denaturation simulations.3 Simulation systems were adjusted to 298 K during a 1 ns simulation with 

position restraints (NVT ensemble) using the V-rescale thermostat.4 Prior to ‘production runs’, the systems 

were equilibrated for 5 ns (NPT ensemble) at 1 bar pressure using the Parrinello-Rahman barostat.5 

MD simulations (Table S2.1; 130-600 ns each; total ~4 s) started from several different DCUB1 

conformers: the Rosetta design model, the two Xray structures of the asymmetric unit (Chain-A with and 

without the water molecule in H-Bond network (Figure 3); chain-B with and without the water molecule 

in H-Bond network), the lowest energy NMR conformer, the three Gly-mutants of DCUB1 derived from 

either the DCUB1 ROSETTA design model or the chain-B X-ray structure). For comparison, MD simulations 

were performed for DCUB1 at -50 oC starting from the X-ray structure (chain-A) as well as for the ‘parent’ 

design DRNN at 25 oC starting from chain-B of the cryo-X-ray structure (PDB ID: 3U3B). 

Table S2.1 Survey of MD simulations 

Starting conformer of simulation  Code1 Length [ns] 

DRNN Chain-B DRNN Chain-B 491 
DCUB1 Xray Chain-A DCUB1 Chain-A 533 
DCUB1 Xray Chain-A (water in HB network in starting structure) DCUB1 Chain-A-water 139 
DCUB1 Xray Chain-A (at 223 K) DCUB1 Chain-A (223K) 140 
DCUB1 Xray Chain-B DCUB1 Chain-B 262 
DCUB1 Xray Chain-B (water in HB network in starting structure) DCUB1 Chain-B-water 139 

DCUB1 NMR lowest energy conformer DCUB1 NMR 406 
DCUB1 Rosetta design model DCUB1 DM 249 
DCUB1 R44G starting conformer form DCUB1 Xray Chain-B DCUB1 R44G-CS 255 
DCUB1 R44G starting conformer from Rosetta design model DCUB1 R44G-DM 248 
DCUB1 K92G starting conformer from Xray Chain-B DCUB1 K92G-CS 136 
DCUB1 K92G starting conformer from Rosetta design model DCUB1 K92G-DM 248 
DCUB1 R44G-K92G starting conformer from DCUB1 Xray Chain-B DCUB1 R44G-K92G-CS 258 
DCUB1 R44G-K92G starting structure from Rosetta design model DCUB1 R44G-K92G-

DM 
248 

1Simulations for which representative ‘basin analyses’ are shown below are highlighted in bold. 

MD trajectories were analyzed using the suite of programs in GROMACS1 v5.1.3 and Visual Molecular 

Dynamics (VMD).6  
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We calculated (a) the time evolution of backbone heavy atom RMSD values (relative to the starting 

conformer) and the radius of gyration (Rg), (b) backbone heavy atom RMSD matrices for ‘basin analyses’, 

(c) occupancies of core H-bonds, and (d) core 1 order parameters and core side chain RMSF values.  

(a) Time evolution of backbone heavy atom RMSD values and radius of gyration. 

Maximal backbone RMSD values relative to the starting conformer are smaller 5 Å for 12 out of the 15 

simulations, the only three exceptions being the simulations starting with the NMR conformer and the 

two DCUB1-G44-G92 conformers (Table S2.2).  

Table S2.2 Maximum backbone RMSD and sidechain RMSF values during simulation 

Simulation code Length 

[ns] 
Maximum  

backbone RMSD [Å] 
Maximum  

sidechain RMSF [Å] 

DRNN Chain-B 491 4.85 4.60 
DCUB1 Chain-A 533 3.82 1.92 
DCUB1 Chain-A-water 130 4.01 1.90 
DCUB1 Chain-A (223 K) 130 1.89 1.02 
DCUB1 Chain-B 262 4.79 2.17 
DCUB1 Chain-B-water 130 2.92 2.02 
DCUB1 NMR 410 5.6 4.94 
DCUB1 DM 248 2.91 2.29 
DCUB1 R44G-CS 255 3.15 2.23 
DCUB1 R44G-DM 248 3.75 2.03 
DCUB1 K92G-CS 130 3.97 3.57 
DCUB1 K92G-DM 248 4.37 2.59 
DCUB1 R44G-K92G-CS 258 5.15 2.86 
DCUB1 R44G-K92G-DM 248 6.45 5.37 

 

Inspection of the Rg(t)-profiles (Figures S2.1 and S2.2) show that Rg remains between 14 and 15 Å for all 

simulations, that is, no global unfolding events are observed. 

Consistently, the RMSD(t) profiles (Figures S2.1 and S2.2) are rather similar and the combined 

length of the DCUB1 simulations (1.8 s) starting from different conformers (Table S2.2) can be used to 

assess internal mobility (see below). Interestingly, conformational fluctuations observed for 

hyperthermostable DRNN7 apparently exceed those observed for marginally stable DCUB1 (Tables 1 and 

3). As expected, the simulation at -50 oC exhibits rather small RMSD variations and serves as a reference 

allowing to gauge the significance of fluctuations at 25 oC. Inspection of the profiles obtained for the Gly-

mutants of DCUB1 (Figure S2.2) reveals that significantly increased RMSD fluctuations are observed only 

for the double mutant R44G-K92G (up to 6.45 Å; Table S2.2). 
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Figure S2.1. RMSD(t)- (on the left) and Rg(t)-profiles (on the right) obtained for the simulations of DCUB1 (Table 

S2.2). In each plot, the profiles of DRRN (black) and DCUB1 Chain-A (red) are shown for comparison. The color coding 

for the other simulations is indicated in each of the plot. The plots at the top include the profiles of the DCUB1 

simulation performed at -50 oC (223 K).  
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Figure S2.2. RMSD(t)- (on the left) and Rg(t)-profiles (on the right) obtained for the simulations performed for the 

DCUB1 Gly-mutants (Table S2.2). In each plot, the profiles of DRRN (black) and DCUB1 Chain-A (red) are shown for 

comparison. The color coding for the other simulations is indicated in each of the plots. 

 

(b) Backbone heavy atom RMSD matrices for ‘basin analyses’ 

Representative basin analyses are presented for the simulations ‘DRNN Chain-B’, ‘DCUB1 Chain-A’, 

‘DCUB1 NMR’ and ‘DCUB1 R44G-K92G’ (Table S2.2). These are complemented by an assessment of the 

time evolution of the completeness of helix formation.  

For ‘DRNN Chain-B’ (Figure S2.3), basins arise primarily from partial helix-coil transitions of helix 1. This 

finding indicates that the hydrophobic core of this bundle may pack in different ways with comparable 

energy (see also section on core residue sidechain order parameters and RMSF values below). 
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Figure S2.3. Conformational basin analysis for DRNN starting with Chain-B of the X-ray structure. Ten representative 

conformers were selected at 10 different time points within basins inferred from the inspection of the 2D backbone 

RMSD matrix (the time points are indicated with red arrows in the plot). The superposition of the ten conformers is 

shown in the lower right. The completeness of formation of the four helices is displayed in the lower left (blue 

represents a residue with helical backbone dihedral angles; helices I to IV are shown from bottom to top).  

For ‘DCUB1 chain A’ (Figure S2.4), RMSD value differences between basins are significantly smaller than 

for DRNN and they arise primarily from the fraying of helices 1 and 4. 
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Figure S2.4. Conformational basin analysis for DCUB1 starting with Chain-A of the X-ray structure. Ten representative 

conformers were selected at 10 different time points within basins inferred from the inspection of the 2D backbone 

RMSD matrix (the time points are indicated with red arrows in the plot). The superposition of the ten conformers is 

shown in the lower right. The completeness of formation of the four helices is displayed in the lower left (blue 

represents a residue with helical backbone dihedral angles; helices I to IV are shown from bottom to top).  

For ‘DCUB1 NMR’ (Figure S2.5) RMSD value differences between basins are larger than for DCUB1 

simulations with other starting structures, and they arise primarily from conformational variability of the 

‘upper part’ of the bundle located above the core hydrogen bond network. 

 

Figure S2.5. Conformational basin analysis for DCUB1 starting with the lowest energy NMR conformer. Ten 

representative conformers were selected at 10 different time points within basins inferred from the inspection of 

the 2D backbone RMSD matrix (the time points are indicated with red arrows in the plot). The superposition of the 

ten conformers is shown in the lower right. The completeness of formation of the four helices is displayed in the 

lower left (blue represents a residue with helical backbone dihedral angles; helices I to IV are shown from bottom to 

top).  
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For ‘DCUB1 R44G/K92G’ (Figure S2.6) the larger RMSD values were observed for different basins which 

can be related to fraying and partial helix-coil transitions of helices 1 and 4.  

 

Figure S2.6. Conformational basin analysis for the R44G-K92G mutant of DCUB1 starting with the Rosetta model. 

Ten representative conformers were selected at 10 different time points within basins inferred from the inspection 

of the 2D backbone RMSD matrix (the time points are indicated with red arrows in the plot). The superposition of 

the ten conformers is shown in the lower right. The completeness of formation of the four helices is displayed in the 

lower left (blue represents a residue with helical backbone dihedral angles; helices I to IV are shown from bottom to 

top).  

 

(c) Occupancies of core H-bonds 

We chose as criteria to identify D-H…A-C H-bonds: distance between the heavy atom D of donor and A of 

the acceptor moiety < 3.5 Å and angle between the D-H and the A-C bond < 30o, and averaged occupancies 

over the DCUB1 simulations (Table S2.1). 

Three out of the four designed H-bonds are significantly populated, indicating that this segment of the 

designed network is stable while, consistent with NMR data, significant internal mobility is observed: 

Sidechain NH2-moiety of Asn 18 (donor) and sidechain CO2-moiety of Asn 49 (acceptor): 33% 

Sidechain NH2-moiety of Asn 49 (donor) and sidechain CO2-moiety of Glu 65 (acceptor): 42% 

Sidechain OH-moiety of Ser 97 (donor) and sidechain CO2-moiety of Glu 65 (acceptor): 26% 

Note that the sidechain of Glu 65 adopts two alternate conformations in the Xray structure and forms a 

H-bond with the internal water (see below). Both two alternate conformations are sampled with high 

frequency in the simulations. The fourth designed H-bond, that is, between the sidechain OH moiety of 

Ser 19 (donor) and the sidechain OH moiety of Thr 98 is virtually absent (1.4 %). The Xray structure of 

DCUB1 revealed that this H-bond is disrupted by the water molecule located within the hydrogen bond 

network (Figure 3). 
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In the following, other occupancies are inserted into the text (in bold and italics) describing the H-bond 

network in the paper. 

“Intriguingly, the X-ray structures of both protein molecules in the asymmetric unit revealed a single tetra-

coordinated water molecule within the H-bond network which forms H-bonds to the oxygen of the sidechain OH 

group of Ser 19, a proton of the sidechain NH2-moiety of Asn 49, an oxygen of the sidechain CO2-moiety of Glu 65, 

and the proton of the sidechain OH group of Ser 97 (Figure 3). As a result, an unexpectedly complex hydrophilic 

network is formed in which three of the six H-bond residues (Asn 18, Ser 19, Asn 49, Glu 65, Ser 97, Thr 98) are in 

different conformations when compared with the design model (Figure 3). First, the sidechain of Ser 19 forms (in 

both protein molecules of the asymmetric unit) a bifurcated H-bond to the water and the backbone carboxyl group 

of Leu 15 instead of the sidechain hydroxyl oxygen of Thr 98 as in the design model [sidechain OH-moiety of Ser 19 

(donor) and sidechain OH-moiety of Thr 98 (acceptor): 1%]. Second, the sidechain of Glu 65 adopts two alternate, 

about equally populated conformations (in both protein molecules in the asymmetric unit): one in which the CO2-

moiety forms a bifurcated H-bond with the water and the sidechain NH2-moiety of Asn 49 [sidechain NH2-moiety of 

Asn 49 (donor) and sidechain C=O of Glu 65 (acceptor): 41%] and one in which it forms a bifurcated H-bond with 

the water and the sidechain OH-moiety of Ser 97 [sidechain OH-moiety of Ser 97 (donor) and sidechain C=O of Glu 

65 (acceptor): 25%].  Third, the sidechain of Ser 97 adopts (in both protein molecules in the asymmetric unit) two 

alternate conformations, one in which the OH-moiety forms a bifurcated H-bond with the CO2-moiety of Glu 65 

[sidechain OH-moiety of Ser 97 (donor) and sidechain CO2-moiety of Glu 65 (acceptor): 26%] and the internal water 

molecule and in which this moiety forms a H-bond with the backbone carboxyl group of Val 94 [sidechain OH-moiety 

of Ser 97 (donor) and backbone C=O of Val 94 (acceptor): 0%]. Moreover, additional H-bonds are observed in the 

X-ray structures (when compared with the design model), i.e., (i) in both protein molecules of the asymmetric unit 

between the sidechain NH2-moiety of Asn 49 and the backbone carboxyl moiety of Leu 15 [sidechain NH2-moiety of 

Asn 49 (donor) and backbone C=O of Leu 15 (acceptor): 2%], and (ii) in one of the protein molecules of the 

asymmetric unit with two alternate conformations of the sidechain of Thr 98 between the OH-moiety of Thr 98 and 

the backbone CO moiety of Asp 95 [sidechain OH-moiety of Thr 98 (donor) and backbone C=O of Asp 95 (acceptor): 

5%] and in the other between this moiety and the backbone carbonyl of Val 94 [sidechain OH-moiety of Thr 98 

(donor) and backbone C=O of Val 94 (acceptor): 24%].” 

Low occupancies of H-bonds detected in the cryogenic X-ray structure indicate that those H-bonds are 

‘frozen out’ at 100 K. 

 

(d) Core 1 order parameters and core side chain RMSF values 

The following residues constitute the core: 

DRNN (one letter code; color code as in Figure 2.7): I8, V11, L15, I19, V22, I26, V29, W39, I42, V46, 

M49, F58, V61, L65, V72, M75, I82, I87, V90, L94, V97, L101 

DCUB1: I8, V11, L15, S19, I22, L26, V29, W39, I42, L46, N49, F58, V61, E65, V72, M75, I82, I87, I90, 

V94, S97, I101 

 

1 order parameters1 (Table S2.3) were averaged over the core residues belonging to a given helix or core 

residues belonging to one of the six layers in the core (Figure S2.7 with color coding) and subsequently 

averaged over the 25 oC simulations (right-most two columns in Table S2.3). For comparison, the same 

values were calculated for DRNN (left-most column in Table S2.3). 
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Figure S2.7. Color coding of the six layers in the core of DCUB1. Layer 1 (top; orange): residues 11, 57, 58; layer 2: 

residues 15, 53, 61, 101; layer 3 (green; H-bond network): 19, 49, 65, 97; layer 4: 22, 46, 68, 94; layer 5: 26, 42, 72, 

90; layer 6: 29, 39, 75, 87.  (A) Gradient of the internal core mobility inferred from core side chain root mean square 

fluctuation (RMSF) values (Table S2.4) obtained from DCUB1 MD simulations (Table S2.1), with a ‘sausage 

representation’ for the backbone C atoms and the core side chain heavy atoms displayed in a stick representation. 

The thickness of the spline curve of the backbone is proportional to the RMSF of core side chain heavy atoms. As 

indicated by the green cone, core residues display smoothly decreasing RMSF values from the top to the bottom of 

the bundle. (B) Line representation of backbone and core side chains of 20 conformers representing the DCUB1 

solution NMR structure. The hydrogen bond network in layer 3 is colored in green and highlighted with a dashed 

green box. All other core residues are hydrophobic.  

Table S2.3 Core  order parameters1 

 

1The standard deviation provided in the right-most column was calculated from the values of the 

individual simulations (excluding the values for the -50 oC simulation, second column from the left) 

For DRNN, 17 out of 23 core residues exhibit a 1 order parameter < 0.7, revealing pronounced 

conformational flexibility in the core indicating the presence of a multiple different core packing 

arrangements. The core residues of helix 1 exhibit an average 1 order parameter of only 0.3, which is in 

agreement with the partial helix-coil transitions of helix I inferred from backbone RMSD values (see 

above).  

DRNN 

Chain-B

DCUB1-

Chain-A 

(223K)

DCUB1 NMR
DCUB1 Chain-

A

DCUB1 Chain-

A-water
DCUB1 Chain-B

DCUB1 Chain-

B-water
DCUB1 DM

DCUB1 R44G-

CS

DCUB1 R44G-

DM
DCUB1 K92G-CS

DCUB1 K92G-

DM

DCUB1 R44G-

K92G-CS

DCUB1 R44G-K92G-

DM
> 0.7 AVERAGE STDEV

Helix-1 0.301 0.975 0.440 0.516 0.620 0.650 0.712 0.669 0.609 0.648 0.618 0.557 0.506 0.511 1 0.588 0.081

Helix-2 0.652 0.984 0.919 0.959 0.961 0.976 0.976 0.886 0.982 0.981 0.931 0.961 0.982 0.978 12 0.957 0.030

Helix-3 0.582 0.979 0.552 0.772 0.854 0.755 0.911 0.704 0.776 0.845 0.879 0.890 0.687 0.891 10 0.793 0.107

Helix-4 0.725 0.789 0.478 0.593 0.618 0.723 0.556 0.583 0.468 0.533 0.492 0.472 0.478 0.616 1 0.551 0.079

 < 0.7 1, 2  & 3 - 1 , 2 & 4 1 & 4 1 & 4 1 1 & 4 1 & 4 1 & 4 1 & 4 1 & 4 1 & 4 1, 3 & 4 1 & 4

Layer-1 0.292 0.965 0.166 0.539 0.531 0.347 0.762 0.495 0.401 0.502 0.538 0.595 0.402 0.534 1 0.484 0.146

Layer-2 0.449 0.977 0.335 0.415 0.505 0.780 0.824 0.311 0.495 0.652 0.551 0.516 0.508 0.737 3 0.552 0.166

Layer-3 0.674 0.738 0.502 0.690 0.852 0.926 0.704 0.801 0.581 0.684 0.544 0.685 0.696 0.605 4 0.689 0.125

Layer-4 0.299 0.984 0.686 0.824 0.829 0.721 0.768 0.728 0.718 0.756 0.760 0.727 0.727 0.834 11 0.757 0.049

Layer-5 0.708 0.980 0.850 0.925 0.830 0.907 0.866 0.918 0.852 0.864 0.913 0.862 0.813 0.850 12 0.871 0.037

Layer-6 0.690 0.985 0.586 0.728 0.705 0.604 0.694 0.665 0.832 0.792 0.925 0.803 0.640 0.792 7 0.730 0.101
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For DCUB1, only between 6 and 14 of the 23 core residues exhibit an 1 order parameter < 0.7 and nearly 

all of these residues are located in helices I and IV. As a result, the averaged 1 order parameters of these 

two are around 0.55. This finding indicates that variations of core packing are primarily due to 

conformational variability of sidechains in helices 1 and 4. Moreover, the averaged order parameters 

increase from layer 1 (~0.5) to layer 5 (~0.9). Hence, the simulations reveal a ‘gradient of conformational 

flexibility’ along the central axis of the bundle (and thus across the core), with layer 6 containing Trp 39 

as the fluorescence probe, being most rigid. The hydrogen bond network of layer 3 is located at the center 

of the core. Notably, the average order parameters of hydrophobic layers 1, 2, 4, 5, and 6 are around 1 in 

the 223 K simulation (second column from the left in Table S2.3), while the average order parameter of 

the H-bond network is around 0.75 and thus quite similar to the 25 oC average. 

Core sidechain RMSF values (Table S2.4) were averaged over the core residues belonging to a given helix 

or core residues belonging to one of the six layers in the core (Figure S2.6 with color coding) and 

subsequently averaged over the 25 oC simulations (right-most two columns in Table S2.3). For comparison, 

the same values were calculated for DRNN (left-most column in Table S2.4). 

Table S2.4 Core RMSF values 

 

For DRNN, RMSF values support further the notion that core residues in helix I, which is involved in partial 

helix-coil transitions, exhibit increased flexibility than the other three helices. 

For DCUB1, RMSF values support the finding that the sidechains of core residues located in helices 1 and 

4, which are involved in partial helix coil transitions, exhibit higher flexibility than core residues located in 

helices 2 and 3.  

Inspection of the averaged values in the second column from the left in TableS2.3 reveals the pronounced 

gradient of the internal mobility depicted in Figure S2.7. 

DRNN 

Chain-B

DCUB1-

Chain-A 

(223K)

DCUB1 

NMR

DCUB1 

Chain-A

DCUB1 

Chain-A-

water

DCUB1 

Chain-B

DCUB1 

Chain-B-

water

DCUB1 

DM

DCUB1 

R44G-CS

DCUB1 

R44G-DM

DCUB1 

K92G-CS

DCUB1 

K92G-DM

DCUB1 

R44G-

K92G-CS

DCUB1 

R44G-

K92G-DM

AVERAGE STDEV

Helix-1 2.237 0.503 2.000 1.239 1.156 1.257 1.109 1.105 1.229 1.152 1.543 1.326 1.431 2.024 1.381 0.322

Helix-2 1.634 0.454 1.561 0.850 0.813 0.870 0.729 1.131 0.739 0.681 1.072 0.804 1.070 1.205 0.960 0.256

Helix-3 1.576 0.555 2.462 1.087 0.988 1.202 0.918 1.412 0.947 0.932 1.241 1.012 1.365 1.186 1.229 0.423

Helix-4 1.894 0.622 1.877 1.249 1.347 1.440 1.191 1.519 1.162 1.285 1.668 1.505 1.665 1.397 1.442 0.216

1.253

Layer-1 2.616 0.716 2.838 1.598 1.473 1.703 1.361 1.862 1.371 1.351 2.007 1.470 2.110 2.336 1.790 0.462

Layer-2 1.987 0.592 2.847 1.398 1.294 1.471 1.112 1.633 1.223 1.218 1.818 1.388 1.818 1.730 1.579 0.466

Layer-3 1.745 0.596 2.443 1.149 1.014 1.093 0.945 1.390 1.005 0.965 1.446 1.179 1.281 1.323 1.269 0.406

Layer-4 1.628 0.428 1.391 0.829 0.823 0.886 0.760 0.991 0.772 0.826 1.040 0.955 0.932 0.944 0.929 0.092

Layer-5 1.361 0.461 1.106 0.751 0.908 0.807 0.741 0.887 0.785 0.815 0.839 0.865 0.981 0.897 0.865 0.103

Layer-6 1.369 0.491 1.408 0.978 1.045 1.240 1.022 1.192 0.909 0.987 0.975 0.951 1.269 1.190 1.097 0.157

1.255
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Figure S2.8. Two additional water molecules located above the water in the H-bond network in a conformer taken 

from the DCUB1 simulation at -50 oC. 
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3. Protein cloning, expression and purification 

(a) Cloning and expression 

A linear gene fragment encoding DCUB1 were synthesized by Integrated DNA Technologies (Coralville, 

Iowa) and inserted into a pCDB24. This vector expresses the target protein as a SUMO domain fusion 

protein with an N-terminal hexa-Histidine tag. The same vector was used for the R44G, K92G and 

R44G/K92G mutants but the corresponding gene fragments were inserted by Twist Biosciences (San 

Francisco, CA). The vectors were transformed into BL21(DE3) cells. Overnight cultures were grown at 37 

°C using MJ9 minimal media containing 15NH4Cl as the sole nitrogen source and U-13C-glucose or 10% U-
13C-glucose/90% unlabeled glucose (to enable stereospecific assignment of Val and Leu methyl groups8) 

as the sole carbon source. 20 mL of these cultures were used to inoculate 0.5 L of the MJ9 media. Cells 

were grown at 37 °C until an optical density (O.D.) of approximately 0.8 was reached. Protein expression 

was induced at 18 oC using 1 mM of isopropyl thio-β-D-galactoside (IPTG). Cells were harvested after 

approximately 15 hours and collected by centrifugation (15 min at 5,500 g).  

(b) Protein purification 

The harvested cells were re-suspended by vortexing in 25 mL of binding buffer (50 mM Na phosphate, 300 

mM NaCl, 20 mM imidazole, pH 7.5) and lysed at 4 oC using a Branson X550 sonifier (30 % amplitude for 

10 sec on and 30 sec off for a total time of 5 min). Cell debris was cleared by centrifugation at 30,000 g at 

4 °C for 45 minutes. The supernatant was filtered through a 0.2-micron filter (Pall, Show Low, AZ), applied 

to a gravity chromatography column (Bio-Rad, Hercules, CA) which was previously loaded with 2 mL of Ni-

NTA agarose resin (Qiagen, Hilden, Germany) and equilibrated with binding buffer. The column was first 

washed with 10 column volumes of binding buffer (50 mM Na phosphate, 300 mM NaCl, 20 mM Imidazole, 

pH 7.5) and then with 10 column volumes of washing buffer (50 mM Na phosphate, 300 mM NaCl, 40 mM 

Imidazole, pH 7.5). Subsequently, the fusion protein was eluted with 20 mL of elution buffer (50 mM Na 

phosphate, 300 mM NaCl, 250 mM Imidazole, pH 7.5). The fractions containing the protein were 

combined and dialyzed twice against 1 L of binding buffer. The His-tagged SUMO domain and the target 

protein were cleaved using silanized glass vials (Thermo Fisher Scientific, Waltham, MA) at room T using 

in-house purified ULP1 SUMO protease for 30 min (0.1 mg protease for fusion protein obtained from a 1 

L culture) The resulting mixture was applied to the same Ni-NTA gravity column with the same buffers in 

order to bind the His-tagged SUMO domain. The flow-through and wash fraction contained the target 

protein and the elution fraction contained the His-tag SUMO domain. All fractions were assessed by SDS-

PAGE and the fractions containing the target protein were dialyzed extensively against 0.1X NMR buffer 

(5 mM Na phosphate, 10 mM NaCl, pH 7.0), lyophilized, dissolved in 1/10 volume of milliQ water, and 

dialyzed against NMR buffer (50 mM Na phosphate, 100 mM NaCl, pH 7.0). To reduce losses due to non-

specific adsorption, LoBind micro tubes (Eppendorf, Hamburg, Germany) for storage at -80 oC. To prepare 

high-quality mono-disperse SAXS samples, a gel-filtration was added using an AKTA FPLC (Amersham 

biosciences, Uppsala, Sweden) with a HiLoad 16/60 Superdex 75 prep grade column (GE Healthcare, 

Uppsala, Sweden) equilibrated with NMR buffer. If required, stored samples were concentrated using 

Amicon Ultra 15 centrifugal filter units (3 kDa cut off). Sample integrity was confirmed by recording 2D 
15N-1H COSY spectra at room temperature. 

For the present study, the following samples were prepared: 

Sample 1: [5% 13C, U-15N]- DCUB1, sample 2: [U-13C, 15N]-DCUB1), sample 3: [5% 13C, U-15N]-DCUB1-R44G, 

sample 4: [5% 13C, U-15N]- DCUB1-K92G, sample 5: [5% 13C, U-15N]- DCUB1-R44G-K92G, and sample 6: [5% 
13C, U-15N]-DRNN. 
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4. X-ray crystallography 

Table S4.1 DCUB1 (PDB ID 7T2Y) Xray structure statistics1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Statistics for the highest-resolution shell are shown in parentheses. 

 

Data collection statistics   

Wavelength (Å) 1.00 

Resolution (Å) 52.47 – 1.34 (1.36 – 1.34) 

Space group P 1 21 1 

Unit cell dimensions  a=44.36 Å, b=52.47 Å, c=46.36 Å,  =116.82  

Total reflections 283056 (11253) 

Unique reflections 42055 (2016) 

Multiplicity 6.7 (5.6) 

Completeness (%) 98.6 (95.4) 

Mean I/sigma(I) 11.5 (2.7) 

Wilson B-factor (Å2) 14.5 

R-merge 0.093 (.601) 

R-pim 0.038 (0.275) 

CC1/2 in shell 0.996 (0.827) 

Refinement statistics   

Resolution range ( Å) 31.6 – 1.34 (1.388 – 1.34)  

Reflections used in refinement 42006 (4111) 

Reflections used for R-free 2132 (241) 

R-work (%) 16.3 (24.7) 

R-free (%) 19.5 (26.3) 

Number of non-hydrogen atoms 2020 

Protein residues 207 

Solvent 265 

RMS(bonds) 0.008 

RMS(angles) 0.87 

Ramachandran favored (%) 99.5 

Ramachandran allowed (%) 0.5 

Ramachandran outliers (%) 0.0 

Rotamer outliers (%) 0.5 

Clashscore 3.66 

Average B-factor 23.46 
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Figure S4.1 Comparison of the core H-bond network of DCUB1 in the Rosetta design model (on the left) and the  

X-ray structure. The sidechains of residues involved in the network are shown in a stick representation and H-bonds 

are indicated by dashed lines. For the X-ray structure, the location of water molecules are depicted as red crosses 

and alternate conformations (see also Figure S4.1) are displayed as superpositions of sidechains.  

 

 
 

Figure S4.2 Electron density for residues forming the core H-bond network of DCUB1. The 2Fo-Fc map contoured at 

2 sigma supports the positioning the side chains of residues Asn 18, Ser 19, Asn 49, Glu 65, Ser 97, Thr 98, and the 

internal water. 
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5. Nuclear magnetic resonance spectroscopy 

For NMR data acquisition, samples were prepared in NMR buffer (50 mM Na phosphate, 100 mM NaCl, 

pH 7.0) at protein concentrations between 300 M and 1.2 mM. 50 M 4,4-dimethyl-4-silapentane-1-

sulfonic acid (DSS) and an aliquot of Omplete protease inhibitor cocktail (Roche, Basel, Switzerland) were 

added to each sample.  

NMR data (Table S5.1) were acquired using an Agilent INOVA 750 MHz spectrometer equipped 

with a 1H{13C,15N} probe and a Bruker AVANCE III HD 800 MHz spectrometer equipped with a cryogenic 
1H{13C,15N} probe. Temperatures were calibrated using a 99.8% deuterated methanol sample.9  Chemical 

shifts were referenced to DSS. In between measurements, samples were stored at -20 °C. For 

measurements below 0 oC, samples were prepared in thick walled NMR tubes with an inner diameter of 

3 mm (New Era, New York, NY) and samples were supercooled by reducing T by ~0.1 oC/min.10 To enable 

accurate quantitative analyses, all 800 MHz 1D 1H and 2D COSY data were acquired with 4 s relaxation 

delay between scans. 

 

Table S5.1 NMR acquisition parameters1  
1H 

frequency 

(MHz) 

Sample / 

Temperature (oC) 
Experiment 

Dimensions Measurement 
time (hrs) tmax(ms); Complex points 

D1 D2 D3 

Temperature series  

750 

DCUB1_NC / 

25, 23, 21, 19, 17, 
15, 13, 11, 9, 7, 5, 3, 

1, -1, -3, -5, -7, -9, -

10, -11, -12 

1D 1H () 1024     2.1 

 " 2D [15N,1H] HSQC () 1024 () 50;200   15 

 
25, 20, 15, 10, 5, 0, -

-3, -5, -7, -9, -10, -

11, -12 
2D ct [13C,1H] HSQC (Methyl) () 1024 (C)    20 

 
25, 20, 15, 10, 5, 0, -
-3, -5, -7, -9, -10, -

11, -12 
2D ct [13C,1H] HSQC (Aromatic) () 1024 (C)    15 

 -5, -7, -9, -10, -11, -
12 2D [13C,1H] HSQC (Methyl) () 1024 (C)    10 

800 
DCUB1_NC /  

25, 5, 3, 0, -3, -5, -7, 

-9, -10 

1D 1H () 2048     1.5 

 " 2D [15N,1H] HSQC () 1024 () ;128   5.4 

 " 2D [13C,1H] HSQC (Methyl) ()  (C)    1.5 

 " 2D ct [13C, 1H] HSQC (Methyl) ()  (C)    4.5 

 -10 2D [15N,1H] HSQC () 1024 () ;128   10 

 -10 2D [15N,1H] TROSY () 1024 () ;128   10 
750 DCUB1 / 0 3D HNCA () 1024 (C) ;67 () 21;32 11.5 

 " 3D CBCACONH () 1024 (C) ;88 () 21;32 15.25 
800 " 3D HNCACB () 1024 (C) ;72 () 28;48 8 

 " 
3D [H]-NOESY-[NH/CH] (τmix = 

70 ms) # 
()  ()  256 

(C) 

()  
32 

800 
DCUB1_NC5 /  

25, 10, 5, 2, 0, -2, -4, 
-6, -8, -10, -14 

1D 1H () 2048     1 

800 
DCUB1_NC /  

25, 10, 5, 2, 0, -2, -4, 
-6, -8, -10, -14 

2D DOSY 
()   

()  
    45 

800 
 

DCUB1_NC5 /  

25, 30, 35, 40, 45, 

50, 55 & 60 

1D 1H () 2048     0.2 



S19 
 

 " 2D [15N,1H] HSQC () 1024 () ;128   3.5 

 " 2D [13C,1H] HSQC (Methyl) ()  (C)    1.5 

800 
R44G_NC5 /  

25, 10, 5, 2, 0, -2, -4, 

-6, -8, -10, -14 

1D 1H () 2048     1 

800 
K92G-NC5 /  

25, 10, 5, 2, 0, -2, -4, 

-6, -8, -10, -14 

1D 1H () 2048     1 

800 
R44G/K92G_NC5 / 
25, 10, 5, 2, 0, -2, -4, 

-6, -8, -10, -14 

1D 1H () 2048     1 

800 

 

DRNN_NC5 /  

25, & -10 
1D 1H () 2048    0.15 

 " 2D [15N,1H] HSQC () 1024 () ;128  1 

 " 2D [13C,1H] HSQC (Methyl) ()  (C)   2.5 

Data for structure determination  
750 DCUB_NC / 25 1D 1H () 1024     0.2 

   2D [15N,1H] HSQC () 1024 () 100;209   1 

   2D [15N,1H] HSQC  () 1024 () 41;256   0.25 

   2D [15N,1H] HSQC (Histidine long 

range) () 1024 () 50;200   10 

   2D ct [13C,1H] HSQC (Aliphatic) () 1024 (C) 27;407   1 

   2D [13C,1H] HSQC (Aliphatic) () 1024 (C) 7;105   0.3 

   2D ct [13C,1H] HSQC (Aromatic) ()  (C) 5;37   0.6 

   2D [13C,1H] HSQC (Aromatic) () 1024 (C) 16;120   0.25 

   2D ct [13C,1H] HSQC (Methyl)  () 1024 (C) 5;37   2 

   3D HNCA () 1024 (C) ;67 () 21;32 12 

   3D HN(CO)CA () 1024 (C) 9;50 () 21;32 4.5 

   3D HNCO () 1024 (C) ;38 () 21;32 2.5 

   3D HN(CA)CO () 1024 (C) ;32 () 21;32 22 

   3D HNCACB () 1024 (C) ;90 () 21;32 32 

   3D CBCACONH () 1024 (C) ;88 () 21;32 16 

   3D HBHACONH () 1024 (C) ;101 () 21;32 36 

   3D (H)C(CO)NH TOCSY () 1024 (C) ;105 () 21;32 38.5 

   3D (H)CCH (Aliphatic) () 1024 (C) ;106 (C)  10 

   3D (H)CCH-TOCSY (Aliphatic) () 1024 (C) ;90 (C)  15 

   3D [H]-NOESY-[NH/CH] (τmix = 

70 ms)                                                ()  () 146 (C)   

()  51.5 
1 ‘NC’-samples contain [U-15N, 13C]-DCUB1, ‘NC5’-samples contain [5%13C, U-15N]-DCUB1 

NMR data were processed using the programs NMRpipe11 and PROSA.12 Prior to Fourier Transformation, 

time domain data were multiplied by window functions and zero-filled. Spectra were analyzed using the 

programs XEASY13 and CARA (Keller, R., The Computer Aided Resonance Assignment Tutorial. 1 ed.; 

CANTINA Verlag: Goldau, 2004; p 81).  

(a) Temperature series of 2D COSY spectra  

To monitor polypeptide backbone and molecular core during cold unfolding of DCUB1, a series of 2D 

[15N,1H]-COSY (Table S5.1; Figure S5.1) and [13Cmethyl,1H]-COSY spectra (Table S5.1; Figure S5.2) were 

acquired between Tms = 25 oC and −10 oC.  
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Figure S5.1 T-series of nine 750 MHz 2D [15N,1H]-COSY spectra (Table S5.1) recorded for DCUB1 between 25 and 

 -12 oC.  
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Figure S5.2 T-series of nine 750 MHz constant-time 2D [13Cmethyl,1H]-COSY spectra (Table S5.1) recorded for DCUB1 

between 25 oC and -12 oC. The types of the methyl signals are indicated in the plot at -12 oC.  

 

To confirm cold unfolding in the absence of GHCl, 2D [15N,1H]-COSY (Table S5.1) and [13Cmethyl,1H]-COSY 

spectra (Table S5.1) were acquired for mutants R44G (Figure S5.3), K92G (Figure S5.4) and R44G/K92G 

(Figure S5.5) at Tms = 25, 0 and −10 oC. For comparison, such spectra were also recorded for DRNN at 25 

and -10 oC (Figure S5.6). 
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Figure S5.3 750 MHz 2D [15N,1H]-COSY (top; Table S5.1) and [13Cmethyl,1H]-COSY spectra (bottom; Table S5.1) recorded 

for DCUB1 R44G at Tms = 25 oC (left) and −10 oC (right). 

 

Figure S5.4 750 MHz 2D [15N,1H]-COSY (top; Table S5.1) and [13Cmethyl,1H]-COSY spectra (bottom; Table S5.1) 

recorded for DCUB1 K92G at Tms = 25 oC (left) and −10 oC (right). 
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Figure S5.5 750 MHz 2D [15N,1H]-COSY (top; Table S5.1) and [13Cmethyl,1H]-COSY spectra (bottom; Table S5.1) 

recorded for DCUB1 R44G/K92G at Tms = 25 oC (left) and −10 oC (right). 

 

Figure S5.6 2D [15N,1H]-COSY (top; Table S5.1) and [13Cmethyl,1H]-COSY spectra (bottom; Table S5.1) recorded for DRNN 

at Tms = 25 oC (left) and −10 oC (right). The 2D [13Cmethyl,1H]-COSY spectrum recorded at -10 oC reveals that chemical 

shifts are not perturbed by supercooling, i.e. there is no indication of an onset of cold unfolding or intrusion of water 

molecules intrude into the core.  
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To monitor polypeptide backbone and molecular core during heat unfolding of DCUB1, a series of 800 

MHz 2D [15N,1H]-COSY (Table S5.1; Figure S5.6) and [13Cmethyl,1H]-COSY spectra (Table S5.7) were acquired 

between Tms = 25 oC and 60 oC 

 

Figure S5.7 T-series of eight 800 MHz 2D [15N,1H]-COSY spectra (Table S5.1) recorded for DCUB1 between 

25 oC and 60 oC.  
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Figure S5.8 T-series of eight 800 MHz constant-time 2D [13Cmethyl,1H]-COSY spectra (Table S5.1) recorded for DCUB1 

between 25 oC and 60 oC. 
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(b) NMR structure determination  

Resonance assignments. Using the NMR spectra of Table S5.1, resonance assignments were obtained 

using previously described methods14 (http://cns.chem.buffalo.edu/nesg.wiki/Main_Page). Chemical 

shifts were deposited in the BioMagResBank (accession number 30970). Overall, 93.2 % of the backbone 

and 97.4 % of the side-chain resonances were assigned (Table S5.2). 

Table S5.2 Statistics for 104-residues DCUB1 NMR structurea  

Completeness of resonance assignments b  
Backbone (%) 93.2 
Side chain (%) 97.4 
Aromatic (%) 100 
Stereospecific methyl (%) 94 

Conformationally-restricting constraintsc  
Distance constraints  

Total 2,354 
intra-residue (i = j) 507 
sequential (|i-j| = 1) 505 
medium range (1 < |i - j| < 5) 677 
long range (|i - j| ≥ 5) 665 

Dihedral angle constraints 150 
No. of constraints per residue 22.9 
No. of long range constraints per residue 6.5 

Residual constraint violationsc  
Average no. of distance violations per structure:  

0.1 - 0.2 Å 13.65 
0.2 - 0.5 Å 4.15 
> 0.5 Å 0 

Average no. of dihedral angle violations per structure:  
1 - 10° 9.5 
 > 10° 0 

Model Qualityc  
RMSD backbone atoms (Å) d 0.5 
RMSD heavy atoms (Å) d 0.9 
RMSD helical backbone atoms (Å) e 0.6 
RMSD core heavy atoms (Å) f 0.8 
RMSD bond lengths (Å) 0.019 
RMSD bond angles (º) 1.2 

MolProbity Ramachandran statistics c,d  
Most favored regions (%) 99.1 
Allowed regions (%) 0.7 
Disallowed regions (%) 0.2 

Global quality scores (Raw / Z-score)c  
Verify3D  0.23 -3.69 
ProsaII  1.04 1.61 
Procheck (phi-psi) d 0.74 3.23 

http://cns.chem.buffalo.edu/nesg.wiki/Main_Page
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Procheck (all) d 0.44 2.6 
MolProbity clash score 9.74 -0.15 

RPF Scoresg  
Recall / Precision 0.95 0.89 
F-measure / DP-score 0.92 0.83 

BMRB accession number 30970 
PDB ID 7T03 

a Structural statistics computed for the ensemble of 20 deposited structures.  
b Computed using the program CARA from the expected number of resonances, excluding: highly 

exchangeable protons (N-terminal, Lys, and Arg amino groups, hydroxyls of Ser, Thr, Tyr), carboxyls of 

Asp and Glu, non-protonated aromatic carbons.  
c Calculated using PSVS 1.5. Average distance violations were calculated using the sum over r−6.  
d Residues with sum of phi and psi order parameters > 1.8 Ordered residue ranges: 3-56, 60-79, 82-100  
e Calculated using MOLMOL15 for residues selected based on secondary structure elements. Selected 

residue ranges 3-28, 37-55, 60-75 and 83-100 
f Calculated using MOLMOL for core residues 8, 11, 15, 19, 22, 26, 29, 39, 42, 46, 49, 53, 56, 58, 61, 65, 

68, 72, 75, 82, 87, 90, 94, 97 and 101 
g RPF scores reflecting the goodness-of-fit of the final ensemble of structures (including disordered 

residues) to the NOESY data and resonance assignments. 

NMR Structure calculation were performed using methods standardized16,17 by the Northeast Structural 

Genomics Consortium (http://www.nmr2.buffalo.edu/nesg.wiki), which were published previously.14 A 

high-quality NMR structure was obtained for DCUB1 (Table S5.2) and the coordinates were deposited in 

the Protein Data Bank (ID: 7T03) 

(c) Core methyl-water NOEs  

Thirteen methyl groups located in the two layers above and below the H-bond network (Figures 3; S2.7) 

exhibit NOEs to water (Figure S5.8A). No such NOEs were not observed for methyl groups located further 

away from the network, or for any of the methyl group located in the core of DRNN.7 Since the surfaces 

of DRNN and DCUB1 are virtually identical (only core residues were changed for redesign), NOEs mediated 

by rapidly exchanging protons on the surface would have been detected also for DRNN. Hence, we 

performed an NMR structure calculation constraining a single water molecule with upper-limit distance 

constraints derived from the methyl-water NOEs. In the resulting NMR structure, the water molecule is 

positioned very close to where it is detected in the X-ray structure (Figures 3, S5.8B,C) while no significant 

violations of other NMR constraints (Table S5.2) were registered.  

http://www.nmr2.buffalo.edu/nesg.wiki
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Figure S5.9 (A) Composite plot of [1(1H), 3(1Hmethyl)]-strips taken from 3D NOESY (Table S5.1). Methyl resonance 

assignments are indicated at the top of the strips. The core methyl-water NOEs are highlighted in a dashed red box 

(the asterisk in the first strip indicates that the NOE is below the contour threshold chosen for the plot). (B) Ribbon 

drawing of the superposition of the 20 NMR conformers obtained NMR structure obtained with upper distance limits 

derived from the 13 core methyl-water NOEs shown in (A). (C) Superposition of the sidechains of layer 2 

(hydrophobic; neon), layer 3 (H-bond network; blue) and layer 4 (hydrophobic; neon) (Figure S2.7) showing the 

location of the water molecule resulting from the core methyl-water distance limits. 
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(d) Thermodynamic parameters for cold core unfolding 

The fractions of folded and cold core-unfolded states (‘fcc,NMR values’) were calculated as was described18 

from the total integral of well resolved, upfield shifted methyl signals of the folded state and an integral 

of aliphatic signals representing both folded and cold core unfolded state in 1D 1H NMR (Figure 5; Figure 

S5.9). The fraction of the folded state, fn(T), was calculated with equations [1] in Szyperski et al.18 and 

Klamt et al.,19 and the fraction of the cold core unfolded state is given by fu(T) = 1 - fn(T). This approach 

requires that fn(25 oC) is known and fn(25 oC) = 0.99 was calculated from G0(Tms,gGH) (Table1). Analysis of the 

T-series of 1D 1H NMR spectra (Figure S5.4) yielded fn(T) and K(T) = fn(T) /1 - fn(T). A subsequent van’t Hoff 

fit (Figure S5.10) yielded the desired thermodynamic parameters for the cold core unfolding of DCUB1 

and mutants R44G, K92G and R44G/K92G (Table 3). 

 

Figure S5.10 Stacked plot of the high-filed region of the 1D 1H NMR spectra recorded for DCUB1 between 25 oC and  

-14 oC (Table 5S1) to calculate the fraction of the folded state, fn(T), with equations [1] in Szyperski et al.18 or Klamt 

et al.19 The region containing the upfield shifted methyl resonances of Val 28 H2 and Ile 42 H1 is indicated. The 

integration of this region yields the intensity representing the folded state only, I(T).18,19 The resulting fn(T) values 

are indicated and fn(25 oC) was calculated from G0(Tms) (Table1). 
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Figure S5.11 Van’t Hoff analysis of lnK(T) versus 1/T yielding Ho
cc,NMR, So

cc,NMR, and Tcc,NMR for the cold core 

unfolding of DCUB1. 

(e) Diffusion ordered NMR spectroscopy 

DOSY 1D 1H NMR spectra were acquired with a bipolar gradient pair – longitudinal eddy current delay 

(BPP-LED) pulse sequence20 at 800 MHz ( T between 25 and -12 oC ; Table S5.1). Data were analyzed using 

the DOSY module of the Mnova NMR software (Mestrelab Research, Escondido, CA). Translational 

diffusion coefficients, D, of DCUB were obtained by a fit of the Stejkal-Tanner equation20 to the integral 

of the protein signal measured as a function of the pulsed field gradient strength, G (Figure S5.11A). The 

2D DOSY plots (Figure S5.11B) were obtained using the Mnova NMR ‘DOSY transform’ option which 

increases the number of decay functions as long as the residual of the fit remains elevated. This analysis 

revealed that a single D value is measured when dimer and cold core unfolded states co-exist. Hence, the 

lifetime of the dimer must be shorter than the diffusion delays (150 – 450 ms; Table S5.1). 
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Figure S5.12 (A) Measured integral of the amide 1H signal integral versus G and the resulting fit of the 

Stejkal-Tanner equation20  (solid line) at 25 oC (on the left) and -11 oC (on the right). (B) Panel of 2D DOSY 

plots of the amid 1H NMR spectral region selected for integration of the protein signal. 25, 1, -5, -11 (Table 

S5.3). The horizontal line indicates D = 10-10 m2s-1.  

Table S5.3 provides the translational diffusion parameters derived from DOSY. The temperature and the 

viscosity of water  are provided in columns 1 and 2, respectively. The measured diffusion coefficient D is 

provided in column 3 (the standard deviation obtained from the non-linear fit of the Stejkal-Tanner 

equation20  is provided in column 4). D yielded the measured hydrodynamic radius rH provided in column 

5 using the rearranged Stokes-Einstein equation rH = 3kBT/6D (kB is the Boltzmann constant). The ratio 

rH(T) / rH(T = 25 oC) is provided in column 6.  

For the folded state of DCUB1, Dcalc was calculated using the program HydroNMR21 based on the 

X-ray structure and is provided in column 7. The axial ratio of 1.98 for a prolate spheroid approximating 

the shape of the X-ray structure as well as the ratio (1.10) of the friction coefficient of DCUB1, f, over the 

friction coefficient for a spherical shape fs (Stokes equation: fS = 6rH) were obtained using the program 

HullRad.22 rH,calc is provided in column 8 and was obtained using the rearranged Stokes-Einstein equation 

rH,calc = 3kBT/6 Dcalc.  

For the cold dimer, Dcalc was obtained by (i) calculating22 the hydrodynamic radius for a spherical 

molecule with twice the molecular weight of DCUB1 (24.2 kDa), (ii) adding 2.8 Å for the hydration layer 

and (iiI) multiplication of with (f/fs) = 1.10. The resulting Dcalc is provided in column 9. rH,calc was obtained 

using the rearranged Stokes-Einstein equation and is provided in column 10.  

Textbook reference for hydrodynamic calculations: Cantor, P. R.; Schimmel, C. R. Biophysical 

Chemistry; Freeman: New York, 1980. 

 

Table S5.3. Translational diffusion parameters 

1  3  5 6 7 8 9 10 

T 
[oC] 

 
[kg.m-1·s-1] 

D 
[m2·s-1] 

D 

[m2·s-1] 

 
rH 

[Å] 
rH (T) / 

rH (25 oC) 

Dcalc 
folded 
state 

[m2·s-1] 

rH,calc 
folded 
state 

[Å] 

Dcalc 
dimer 

[m2·s-1] 

rH,calc 
dimer 

[Å] 

25 9.53E-4 1.19E-10 3.70E-13 19.3 1.00 1.17E-10 19.6 9.45E-11 24.2 

1 1.68E-3 4.91E-11 3.51E-13 24.3 1.26 6.08E-11 19.6 4.93E-11 24.2 

-5 2.07E-3 3.67E-11 2.61E-13 25.8 1.34 4.81E-11 19.6 3.91E-11 24.2 

-9 2.44E-3 2.95E-11 4.57E-13 26.9 1.39 4.02E-11 19.6 3.27E-11 24.2 

-11 2.67E-3 2.55E-11 3.54E-13 28.2 1.46 3.65E-11 19.6 2.96E-11 24.2 
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6. Structure comparisons 

Table S6.1. RMSD values between DCUB1 structures and the Rosetta design model 

DCUB1  Backbone atom RMSD [Å] 

Mean  
NMR 

coordinates 

Rosetta model Xray  
Chain-A 

Xray  
Chain-B 

Heavy 
atom 
RMSD 
 [Å] 

Mean NMR coordinates  0.62 0.74 0.76 

Rosetta model 1.19  0.51 0.49 

Chain A 1.36 1.15  0.26 

Chain B 1.50 1.40 1.14  

 

 

Figure S6.1 Comparison of backbone - and -dihedral angles of DCUB1 design model (orange dots), X-ray structure 

Chain-A (coral dots), X-ray structure Chain-B (light coral dots), with the 20 conformers representing the NMR 

solution structure (green dots and boxes representing the dihedral ranges of the 20 NMR conformers). 
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Figure S6.2 Comparison of sidechain 1-dihedral angles of DCUB1 design model (orange dots), X-ray structure 

Chain-A (coral dots), X-ray structure Chain-B (light coral dots), with the 20 conformers representing the NMR 

solution structure (green dots and boxes representing the dihedral ranges of the 20 NMR conformers).  
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7. Circular dichroism spectroscopy 

Far UV CD θ222(T) data for the global Gibbs-Helmholtz analysis of DCUB1 and the mutants R44G, K92G and 

R44G/K92G (Table 1; Figure S7.1) were acquired between 4 and 97 oC on a Jasco J-815 CD spectrometer 

using a 1 mm cuvette at protein concentrations of 19 M in NMR buffer (50 mM Na phosphate, 100 mM 

NaCl, pH 7.0). c(GHCl) was adjusted by titrating a sample of 19 M protein without GHCl into a sample of 

19 M protein with 7.8 M GdnCl, and c(GHCl) was verified for each titration point by measuring the 

refractive index (http://sosnick.uchicago.edu/gdmcl.html). The same CD spectrometer was used to 

acquire the near UV CD data for DCUB1 at 20 oC (Figure 5C) using a 1 mm cuvette at a protein 

concentration of 100 M in NMR buffer. 

Far UV CD spectra (200-260 nm) for monitoring the helical content for DCUB1 and the mutants 

R44G, K92G and R44G/K92G as a function of T (Figure S7.2; Table S7.1), and θ222(T) to obtain melting 

temperatures and H0 values from van’t Hoff analyses of unfolding transitions (Table 3) were acquired on 

a second Jasco J-815 spectrometer between -10 and 90 oC. This spectrometer is equipped with multi-cell 

holder and data were acquired using a 1 mm cuvette at 10 M protein concentration in NMR buffer (50 

mM Na phosphate, 100 mM NaCl, pH 7.0). Cooling and heating rates were 1 oC·min-1 and 2 oC·min-1, 

respectively, while monitoring θ222(T) between the acquisition of the CD spectra. For measurements below 

0 oC, a PolyScience water bath (PolyScience, Niles, Illinois) was connected to the multi-cell holder. The 

temperatures at which the CD spectra were acquired are provided in Table S7.1.  

(a) Global Gibbs-Helmholtz analysis  

For the CD-based ‘global’ Gibbs-Helmholtz (gGH) analyses23 using GHCl as the chemical denaturant, the 

function θ222[G0(T, m·c(GHCl)), T] was fitted to the data as was described23 (Figure S7.1). This yielded the 

thermodynamic parameters of Table 1. 

 

Figure S7.1 θ222[T, c(GHCl)]-surface measured (dots) for DCUB1. A global fit23 yielded the thermodynamic parameters 

for the initial assessment of cold unfolding (Table 1).  

The integral Int[Go(T)] (positive area under the dome) between Tc and Th was calculated using the 

equation (with T = Tc; Tm = Th): 

𝐼𝑛𝑡 = −∆H𝑚.
𝑇2

2𝑇𝑚
+ ∆H𝑚. 𝑇 −

𝑇∆H𝑚

2
−

1

2
∆Cp. 𝑇2 𝑙𝑛 (

𝑇

𝑇𝑚
) − ∆Cp. 𝑇𝑚. 𝑇 +

3

4
∆Cp. 𝑇2 +

1

4
∆Cp. 𝑇𝑚

2               (Eq. S7.1) 
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(b) Helical content as a function of T  

CD spectra (Figure S7.2) were deconvoluted using the BestSel server.24,25 This yielded the contents of 

regular secondary structure elements as a function of T (Table S7.1).  

 

Figure S7.2 Stacked plots of low T CD spectra (Table S7.1) recorded for (A) DCUB1 and mutants (C) R44G, (E) K92G 

and (G) R44G/K92G (on the left) and corresponding variances across the set of spectra showing the isodichroic point 

at 204.5 nm (on the right). 
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Figure S7.3 Stacked plots of high T CD spectra (see Table S7.1) recorded for (A) DCUB1 and mutants (C) R44G, (E) 

K92G and (G) R44G/K92G (on the left) and corresponding variances across the set of spectra showing the isodichroic 

point at 204.5 nm (on the right). 
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Table S7.1 Secondary structure content of DCUB1 and mutants R44G, K92G and R44G/K92G1 

DCUB1 

T Helix1 Helix2 Anti1 Anti2 Anti3 Para Turn Others NRMSD 

-10.22 49.77 19.38 0 0 0.85 0 10.99 19.01 0.0066 

-10.01 50.1 19.29 0 0 0.39 0 11.06 19.16 0.0065 

-9.39 51.36 19.97 0 0 0 0 10.48 18.19 0.0064 

-8.46 52.85 19.75 0 0 0.08 0 10.37 16.95 0.007 

-7.43 54.37 20.33 0 0 0 0 10.29 15 0.0063 

-5.21 55.09 20.21 0 0 0 0 9.73 14.98 0.0072 

-5.06 55.78 20.51 0 0 0 0 9.9 13.81 0.007 

-3.31 55.57 20.47 0 0 0 0 9.63 14.33 0.0071 

-0.49 56.71 21 0 0 0 0 9.74 12.56 0.0069 

-0.04 56.04 20.63 0 0 0 0 9.17 14.17 0.0076 

4.68 57.28 21.08 0 0 0 0 9.73 11.91 0.0086 

9.79 56.6 21.26 0 0 0 0 9.21 12.92 0.0088 

10.02 56.37 21.11 0 0 0 0 8.16 14.36 0.0091 

19.61 55.46 21.28 0 0 0 0 10 13.26 0.0089 

20 55.09 21.28 0 0 0 0 8.64 15 0.0094 

24.57 56.18 21.54 0 0 0 0 9.79 12.49 0.009 

30 53.94 21.36 0 0 0 0 8.57 16.12 0.0109 

39.91 53.64 20.85 0 0 0.43 0 8.32 16.76 0.0116 

49.94 47.53 20.67 0 0 0 0 8.93 22.88 0.0109 

59.92 40.16 18.63 0 0 0.55 0 9.98 30.67 0.0122 

69.94 23.93 12.19 0 0 7.27 0.24 13.46 42.9 0.0157 

80.02 16.38 7.59 0 0.32 15.58 0.28 14.48 45.37 0.0223 

R44G 

T Helix1 Helix2 Anti1 Anti2 Anti3 Para Turn Others NRMSD 

-11.38 33.63 14.56 0 0 9.14 0 12.82 29.85 0.0081 

-10.5 32.63 14.32 0 0 9.66 0 12.85 30.54 0.0073 

-10.22 36.6 15.42 0 0 8.25 0 12.24 27.49 0.0073 

-9.25 38.42 16.13 0 0 7.14 0 11.82 26.49 0.0076 

-6.16 42.1 17.38 0 0 5.22 0 10.74 24.56 0.0057 

-5.61 41.98 17.46 0 0 4.66 0 10.9 24.99 0.0058 

-4.06 43.77 18.32 0 0 3.65 0 10.27 23.99 0.0068 

-0.87 45.03 18.63 0 0 2.88 0 10.12 23.33 0.007 

-0.66 45.32 18.19 0 0 4.78 0 10.47 21.25 0.007 

4.26 46.95 18.79 0 0 3.1 0 10.03 21.13 0.0071 

9.32 46.73 18.88 0 0 3.03 0 9.91 21.45 0.0067 

9.45 46.29 19.21 0 0 2.09 0 9.89 22.51 0.0067 

19.54 46.68 19.44 0 0 1.36 0 9.95 22.57 0.0071 

19.55 46.14 19.28 0 0 1.79 0 10.09 22.71 0.0067 

24.59 46.16 19.47 0 0 1.42 0 10.02 22.93 0.0075 

29.64 45.75 19.01 0 0 2.71 0 10.38 22.15 0.0082 
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39.75 43.65 18.94 0 0 1.54 0 10.38 25.5 0.0085 

49.88 38.98 17.82 0 0 2.37 0 10.8 30.03 0.0084 

59.79 27 14.1 0 0 1.89 1.95 12.65 42.41 0.0091 

69.88 15.89 8.15 0 1.08 9.42 2.88 15.29 47.28 0.0259 

80.02 10.42 9.5 0 10.24 0 0 15.93 53.91 0.0569 

90.05 11.34 7.1 0 7.35 4.86 0 16.47 52.88 0.0309 

K92G 

T Helix1 Helix2 Anti1 Anti2 Anti3 Para Turn Others NRMSD 

-10.7 30.98 13.24 0 0 8.34 0 12.19 35.24 0.0089 

-7.18 32.79 14.66 0 0 6.27 0 11.95 34.34 0.0081 

-6.22 34.48 15.4 0 0 5.07 0 11.37 33.67 0.0073 

-5.9 37.99 16.65 0 0 3.85 0 10.73 30.78 0.009 

-4.12 36.98 16.22 0 0 3.94 0.12 10.85 31.9 0.0076 

-2.31 39.07 16.86 0 0 3.82 0 10.79 29.45 0.0081 

-0.79 40.7 16.87 0 0 3.72 0 10.48 28.23 0.0094 

0.57 40.82 17.16 0 0 3.47 0 10.51 28.04 0.009 

5.43 40.96 17.31 0 0 2.15 0 10.26 29.32 0.0089 

9.45 40.27 17.32 0 0 1.71 0 9.65 31.04 0.0104 

10.2 41.35 17.45 0 0 2.68 0 10.07 28.45 0.0089 

19.53 39.4 17.26 0 0 1.26 0 9.54 32.54 0.0114 

19.73 40.35 17.29 0 0 1.45 0 10.04 30.87 0.0099 

24.23 40.49 17.46 0 0 1.35 0 10.25 30.44 0.0094 

29.69 38.35 17 0 0 1.76 0 9.7 33.2 0.0129 

39.7 36.67 16.61 0 0 2.67 0 9.83 34.21 0.014 

49.94 31.89 14.01 0 0 5.04 0 10.69 38.38 0.0159 

59.98 21.98 10.57 0 0 6.79 0.48 12.07 48.11 0.0168 

70.05 14.95 10.36 0 0 0 0 14.99 59.69 0.0417 

80.12 7.83 6.07 0 0 10.25 2.71 13.41 59.72 0.0414 

R44G-K92G 

T Helix1 Helix2 Anti1 Anti2 Anti3 Para Turn Others NRMSD 

-11.31 21.6 9.52 0 0 9.94 0.47 13.86 44.6 0.0137 

-10.64 21.59 9.08 0 0 10.66 0.77 13.57 44.33 0.0143 

-9.76 21.83 9.94 0 0 9.13 1.21 13.55 44.35 0.0125 

-8.94 25.57 11.14 0 0 8.77 0.12 12.83 41.58 0.0118 

-7.42 24.04 10.73 0 0 9.3 0 13.28 42.64 0.0125 

-6.69 25.48 11.1 0 0 9.12 0 12.79 41.51 0.0112 

-4.63 29.33 12.92 0 0 6.59 0 12.14 39.02 0.0101 

-3.76 32.58 14.23 0 0 4.35 0.33 11.57 36.95 0.0101 

-2.67 31.32 14 0 0 4.58 0.3 11.4 38.39 0.0099 

-0.73 35.02 15.29 0 0 3.75 0 11.11 34.83 0.0105 

0.16 34.8 14.9 0 0 5.04 0 11.03 34.23 0.0103 

4.14 36.88 16 0 0 3.32 0 10.82 32.98 0.01 

5.17 36.43 16.17 0 0 3.02 0 10.33 34.05 0.011 

9.96 38.07 16.68 0 0 2.6 0 10.14 32.52 0.0112 
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10.1 37.43 16.58 0 0 1.96 0 10.21 33.83 0.0115 

19.79 36.7 16.57 0 0 1.78 0 9.97 34.99 0.0128 

19.98 37.74 16.63 0 0 2.35 0 9.9 33.38 0.0126 

24.57 36.88 16.66 0 0 1.42 0 10.04 34.99 0.0131 

30 36.27 16.41 0 0 2.41 0 9.96 34.95 0.0124 

40.01 33.22 15 0 0 4.25 0 10.35 37.18 0.0152 

49.93 28.99 12.96 0 0 4.65 0 11.56 41.84 0.0179 

60.03 17.09 6.45 0 0 19.47 0 13.32 43.67 0.0283 

69.99 7.36 5.61 0 0 7.5 4.9 13.25 61.37 0.0212 

80.03 11.93 6.18 0 0 6.25 0 15.98 59.66 0.0247 

90.01 11.75 6.72 0 0 0 0 17.45 64.08 0.0449 

94.95 6.45 4.8 0 0 6.8 2.22 14.54 65.19 0.0236 
1 The secondary structure elements are as defined in Micsonai et al.24  

(c) Analysis of θ222(T)-profiles for heat unfolding transitions  

θ222(T)-profiles were fitted over the T-range of heat unfolding transitions to the equation  

θ(T) = fn θn(T) + (1-fn) θu(T), with θn(T) being a linear function of T and θu(T) being a quadratic function of 

T. Subsequently, van’t Hoff analyses were performed using K(T) = fn(T) /[1 - fn(T)] (Figure S7.2) yielding 

H0
h,CD and Th,CD. 

 

Figure S7.4 (A) θ222(T)-profiles measured for DCUB1 and mutants R44G, K92G and R44G/K92G. (B) fn(T) values 

obtained from θ222(T)-profiles for the heat transitions of DCUB1 and mutants R44G, K92G and R44G/K92G. (C) The 

resulting van’t Hoff analyses which yielded H0
h,CD at Th,CD. (Table 3). (D) Helical content versus T (Table S7.1). 
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8. Fluorescence spectroscopy 

Fluorescence emission spectra were recorded for DCUB1 and the mutants R44G, K92G and R44G/K92G 

between 0 and 95 oC on a Cary Eclipse Spectrophotometer equipped with a temperature controller (Varian 

Inc. Palo Alto, CA). Protein samples were prepared at ~2 M concentrations in NMR buffer (50 mM Na 

phosphate, 100 mM NaCl, pH 7.0). The excitation wavelength was set to 295 nm and the emission spectra 

were recorded between 305 to 455 nm in 1 nm steps. Bandwidths for excitation and emission were set at 

5 nm. Spectra were acquired at 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, and 90 oC. Two 

observables were extracted from the spectra, i.e. the total intensity TI (area under the emission spectrum) 

and the average emission wavelength, CM (‘center of spectral mass’). With X(T) = TI(T) (Figure S8.1) or 

CM(T) (Figures S8.2), T-profiles were fitted over the T-range of heat unfolding transition to the equation 

X(T) = fn Xn(T) + (1-fn) Xu(T), with Xn(T) and Xu(T) being a linear function of T. Using K(T) = fn(T) /[1 - fn(T)] 

linear van’t Hoff fits were performed for the heat-unfolding transition to yield Ho
h,TIFL, Ho

h,CMFL., Th,TIFL, 

and Th,CMFL (Table 3). 

 

Figure S8.1 Fluorescence spectra recorded for (A) DCUB1 and mutants (B) R44G, (C) K92G and (D) 

R44G/K92G at T = 0, 25 and 80 oC reveal the absence of a red shift of the emission maximum upon cold 

core unfolding which is observed for heat unfolding. 
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Figure S8.2 (A) TI(T)-profiles measured for the heat unfolding transitions of DCUB1 and mutants R44G, 

K92G and R44G/K92G. Tms = 25 oC is indicated as a vertical line. (B) The resulting van’t Hoff analyses yielded 

0Hh,TIFL and Th,TIFL (Table 3).  

 

Figure S8.3 (A) CM(T)-profiles measured for the heat unfolding transitions of DCUB1 and mutants R44G, 

K92G and R44G/K92G. Tms = 25 oC is indicated as a vertical line. (B) The resulting van’t Hoff analyses yielded 

H0
h,CMFL, and Th,,CMFL (Table 3).  
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Figure S8.4 Fluorescence emission maximum, max, measured as a function of T for a 10 M sample of Trp 

in NMR buffer. 
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9. Small angle X-ray scattering 

Synchrotron SAXS data were collected at the BioSAXS beamline26 4-2 of the Stanford Synchrotron 

Radiation Lightsource (SSRL), Menlo Park, CA. The sample to detector distance was set to 1.7m and X-rays 

of a wavelength of λ = 1.127 Å (11keV) used. Using a Pilatus3 X 1M detector (Dectris Ltd, Switzerland) the 

setup covered a range of momentum transfer q ≈ 0.007 – 0.5 Å-1 where q is the magnitude of the scattering 

vector defined as q = 4π sinθ /λ, with θ the scattering angle and λ the wavelength of the X-rays. Aliquots 

of 20-30 µl of sample solution was loaded into a capillary flow-cell, made from a standard X-ray quartz 

capillary (Hilgenberg GmbH, Germany) with a measured inner diameter of ~1.3mm and nominal wall 

thickness of 0.01 mm. The temperature of the flow-cell was controlled using thermoelectric elements with 

an in-house built PID controller using an AD590 as a temperature transducer. The temperature scale of 

the setup was calibrated using a B&K precision thermometer (B&K Precision Corp, Yorba Linda, CA). A 

plastic tent was placed around the capillary holder and continuously flushed with dry nitrogen during the 

experiment to eliminate condensation and eventual ice built up at temperatures below the hutch dew 

point (~ 10°C). The low temperature limit for the experiment was established by visual observation of the 

sample in the capillary using the inline microscope at the beam line while reducing temperature and 

looking for initial ice formation. Data were collected at temperatures above this point. Data were collected 

at each temperature first from the buffer blank, followed by the protein sample and again another buffer 

blank to ensure proper cleaning of the capillary after the protein measurement. For the measurements 

below 0 °C the samples were first loaded into the flow-cell at 0 °C and then cooled down to the target 

temperature. In order to ensure proper temperature equilibration the sample was kept at the target 

temperature for about 5 min before measurements started. Series of ten to twenty 1 s exposures were 

collected and the sample solutions were oscillated in a stationary quartz capillary cell at 5 ul/s during data 

collection to maximize the exposed sample volume and thus to reduce the radiation dose per exposed 

sample volume. Due to the increase in viscosity of the sample with decreasing temperature the effective 

oscillation speed at low temperatures will be somewhat reduced, however no significant increase in 

radiation sensitivity of the sample was observed. The collected data were radially integrated, analyzed for 

radiation damage by comparing the different frames with each series, averaged and buffer subtracted 

using the automated data reduction pipeline SAXSPipe at the beam line. Subsequently,  Guinier analysis, 

P(r) function calculation and molecular weight estimation was performed using programs from the ATSAS 

suite.27 
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Table S9.1 SAXS data acquisition and analysis 

 DCUB1 R44G/K92G DRNN 

Data-collection parameters    
Instrument SSRL BL4-2 SSRL BL4-2 SSRL BL4-2 
Defining slits size (H mm x V mm) 0.3 x 0.3 0.3 x 0.3 0.3 x 0.3 
Detector distance (m) 1.7 1.7 1.7 
Wavelength (Å); energy (keV) 1.127; 11 1.127; 11 1.127; 11 
q range (Å-1) 0.0073 - 0.52 0.0073 - 0.52 00073 - 0.52 
Exposure time per frame (s) 1 1 1 
Frames per sample 20 20 16 
Sample Volume (µl) 30 30 20 
Sample Concentration (mg/ml) 6  1.5 4.0, 2.5 1 
Temperatures (ºC) 23, 15, 10, 0, -5, 

-10 
23, 10, 0, -5, -10 23, 15, 10, 0, -5, 

-8, -10, -12.5 

Structural parameters (at 23 ºC)    
Rg (Å) from Guinier 16.80 17.35 17.43 
Rg (Å) from P(r) 16.87 17.40 17.45 
Dmax (Å) from P(r) 61.9 68.9 68.0 

Molecular mass in kDa (at 23 ºC)    
from Porod volume 2 12.5 12.1 12.34 
from Volume of correlation3 11.7 11.1 11.8 
From MoW3 10.4 9.2 8.2 
From Size&Shape3  
From Sequence 

12.0 
12.1 

11 
11.9 

10.6 
12.3 

Software employed    
Primary data reduction SAXSPipe SAXSPipe SAXSPipe 
Data processing (Guinier and 
Molecular Weight analysis) 

PRIMUS / 
ATSAS  

PRIMUS / ATSAS  PRIMUS / ATSAS  

    

    
1 Two batches with slightly different concentrations were used. 
2 Calculated from the Porod volume reported by the GNOM program with a conversion factor of 0.625. 
3 Values calculated using the molecular weight determination tool in Primus. 
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(a) Concentration series of DCUB1 and DRNN at 25C 
Concentration dependent SAXS data were collected for DCUB1 and DRNN at 23 °C in order to rule out the 

influence of intermolecular interaction.  

 

 
 

Figure S9.1 SAXS profiles of DRNN at different concentrations measured at 23 °C (left). The curves overlap 

neatly after scaling (inset) and do not show signs of significant intermolecular interaction in the 

concentration range of this concentration series. 

 

 

Figure S9.2. SAXS profiles of DCUB1 at different concentrations measured at 23 °C (left). The curves overlap neatly 

after scaling (inset) and do not show any signs of significant intermolecular interaction in the concentration range of 

this concentration series. 

 

(b) Log(I) versus q plots for DCUB1, R44G/K92G and DRNN for different Temperatures 

Comparison of the SAXS profiles for DCUB1, R44G/K92G and DRNN. While there are changes in the SAXS 

profiles clearly visible for DCUB1 and R44G/K92G in particularly in the low q region, the profiles for DRNN 

remain largely the same for all temperatures. 
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Figure S9.3 SAXS profiles measured for the different temperatures of DCUB1 (on the left), R44G/R92G (in the middle) 

and DRNN (on the right). The low q region is shown in inserts.  

(c) Kratky plots normalized to I0 
 

 
 

Figure S9.4 Kratky plots normalized to I0.  
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(d) Temperature dependence of the Radius of Gyration 
 

 

Figure S9.5 Dependence of the SAXS derived radius of gyration on the temperature. A significant increase in the size 

of the protein can be seen for the DCUB proteins. The DRNN on the other hand remains nearly constant over the 

entire temperature range. The slight increase of the Rg for DRNN at low temperatures can be attributed to changes 

in the hydration shell of the protein at lower temperatures. 

 

(e) Temperature dependence of the molecular weight for DCUB1 

 

 

 

Figure S9.6 Temperature dependence of the SAXS derived molecular weight of DCUB1 obtained with different 

methods. 

Temperature (oC) 
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(f) Experimental setup 
In order to eliminate condensation and ice built up on the cell during the low temperature SAXS 

measurements, the flow-cell was mounted at the beam line inside a plastic bag that was then sealed and 

constantly purged with a stream of dry nitrogen during the experiment. The cell could be monitored 

during sample loading and temperature equilibration using the in-line microscope integrated into the 

sample stage of the beamline. That way the state of the sample cell could be readily assessed and the 

nitrogen purge adjusted in case signs of ice built up on the cell were visible. 

 

  

 

Figure S9.7 Setup of the flow-cell at the beamline. The cell was set up inside a sealed plastic bag that was flushed 

with dry nitrogen gas during the measurements. (a) View inside the bag during set up. The bag was sealed and 

constantly purged with dry nitrogen gas during the experiment (b). The red arrows indicate the incident beam 

(coming in from the right) as well as the transmitted and scattered X-ray beam (going out to the left).  
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10. Differential scanning calorimetry 

DSC measurements were performed on a MicroCal Automated PEAQ-DSC instrument (Malvern 

Panalytical, Westborough, MA) for two identical DCUB1 samples of 290 M protein concentration (3.6 

mg/mL) in NMR buffer (50 mM Na phosphate, 100 mM NaCl, pH 7.0) using published protocols.28 The DSC 

samples were extensively dialyzed and centrifuged to prepare high-quality protein and buffer samples. 

Prior to sample analysis, the instrument performance was verified using the protocols described in the 

MCL2015 kit (Malvern Panalytical, Westborough, MA). Multiple scans of water were performed to ensure 

system repeatability was suitable, then the buffer was scanned four times. Following a 5 min pre-scan 

equilibration at 2 oC, the two DSC thermograms of DCUB1 were acquired between 2 and 100 °C at a scan 

rate of 1 °C·min-1 with high feedback. The samples were held at high temperature for 5 minutes before 

down scanning from 100 to 2 °C, also at 60 °C/hr with high feedback. The up and down scans were 

repeated twice for each of the samples. The buffer profiles were acquired with the same parameters and 

the fourth profile was chosen for buffer subtraction. The DSC cells were cleaned with 20% Contrad70 using 

the same scan parameters prior and in between the protein scans. The profiles were fitted to a two-state 

model28,29 using the MicroCal PEAQ-DSC software package. The comparison of the first and the second up 

scan revealed for both protein samples a significant loss (larger than 30%). This observation was in stark 

contrast to all spectroscopic assessments revealing complete reversibility of heat unfolding. We 

concluded that the lack of reversibility in between DSC up scans was due to adsorption of the protein to 

the cell metal surface at 100 oC. To confirm this conclusion and to rule out protein aggregation during heat 

unfolding, we used dynamic light scattering (DLS) (Zetasizer Ultra, Malvern Panalytical, Westborough, 

MA). A 30 µL sample of DCUB1 was loaded into a low volume cuvette and covered with a 30 µL layer of 

mineral oil. This sample was analyzed over a range of 25 to 90 °C and evaluated for size and derived mean 

count rate. Analysis of size distribution by intensity versus size distribution indicated a molecular size of 

~3 nm. The derived mean count rate for the sample over the entire temperature range was consistent 

with a non-aggregating sample.  

 

Calculation of Cp
o (= C𝑝,𝑝𝑟𝑜𝑡

𝑒𝑥𝑝
 ) from the difference of the heating rates CSV: 

 

CSV (unit: mcal/K) exported using the Malvern software: 

File= “∆CSV” (
𝐵𝑢𝑓𝑓𝑒𝑟

𝑏𝑢𝑓𝑓𝑒𝑟
 -  

𝐵𝑢𝑓𝑓𝑒𝑟

𝑝𝑟𝑜𝑡𝑒𝑖𝑛
) 

C𝑝,𝑚
𝑒𝑥𝑝= (0.730-2.403 ∆CSV) * 12.079 kcal mol-1 K-1 = (8.817-29.02. ∆CSV) kcal mol-1 K-1    [Eq. S10.1] 

Note that in the current implementation of the Malvern software the term 8.817 kcal mol-1 K-1 is not 

added, that is, the Cp
o -profile is offset by this value. 
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