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ABSTRACT: Understanding protein folding is crucial for protein
sciences. The conformational spaces and energy landscapes of cold
(unfolded) protein states, as well as the associated transitions, are
hardly explored. Furthermore, it is not known how structure relates to
the cooperativity 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
DCUBI 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 °C, the
core of DCUBI 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 °C, two additional cold transitions are seen, that is, (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.
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Energy Landscape

B INTRODUCTION water molecules form a strongly coupled system,'”'* and the
crucial role of water for the formation of both heat and cold

Our understanding of the driving forces of protein folding is 15
unfolded states is widely recognized.” There are two distinct

crucial for protein science, structural biology, and biomedical

research. Tremendous progress has been made to compute types of ordered water molecules in the presence of proteins.
atomic resolution structures of folded proteins from the In the case of cold unfolding, solvent exposure of hydrophobic
sequence.”” In contrast, no theory exists to predict structural surfaces leads to the formation of ordered, strongly hydrogen
features of partially unfolded states or folding intermediates, or bonded and thus energetically favorable networks of water
folding kinetics and thermodynamics.” The same holds for molecules'®™"® which feature a hallmark of the LELS cold
conformational states which are lowly populated under unfolded state of proteins with a predominantly hydrophobic
conditions when a prsots,in is folded. Those can be of core. Hydrophilic protein—water interactions may likewise
functional importance.” " Although the phenomenon of result in ordered, strongly hydrogen bonded water molecules at

protein cold unfolding has been known since the beginning
of protein sciences,” cold transitions and cold (unfolded) states
are significantly less well understood than their heat congeners.
Here, we study distinct macrostates associated with the energy
landscape™'” of a cold unfolding protein.

When compared to the folded macrostate,” protein heat
unfolding leads to the formation of a macrostate associated
with a microcanonical ensemble of higher energy E and higher
entropy S (“HEHS state”). In contrast, cold unfolding®" ">
results in a macrostate associated with a microcanonical
ensemble of lower E and lower S (“LELS state”). Protein and

low temperatures. In general, however, the relative importance
of these two types of ordered water molecules (i.e., networks of
surface water molecules on hydrophobic surfaces vs water
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Figure 1. Schematic representation of the energy landscape'® of DCUBI1 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 simplicity, the landscape was not expanded accordingly.*

A

Figure 2. (A) Ribbon representation of the superposition of the DRNN X-ray structure chain-A (PDB ID 3U3B, in green) and DCUBI Rosetta
design model (in orange). The sidechains of the 16 residues that were replaced in DRNN to design DCUBI1 (Figure S1.1) are depicted in neon.
(B) Ribbon representation of the superposition of the DCUBI 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 the backbone and core
sidechains of 20 conformers representing the DCUBI 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 DCUBI is layer 1
(top; orange): residues 11, 57, and S8; layer 2: residues 15, 53, 61, and 101; layer 3 (green; H-bond network): 19, 49, 65, and 97; layer 4: 22, 46,
68, and 94; layer S: 26, 42, 72, and 90; and layer 6: 29, 39, 75, and 87. (D) Gradient of the internal core mobility inferred from core sidechain 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 sidechain heavy atoms displayed in a stick representation. The thickness of the spline curve of the backbone is
proportional to the RMSF of core sidechain 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.

molecules exhibiting hydrophilic interactions with the protein) cooperativity, while the hydrophilic ordering of water
has long been a matter of debate.'”'"*° molecules may proceed either in a cooperative or a non-
Structural features determining the degree of coopera- cooperative manner by successive ordering of individual water

tivity”'~>* of cold unfolding transitions are largely unknown. molecules in the core.
We suggest that the relative importance of the two types of Insights into protein cold unfolding studies are highly
ordered water molecules play a key role in determining the complementary to studies relying on the perturbation of other
cooperativity of cold unfolding: the formation of energetically variables of state: for the characterization of a protein’s energy
favorable networks of water molecules on hydrophobic landscape™'” (Figure 1) and cold LELS states are potentially as
surfaces is inherently a cooperative process, while even a important as heat HEHS states. In general, states which are
single water molecule can be ordered through multiple lowly populated (ie., exhibit increased free energy) under
hydrophilic interactions within the protein core. Hence, the conditions when a protein is folded may be either LELS or
formation of surface networks is likely to result in pronounced HEHS states, and they may both represent folding
1213 https://doi.org/10.1021/acs.jpcb.1¢10750
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Figure 3. View from the top of the bundle (Figure 2) on the internal H-bond network of DCUBI. Helical segments are represented as ribbons and
H-bonds are depicted as dotted lines. (A) Rosetta design model. (B) X-ray with the internal water (red sphere; Figure $4.2). (C) Superposition of

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

intermediates or alternate conformations of the folded state
which may be of functional importance. To distinguish
between them, the T-dependence of populations needs to be
measured.”* In selected cases, such measurements were
performed and it has been shown that ambient T lowly
populated states are (partially) heat unfolded HEHS
states.”>"*® However, in many cases, it is not evident if the
experimental characterization of lowly populated states
[primarily by nuclear magnetic resonance (NMR)*’] captures
cold LELS or heat HEHS states.

The experimental characterization of protein cold unfolding
using high-resolution techniques is greatly impeded by the fact
that most naturally occurring proteins are predicted to cold
unfold far below the freezing point of water. While the use of
capillaries allows the extension of the experimental T-range
down to about —15 °C,***' 7 this is not sufficient for most
naturally occurring proteins. Furthermore, it is imperative that
chemical denaturants, which denature the genuine cold
unfolded states, and/or extreme pH values are avoided.”’~’
As a result, the cold unfolded states of only five “model
proteins” [91-residue CTL9(L98A),””**~* 111-residue yeast
frataxin yfh1,'®*%***¢ dimeric 66-residue CylR2,*® 126-
residue apo-IscU(D39A),”” and 91-residue HIV1 protease
monomer~ | have been characterized at a higher resolution
under near physiological conditions. Of these, only dimeric
CylR2 was studied in a supercooled water well below 0 °C.
Valuable insights were obtained regarding the residual
structure in cold unfolded states as well as the associated
cooperativity of unfolding. However, the molecular cores of
these model proteins do not contain any buried sidechain—
sidechain H-bond (only the cores of frataxin 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. Because of this, these model
proteins are ill suited as starting points to efficiently test
hypotheses regarding the “competition” of the two 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."® We redesigned a previous protein design
target, that is, the hyperthermostable 13 kDa 4-helix bundle
“DRNN” (AG"° of unfolding ~16 kcal'mol™" at 25 °C; heat
denaturation temperature >100 °C) which contains a de novo
designed, entirely hydrophobic core.*” Using a recently
developed ROSETTA-based protocol,™ we placed hydrophilic

1214

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 bundle
“DCUBL”, 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 and 3). Importantly, an NMR structure and
corresponding multidimensional NMR data are available for
DRNN (PDB ID: 2LCH),” and the surfaces of DRNN and
DCUBI1 are virtually identical because only core residues were
changed for the redesign.

In stark contrast to DRNN, the folded state of DCUBI is
only marginally stable (AG® of unfolding ~3 kcal'mol™" at 25
°C), and cold and heat unfolding transitions are registered at
—5 and 65 °C, respectively. Here, we present a comprehensive
biophysical characterization of the cold unfolded, folded, and
heat unfolded states of DCUBI (and selected mutants) along
with the respective unfolding transitions by using cryo-X-ray
crystallography, NMR, circular dichroism (CD) and fluo-
rescence spectroscopy, differential scanning calorimetry
(DSC), small-angle X-ray scattering (SAXS), and molecular
dynamics (MD) simulations.

This approach enabled a detailed structural and thermody-
namic characterization of DCUB1 unfolding and the develop-
ment of general 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 unfolding and cold alternate
conformations to also enhance our general understanding of
psychrophilic proteins and their function,”’ for improving
protein design methodology,52 and for the continuing “cold
revolution” in biotechnology,53 that is, the creation of a novel
cold-active enzyme and ice-binding proteins.

B METHODS

Computational Design. DCUBI1 was designed using an
earlier version of the Rosetta protocol developed for creating
buried hydrogen bond networks in proteins.’® 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 A. For all core residues, a fixed backbone
design simulation with Monte Carlo sampling was performed™*
with the energy function modified®> to only score steric
repulsion (“fa_rep” = 0.44) and sidechain hydrogen bonding
(“hbond_sc” = 1.1). During the Monte Carlo trajectory, after
every Monte Carlo accept (i.e., after a rotamer change or
amino acid change), the structure was analyzed to determine if

https://doi.org/10.1021/acs.jpcb.1c10750
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Figure 4. DCUBI cold core unfolding (A to C) and cold dimer formation (D) monitored by NMR. (A) Methyl regions of the 2D ["*C,'H]-COSY
spectra recorded at —12 (on the left) and 25 °C (on the right). At —12 °C, a single peak cluster is observed at the random coil chemical shifts for
each type of a methyl group which is indicated. At 25 °C, 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) @,( TH™e) glices taken
from the 2D [*C,"H]-COSY spectra (Table $5.1) recorded between 25 and —12 °C (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 °C cross section). (C) Fractions of folded state, f,, vs T measured with
1D 'H NMR for DCUBI, and mutants R44G, K92G, and R44G/K92G. The fractions for DCUBI are very similar to the ratios of the integrals
obtained for the signals of folded and unfolded state in (B). (D) Radius of hydration, r;, of DCUB1 measured with 1D 'H DOSY NMR vs T
(Table SS.2, Figure SS5.12). The radii calculated (Section SS of the 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).

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

1215

residue pairs forming hydrogen bonds with each other. We
visually inspected the top ranked designs and submitted about
10 to FastDesign simulations,>” 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 ranked by the

https://doi.org/10.1021/acs.jpcb.1c10750
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Table 1. Thermodynamic Parameters Obtained from Global Gibbs—Helmholtz Analyses”

Tegen AH° ( Tc,gGH) AS° (TE,gGH) TnsgcH 4G° (Tms,gGH) AH° (Tms,gGH)
DCUBI -14+0.2 42+1.1 -162+ 8 27102 3.2+0.14 3.2
R44G -11+0.7 -33+£2.9 -128+ 19 24+0.7 2.2+0.20 2.2
K92G -16£0.3 34+t 1.4 -170+£ 8 23103 2.5%0.16 2.5
R44G/K92G -9+0.7 3026 -115+17 23+0.7 1.8+£0.16 1.8
Integral
TheeH AH°® (Thgen) | AS® (Thgom) ACyecH’ m R?
AG° dome
DCUBI 70+ 0.2 S1+1.1 147+ 3 1.10+0.02(1.14) 1.54+0.02 182 0.997
R44G 61+0.7 39.3+2.9 117+37 1.00+0.08 (1.16) 1.15§£0.08 107 0.982
K92G 64+0.3 41+1.4 1303 0.93+0.035(1.15) 1.6+ 0.04 137 0.996
R44G/K92G 57+£0.7 35+£26 107+ 4 0.99+0.072 (1.15) 1.44 £ 0.06 81 0.993

“Tis in °C; AH° in kcal mol™; AG® in kcal mol™}; AS® in cal-mol 1K™} AC, ey’ in keal mol ™! K1 with the predicted56 values in parenthesis; m
in keal'mol™-M™; integral in kcal-K-mol™"; R* represents the fraction of the variation of the response that is predicted by the model in the program

Mathematica.

“Talaris” full atom energy function in Rosetta,”® visually
inspected, and DCUBI1 was selected for experimental
characterization. For details, see Supporting Information,
Section S1.

MD Simulations. MD simulations (Table S2.1) were
performed with established protocols using the program
GROMACS®” 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 has been shown™® to appropriately reproduce
supercooled water properties and the closely related TIP4P/
2005 water model has been successfully used for protein cold
denaturation simulations.” Simulation systems were adjusted
to 298 K during a 1 ns simulation with position restraints
(NVT ensemble) using the V-rescale thermostat.”’ Prior to
“production runs”, the systems were equilibrated for 5 ns
(NPT ensemble) at 1 bar pressure using the Parrinello—
Rahman barostat.’’ MD simulations (Table $2.1; 130—600 ns
each; total ~4 us) started from several different DCUBI
conformers: the Rosetta design model, the two X-ray structures
of the asymmetric unit (chain-A with and without the water
molecule in the H-bond network; chain-B with and without
the water molecule in the H-bond network), the lowest energy
NMR conformer, and the three Gly-mutants of DCUBI1
derived from either the DCUB1 ROSETTA design model or
the chain-B X-ray structure. For comparison, MD simulations
were performed for DCUBI at —50 °C starting from the X-ray
structure (chain-A) as well as for the “parent” design DRNN at
25 °C starting from chain-B of the cryo-X-ray structure (PDB
ID: 3U3B). MD trajectories were analyzed using the suite of
programs in GROMACS®” v5.1.3 and Visual MD (VMD).”*
For details, see Supporting Information, Section S2.

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 '*NH,Cl as the sole
nitrogen source and U-"*C-glucose or 10% U-"*C-glucose/90%
unlabeled glucose as the sole carbon source. The fusion
proteins were purified using a Ni-NTA gravity column and
cleaved by ULP1 SUMO protease. A second Ni-NTA
chromatography step yielded the purified protein. To prepare
high-quality mono-disperse SAXS samples, a gel-filtration step
was added. For details, see Supporting Information, Section S3.

X-ray Crystallography. Crystallization of DCUB1 was
performed using the same protocols used to crystallize
DRNN.* Lyophilized DCUBI was resuspended in water at
20 mg/mL and dialyzed into 100 mM ammonium acetate.
Hanging drop vapor diffusion was used to grow crystals in 0.2
M magnesium acetate and 20% (w/v) PEG 3350. Crystals
were cryo-protected by transferring them into a well solution
supplemented with 15% (v/v) ethylene glycol before plunging
into liquid nitrogen. Diffraction data were collected at 100 K at
the Advanced Photon Source, Lemont IL. Crystals diffracted
X-rays to a resolution of better than 1.4 A in the P1 21 1 space
group with cell parameters of a = 44.4 A, b = 52.5 A, c = 46.4
A, a =90.00° f =116.82° and y = 90.00° and contained two
molecules in the asymmetric unit. The diffraction data were
processed using HKL2000.”> For details, see Supporting
Information, Section S4.

Nuclear Magnetic Resonance Spectroscopy. For NMR
data acquisition, samples of DCUBI 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 and 1.2 mM. 50 uM 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS) and an aliquot of complete
protease inhibitor cocktail (Roche, Basel, Switzerland) were
added to each sample. NMR data (Table SS.1) were acquired
using an Agilent INOVA 750 MHz spectrometer equipped
with a '"H{"*C,"N} probe and a Bruker AVANCE III HD 800
MHz spectrometer equipped with a cryogenic "H{"*C,"*N}
probe. Temperatures were calibrated using a 99.8% deuterated
methanol®* sample. Chemical shifts were referenced to DSS. In
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Figure S. 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 Figure S7.2,7.3) recorded for DCUBI at —10, 25, and 80 °C. (B) Far UV 6,,,(T)-profile recorded for
DCUBI. The profiles for mutants R44G, K92G, and R44G/K92G are superimposed on this profile in Figure S7.4, and the van’t Hoff analyses are
shown in Figure $7.4C. (C) Near UV CD recorded for DCUBLI at 20 °C. (D) Near UV 6,4, (T)-profile recorded for DCUBI. (E) Helical content

(blue dots; axis on the right) vs T for DCUBI1 (Table S7.1). The gray dots

represent the fractions of folded state vs T during cold core unfolding

(Figure 4C) and T xym (Table 3) is indicated by a vertical dashed line. (F) Same as (E) but for R44G. (G) Same as (E) but for R92G. (H) Same

as (E) but for R44G/K92G.

between measurements, samples were stored at —20 °C. For
measurements below 0 °C, 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 °C/min.”> To enable accurate
quantitative analyses, all 800 MHz 1D 'H and 2D COSY data
were acquired with a 4 s relaxation delay between scans.
Specifically, the fraction of the folded state, f,(T), was
calculated as was described®” 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
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and cold core-unfolded states in 1D 'H NMR (Figures 4C and
S5.4). Subsequently, we obtained from van’t Hoff analyses for
the cold core-unfolding transition AH  \yr® and T yr- For
details, see Supporting Information, Section SS.

Circular Dichroism Spectroscopy. Far UV CD 6,,,(T)
data for the global Gibbs—Helmholtz analysis of DCUBI1 and
the mutants R44G, K92G, and R44G/K92G (Table 1; Figure
S7.1) were acquired between 4 and 97 °C 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). The same CD spectrometer was used to
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acquire the near UV CD data for DCUBLI at 20 °C (Figure
SC) using a 1 mm cuvette at a protein concentration of 100
UM in NMR buffer. Far UV CD spectra (200—260 nm) for
monitoring the helical content for DCUBI and the mutants
R44G, K92G, and R44G/K92G as a function of T (Figure
§7.2; Table S7.1), and 6,,,(T) to obtain melting temperatures
and AH° values from van’t Hoff analyses of unfolding
transitions (Table 3) were acquired on a second Jasco J-815
spectrometer between —10 and 90 °C. This spectrometer is
equipped with a multicell holder and data were acquired using
a 1 mm cuvette at 10 uM protein concentration in NMR buffer
(50 mM Na phosphate, 100 mM NaCl, pH 7.0). 8,,,(T)-
profiles were fitted over the T-range of heat unfolding
transition to the equation 6(T) = £, 6,(T) + (1 — £,) 6,(T),
with 6,(T) being a linear function of T and 6,(T) being a
quadratic function of T. Subsequently, van’t Hoff analyses were
performed using K(T) = f,(T)/[1 — f,(T)] (Figure S7.3),
yielding AHy cp°® and Ty,cp. For details, see Supporting
Information, Section S7.

Fluorescence Spectroscopy. Fluorescence emission
spectra were recorded for DCUBI and the mutants R44G,
K92G, and R44G/K92G between 0 and 95 °C on a Cary
Eclipse spectrophotometer equipped with temperature con-
troller (Varian Inc. Palo Alto, CA). Protein samples were
prepared at ~2 uM concentrations in a 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 and 455 nm in 1 nm steps. Bandwidths
for excitation and emission were set at S nm. Two observables
were extracted from the spectra, that is, 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 S8.2) or CM(T) (Figure S8.3), T-profiles were
fitted over the T-range of the heat unfolding transition to the
equation X(T) = f, X,(T) + (1 — f,) X.(T), with X,(T) and
X,(T) being a linear function of T. Using K(T) = f,(T)/[1 —
fu(T)], linear van’t Hoff fits were performed for the heat-
unfolding transition to yield AHy, °, AHy cymer”s Thier, and
Thcme, (Table 3). For details, see Supporting Information,
Section S8.

Small-Angle X-ray Scattering. Synchrotron SAXS data
were collected at the BioSAXS beamline® 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-rays of
a wavelength of 1 = 1.127 A (11 keV) were used. Using a
Pilatus3 X 1 M detector (Dectris Ltd, Switzerland), the setup
covered the range of momentum transfer ¢ ~ 0.007—0.5 A~
where g is the magnitude of the scattering vector defined as g =
47 sin /2, with 0 the scattering angle and 1 the wavelength of
the X-rays. Aliquots of 20—30 uL 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 ~1.3 mm and a 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 ADS90 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
(Figure $S9.7) 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
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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 equilibra-
tion, 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 yL/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 the decrease
in temperature, the effective oscillation speed at low temper-
atures 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, and 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 were performed using programs
from the ATSAS suite.® For details, see Supporting
Information, Section S9.

Differential Scanning Calorimetry. DSC measurements
were performed on a MicroCal Automated PEAQ-DSC
instrument (Malvern Panalytical, Westborough, MA) for two
identical DCUB1 DSC samples of 290 uM protein
concentration (3.6 mg/mL) in NMR buffer (50 mM Na
phosphate, 100 mM NaCl, pH 7.0) using published
protocols.”” Prior to sample analysis, the instrument perform-
ance was verified using the protocols described 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~' and were fitted to a two-state
model®’ using the MicroCal PEAQ-DSC software package. For
details, see Supporting Information, Section S10.

B RESULTS AND DISCUSSION

Computational Design. Designing hydrogen bond net-
works 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 network in the core of DRNN, we
performed two rounds of simulations with the molecular
modeling program Rosetta.”® In the first round, the energy
function was modified to only calculate the hydrogen bond
energies and steric repulsion, and rotamer-based Monte Carlo
optimization was used to find sets of amino acid sidechains
that could form connected hydrogen bond networks. These
sidechains were then fixed, and in the second stage of the
protocol, the surrounding residues were redesigned to
accommodate the new buried polar residues. A standard full
atom energy function in Rosetta’® was used for this stage. The
resulting designs were ranked by the size of the hydrogen 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 °C
to confirm that the designed hydrogen bond network remains
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at least partially intact during the short simulations. DCUB1
contains 16 mutations relative to DRNN (Figures 2A and
S1.1). In the design 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 DCUBI are substitutions to alternative hydrophobic
residues.

Initial Assessment of Cold and Heat Unfolding. To
assess if DCUBI exhibits cold denaturation, we first performed
an initial CD-based “global” Gibbs—Helmholtz (gGH)
analysis®® using guanidine hydrochloride (GHCI) as the
chemical denaturant (Table 1; Figure S7.1). Importantly,
GHCl was not used for any other study presented in this paper.
Assuming that AC,,qy° is constant, the global fit of
01, [ AG°(T), m-c(GHCI), T] predicted (i) cold/heat denatu-
ration at Tg,gy = —14/ Ty = 70 °C, (ii) yielded m = 1.54
kcal-mol™, (iii) maximum stability at Tinsgon = 27 °C with
AG(T,,) = 32 kcal'mol™, and (iv) AC,ecn” = 1.10 keal:
mol K™ (1.13 kcal'mol™"-K ™" is predicted using the equation
of Spolar et al.”’). Second, we acquired a series of 2D
[’N,'H]-correlation spectroscopy (COSY) spectra of DCUBI
from 25 °C down to —12 °C in a supercooled solution (Figure
S$5.1,5.2). These spectra revealed the onset of cold unfolding
around 10 °C, near completion of cold denaturation at —12
°C, and suggested that T, ~—S5 °C is, in the absence of GHC],
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 °C. An isotropic overall rotational
correlation time of ~7.5 ns was inferred from "N spin
relaxation times (a hydrodynamic calculation’® yielded 7.1 ns),
showing that DCUBI is monomeric in solution at 25 °C.
Based on this initial assessment, DCUB1 was chosen for
comprehensive biophysical characterization.

Folded State. An NMR solution structure of DCUBIL
(PDB ID: 7T03) obtained at 25 °C (Table S5.2) and a 1.4 A
cryocrystallographic X-ray structure (PDB ID 7T2Y; Table
S4.1) are very similar (Table 2; Figure 2). Both structures

Table 2. RMSD Values Calculated between DCUBI1 X-ray
and NMR Structures and the Rosetta Design Model

backbone atom RMSD [A]

mean NMR  Rosetta ~ X-ray X-ray
DCUBI1 coordinates ~ model  chain-A chain-B
heavy atom mean NMR 0.62 0.74 0.76
RMSD [A] coordinates
Rosetta 1.19 0.51 0.49
model
chain A 1.36 1.15 0.26
chain B 1.50 1.40 1.14

confirmed the accuracy of the Rosetta model (Figures 2 and
$6.1,6.2): all pairwise RMSD values calculated for, respectively,
backbone and all heavy atoms are in the ranges 0.51—0.74 and
1.14—1.50 A (Table 2). A comparison of the design model
with the experimental structures (Figure 2) revealed that the
residues forming the two hydrophobic cores located above and
below the H-bond network are in the designed y' rotameric
states (Figure $6.2). Intriguingly, however, the X-ray structures
of both protein molecules in the asymmetric unit revealed a
single tetra-coordinated water molecule within the H-bond
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network which forms H-bonds to the oxygen of the sidechain
OH group of Ser 19, a proton of the sidechain NH,-moiety of
Asn 49, an oxygen of the sidechain CO,-moiety of Glu 65, and
the proton of the sidechain OH group of Ser 97 (Figure 3A,B).
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, and Thr 98) are in different
conformations when compared with the design model. 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 in the design model. Second, the
sidechain of Glu 65 adopts two alternate, about equally
populated conformations (in both protein molecules in the
asymmetric unit; Figure S4.1): one in which the CO,-moiety
forms a bifurcated H-bond with the water and the sidechain
NH,-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 protein
molecules in the asymmetric unit) two alternate conforma-
tions, one in which the OH-moiety forms a bifurcated H-bond
with the CO,-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 structures (when compared
with the design model), that is, (i) in both protein molecules
of the asymmetric unit between the sidechain NH,-moiety of
Asn 49 and the backbone carboxyl moiety of Leu 1S, 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 carboxyl
moiety of Asp 95 and in the other between this moiety and the
backbone carbonyl of Val 94.

Comparison with the NMR structure shows, first, that the
backbone dihedral angles (Figure S6.1) and nearly all sidechain
x'-dihedral 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 a pronounced slow
conformational exchange at T, 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 structure (Figure 2) results from steric constraints
arising from its positioning between the two hydrophobic
cores]. Hence, the X-ray H-bond network was “frozen out” in a
low-energy configuration at ~100 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 compared with
the remainder of the core. Furthermore, alternate conforma-
tions 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
conformations are the lowest-energy ones between which
conformational exchange occurs at ambient T [such a
correlation between the observation 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
calculation with constraints for sidechain—sidechain H-bonds
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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 within the “allowed conformational
space”. Intriguingly, 13 methyl groups located in the two layers
above and below the H-bond network (Figures 2 and 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.* Because the surfaces of DRNN and
DCUBI are virtually identical (only core residues were
changed for redesign), NOEs mediated by rapidly exchanging
protons on the surface would have also been detected for
DRNN. Hence, we performed an NMR structure calculation
for DCUBI constraining a single water molecule with upper-
limit distance constraints derived from the methyl—water
NOEs. In the resulting NMR structure (Figure SS.9B), the
water molecule is positioned very close to where it is detected
in the X-ray structure (Figures 3 and S$5.9C), while no
violations of other NMR constraints were obtained. This
finding strongly supports the notion that the water detected in
the X-ray structure is likewise present as a long-lived water
molecule at T, in solution.

MD simulations for DCUBI1 at 25 °C (130—610 ns; total
~2.7 ps) starting from four different conformers (i.e., design
model, two X-ray structures in asymmetric unit, and the
lowest-energy NMR conformer) 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 Information,
Section S2). Remarkably, not a single exchange with a bulk
water 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 us 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
observed”"”* range of about 1—100 us. Moreover, in two of
the simulations at 25 °C, as well as comparative 100 ns
simulation at —50 °C, two additional water molecules were
located above the H-bond network (Figure S2.8), suggesting
that the onset of cold unfolding may be mediated 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
bottom (low mobility) in the orientation chosen for Figure 3
(Figure S2.7; Table S2.3,2.4), and backbone RMSD basin
analyses showed that larger conformational excursions are
associated with partial helix—coil transitions of helices I and IV
(Figure $2.3—2.5). 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 A for simulations of comparable
length; Table S2.2), simulations with the ambient temperature
lowest-energy NMR conformer sample a significantly larger
space (RMSD up to ~6 A; Table S2.2). This is consistent with
the view that the X-ray structures represent low-energy
conformers which are “frozen out” in the vitrified state at a
cryogenic T of ~100 K, while solution NMR structure
constraints define “an allowed conformational space” which
may include higher-energy conformers.
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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 and 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 T,,; = 25 °C
(Figure SS5.9) and, in conjunction with MD, a lifetime in the
range of ~1-100 us. We performed a Rosetta energy
minimization of the two X-ray structures and the lowest
energy NMR conformer containing internal water. The
positions of the water molecules changed by less than ~0.3—
0.4 A and the calculated energies for the waters were favorable
between about 2 and 2.5 kcal'mol™. 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 °C, in which two
additional water molecules are located above the H-bond
network (Figure S2.8). Intriguingly, 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 may 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
Unfolding Model Proteins. The bipartite hydrophilic—
hydrophobic core of DCUBI (Figures 2 and 3) represents a
salient design feature, and the hydrophilic sidechain—sidechain
interactions could be envisaged to function as a “sponge” to
accommodate individual LELS water molecules without
necessarily disrupting the polypeptide backbone conformation.
To compare, we analyzed the cores of the five model proteins
studied thus far, that is, 91-residue CTL9 (PDB ID: 1DIV;
residues 58—149), 111-residue yeast frataxin ythl (2FQL),
126-residue apo-IscU (3LVL; Chain-B), dimeric 66-residue
CylR2 (1UTX), and the 95-residue HIV-1 protease monomer
1-95 (SJFP; residues 1—95). Furthermore, we analyzed the
core of 79-residue apoKtill”® (5AX2) which cold unfolds
above 0 °C and exhibits a rare hyperbolic p—T phase diagram,
but for which no detailed characterization of the cold unfolded
state is available. Fully buried core residues were defined as
having less than a 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 frataxin and IscU contain
a single hydrophilic sidechain—backbone H-bond each. Hence,
the cores as well as the protein—protein interface of the CylR2
dimer are (nearly) entirely hydrophobic. This comparison
underscores the importance of protein design for creating
novel cold denaturing proteins to robustly test and validate
theories explaining protein cold unfolding.

Cold Transitions and Cold States. NMR Spectroscopy:
Cold Unfolding of the Core. To monitor polypeptide
backbone and molecular core during cold unfolding, a series
of 2D [®N,'H]- and [BC™™ IH]-COSY spectra were
recorded between T, = 25 and —12 °C in a supercooled
solution (Figures 4 and S$5.1,5.2; Table S5.1,5.2). Analysis of
the 2D [BC™™ 'H]-COSY spectra revealed (i) that cold
unfolding is entirely reversible, (ii) two distinct sets of signals
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Table 3. Thermodynamic Parameters”

Cold core unfolding from NMR

Teonmr £ std dev AHcoxmr(Teonmr) + std dev AS° (Teonmr) £ std dev
DCUBI1 -6.0%0.1 -43£2.0 160 + 8
R44G -40+04 -S7+64 212 +24
K92G -3.6%0.2 -319+1 118+ 4
R44G-K92G -2.6%0.1 43.1+1 159+3
Heat unfolding
022:-profile from CD
Tht std dev AH° (Th) + std dev AS° (Ty) + std dev
DCUBI Thcp = 65 £ 0.02 AH?cp=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 (1) from fluorescence spectra
DCUBI ThyrirL =62 £ 0.4 AHn,1ieL =36+ 1.7 108 £8S.1
R44G 57+£0.3 35+ 1.5 107 £4.4
K92G §7+0.3 35+ 1.6 106 + 4.8
R44G-K92G 52+04 31+1.8 96+ 5.4
Center of spectral mass (CM) from fluorescence spectra
DCUBI1 Thy,cmrL = 68 + 0.4 AH’ncmrL =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
Theat std dev AH°c1 (Thyca) + std dev ACy°cat (Th,cat) + std dev

DCUB1 61£0.5 AHewi =39 + 1.0 1.05£0.05

“T is in °C; AH® in kcal'mol™!; AS® in cal-mol™-K™". Except for DSC, standard deviations were obtained from linear van’t Hoff analyses.

for folded and cold state are registered, with a minor Met
methyl signal indicating the presence of a lowly populated
(maximum around 0 °C with <5%; Figure 4B) cold unfolding
intermediate, (iii) "H methyl shifts of the folded state do not
reveal any significant conformational changes, and (iv) a cold
unfolding midpoint around —5 °C. Hence, the cold unfolding
transition detected by 2D NMR (Figure 4) proceeds largely in
a cooperative manner and can be approximated well by a two-
state model. Because the 'H linewidths of all well resolved
methyl signals of the folded state simply scale with the viscosity
increase when lowering T, corresponding excess line broad-
ening 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). Furthermore,
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 the methyl
group (Figure 4A). This observation shows that all methyl
groups are hydrated and that the bipartite core disintegrates,
thereby resulting in a “cold core-unfolded state” (Figure 1). As
expected, 2D ["N,'H]- and [C™™'H]-COSY spectra
recorded for DRNN at —10 °C show that the protein fold is
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unchanged and that its core remains entirely intact (Figure
S5.6).

Analysis of the 2D ['*N,'H]-COSY spectra revealed (i) that
the backbone 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 random-coil (Figure S5.1), and (ii) that
many of the resolved signals exhibit significant line broadening,
indicating the presence of extensive slow conformational
exchange of the backbone of the cold core-unfolded state on
the pus—ms timescale (the line broadening prevented the
measurement of '*N spin relaxation parameters to characterize
the internal dynamics of the cold core-unfolded state).
Moreover, the measurement of the temperature coeflicients
of amide proton shifts of 54 well resolved 2D [*N,'H]-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 indicative of hydrogen
bond formation.”* This finding suggests that a significant
fraction of the helices remain intact in the cold core-unfolded
state.

In order to structurally characterize the cold core-unfolded
state further, we acquired triple-resonance as well as 3D
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NOESY NMR data at 0 °C (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
a strong additional evidence for the disintegration of the core.
Second, as expected from the analysis of 2D [**N,'H]-COSY,
severe line broadening in the 3D spectra prevented resonance
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 the folded core-unfolded state, f,, was
calculated as was described’* 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 'H NMR (Figures 4C and
$5.10). The thus-obtained f,-values are consistent with values
obtained by integrating the 2D [Bcmet IH].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 and SS.1). Subsequently, we obtained from a van’t Hoff
analysis for the cold core-unfolding transition AH  \yr® = —43
keal/mol and T nyr = —6 °C (Table 3; Figure SS.11).

Far-UV CD Spectroscopy: Helices Remain Largely Intact
in the Cold Core-Unfolded State but Start to Cold Unfold
below —5 °C. To monitor the helical content (Table S7.1)
during cold unfolding, CD spectra (Figures SA and S7.2) were
recorded from 25 °C down to —10 °C in a supercooled
solution and the T dependence of the 6,,,(T) was monitored
in between their acquisition (Figures SB and $7.4).
Deconvolution of the CD spectra using the BestSel server’*”°
revealed that the helical content (Figure S; Table S7.1)
remains constant between 25 °C (77% content; consistent
with the folded state containing a structure-based content of
79%) and —5 °C (76%; ~50% cold core-unfolded state) before
dropping somewhat to 70% at —10 °C. 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 °C, which is
consistent with previous studies showing that individual helices
are increasingly stabilized when lowering T down to about 0
°C,”””® and (ii) the onset of cold helix unfolding significantly
below T..nyr = —6 °C. 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 unfolded helices
present in supercooled water as well as the corresponding
CD spectra are unknown, which prevents the determination of
thermodynamic parameters for this cold transition. However,
the comparison of the T-dependence of the helical content and
the NMR-based f,-values for cold core unfolding (Figure SE)
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 AC,° for helix heat denaturation is both small and
negative, 8 cold unfolding of individual helices is not
necessarily expected at such low T. The discovered cold
helix unfolding 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 DCUBI1 below about —5 °C is associated with the
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formation of a SAXS-detected, putatively water-mediated
dimer (see below).

Finally, comparison with the 6,,,(T) profiles obtained using
GHCI for the global Gibbs—Helmholtz analysis shows that
GHCI denatures the helices of the cold core-unfolded state
(Figure S7.1). Specifically, at —10 °C and without GHC], an
MRE value of about —25,000 deg cm? dmol™ is measured
(Figure S7.4), while in the presence of 5.8 M GHC], an MRE
of 1530 deg cm® dmol™" (very similar to the MRE expected for
a disordered protein) is obtained at 2 °C (Figure S7.1). This
finding underscores the importance to study cold unfolded
states of proteins in the absence of any chemical denaturant.

Near-UV CD Spectroscopy: Residual Structure in the Cold
Core-unfolded State. We recorded a near-UV CD spectrum at
20 °C (Figure SC) and then monitored its maximum 6,4,(T),
which is dominated by the CD of Tyr and Trp residues,”
between 25 and —10 °C (Figure SD): only a rather moderate
decrease of 6,4, is measured in this T range. Although it is
quite challenging to relate the tertiary structure and near-UV
CD spectra,*’ the rather small change indicates the presence of
significant residual structure® in the core cold-unfolded state.

Fluorescence Spectroscopy: Residual Structure in the
Cold Core-Unfolded State. A series of emission spectra (305—
455 nm; excitation at 295 nm) were acquired from 25 °C
down to 0 °C (Figures 6 and S8.1). At 25 °C, the maximum of
the emission spectrum, A, of Trp 39 is located at 325 nm,
which is well within the range typically observed for Trp
residues located within a protein’s core:** A, is blue-shifted
relative to entirely solvent exposed Trp (Figure S8.4) and 3-
methyl-indole,** which exhibit, respectively, very similar A, at
358 nm and 365 nm. Notably, A,,,, of Trp dissolved in NMR
buffer hardly changes between 0 and 90 °C (Figure S8.4).
First, the total intensity (TI, area under the emission
spectrum) decreases to about 70% when lowering T from 25
to 0 °C (Figure $S8.2), which is indicative of increased dynamic
quenching®® due to the cold core-unfolding. Second,
monitoring A, did not reveal any red shift or change of
the average emission wavelength (CM, “center of spectral
mass”) when lowering T to 0 °C (Figure $8.3). Consistent
with the near-UV CD data, the virtual absence of a red shift
thus indicates®” that the indole moiety of Trp 39 remains at
least partially buried upon cold core-unfolding.

SAXS: Formation of a Dimer below —5 °C. To characterize
further the cold unfolding transitions inferred from NMR and
CD spectroscopy, we acquired solution SAXS profiles (Table
$9.1) for DCUB1, DRNN, and R44G/K92G in the temper-
ature range from T = 23 °C down to —10 °C (—12.5 °C for
DRNN) in supercooled NMR buffer (Table S9.1 and Figures 7
and $9.3-9.5).

Inspection of the Guinier plots of the DRNN profiles along
with those obtained for a concentration series acquired at —5
°C did not reveal any indication of aggregation or increased
intermolecular interactions at any of the temperatures (Figure
$9.1). 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, R,, increases moderately and, within the
precision of the measurements, linearly from with AR;/AT =
0.025 A/K, that is, from 16.7 to 17.7 A when cooling the
sample from 23 to —10 °C (Figure 7E).
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Figure 6. Onset of cold core unfolding and heat unfolding monitored
by fluorescence spectroscopy (Figure S8.1) (A) TI(T)-profiles
measured for DCUB1 and mutants R44G, K92G, and R44G/K92G.
(B) CM(T)-profiles measured for the heat unfolding transitions of
DCUBI1 and mutants R44G, K92G, and R44G/K92G. Van't Hoff
analyses of the heat unfolding transitions monitored in (A) and (B)
yielded AH; cypr® and Ty cppr (Table 3). The corresponding van’t
Hoft plots are shown in Figure $8.2,8.3, respectively.

A previous SAXS study of a,-macroglobulin® revealed a
moderate increase of scattering power when lowering T down
to —15 °C and the authors suggested that this is due changes
of core protein hydration. However, 2D ["N,'H]- and
[BCme IH]-COSY spectra recorded for DRNN (Figure
S5.6) showed that its core is not hydrated at —11 °C.
Hence, the moderate increase of R, upon supercooling likely
results from a moderate and gradual expansion of the surface
hydration of DRNN when lowering T.

For DCUBI, the inspection of the Guinier plots along with
those obtained for a concentration series acquired at —5 °C
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 returning to 23 °C was
virtually identical to the initial one recorded at 23 °C,
confirming that the cold transitions are entirely reversible.
Standard Kratky plots (Figure 7B), Kratky plots normalized to
the forward scattering intensity, I, (Figure $9.4), and P(r)
functions (Figure 7C) reflect increasing structural disorder
when lowering T from 23 to 10 °C. R, remains nearly constant
at ~17 A down to 0 °C (~30% cold core-unfolded state),
revealing that the cold core-unfolded state is rather compact at
this T. The molecular weight inferred from the SAXS profiles
remains within 10% of the value of DCUB1 (12.1 kDa) down
to —0 °C. Intriguingly, however, the forward scattering
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intensity, I, is about 2.5-fold higher at —10 °C when
compared with 25 °C (Figure 7A,D), R, increases to ~30 A
(Figure 7E), and the molecular weight doubles to about 2$
kDa (Figure 7F).

Hence, the SAXS data acquired at —5 and —10 °C revealed
the onset of an additional cold transition, that is, the formation
of a cold dimer (Figure 1). Consistently, the maximum
distance, D,,,,,, of the P(r) function approximately doubles, its
maximum is shifted toward a higher r value (Figure 7C), and
the Kratky plots (Figures 7B and $S9.4) are indicative of a
comparably ordered state. Because all methyl 'H chemical
shifts remain unchanged and at their respective random-coil
values when lowering T from —S to —10 °C (Figures 4A and
§5.2), the methyl groups must remain fully hydrated upon
dimerization. This can be explained by the formation of a
“water-mediated dimer”, possibly with a hydrated core
resembling the one that was described for antifreeze protein
Maxi.*® 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 dimeriza-
tion (Figure 1). The moderate reduction of the helical content
observed by CD when lowering T from —S to —10 °C (Figure
SE) may indicate that some helical segments become
disordered in the dimer.

Diffusion-ordered 1D 'H NMR spectra®® (DOSY) acquired
between 25 and —11 °C (Figure S5.12) confirmed the cold
dimer formation. At 25 °C, the hydrodynamic radius, ry; = 19.3
A, is nearly identical to the value predicted by an X-ray
structure-based hydrodynamic calculation®” (19.6 A; Figure
4C, Table S5.3). Upon cooling to —11 °C, ry increases by
about 50% to 28.2 A and exceeds r; = 24.2 A which is
predicted for a protein with twice the molecular weight of
DCUBI and the same axial ratio (1.98) when approximating
the molecular shape as a prolate spheroid.”” The SAXS data
(Figures 7B and $9.4) showed that the cold dimer is compact
but only partially folded. This provides a straightforward
rationale’® why the ry; value measured at —11 °C 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 detailed understating of protein’s (free) energy
landscapes (Figure 1), it is important to compare cold and
heat unfolding regarding (i) structural differences of cold and
heat unfolded states, (ii) differences in cooperativity of cold
and heat unfolding, and (iii) the thermodynamic equivalence
of the two unfolded states. The latter point is related to the
question if a single AG°(T)-dome suffices for an accurate
thermodynamic description of both transitions. Hence, we
employed DSC,%” CD, fluorescence, and NMR spectroscopy to
obtain complementary insights into the heat unfolding of
DCUBI.

Differential Scanning Calorimetry. We measured the
DSC®” profile for DCUB1 between 2 and 95 °C (Figure 8),
which yielded the calorimetrically measured heat unfolding
temperature T}, ., = 61 °C, the enthalpy of unfolding, AH,° =
39 kcal/mol, and a heat capacity difference at Tj, ., of AC,,° =
1.0S kcal'mol-K™" (Table 3). The high quality of the fit for a
two-state transition (Figure 8) and the observation that, within
the experimental error, AH_,° is equal to the van’t Hoff values
AHy, cp® and AH p;° (Table 3) show that heat unfolding does
not involve intermediates which can be detected using DSC.
Furthermore, the finding that, within the experimental error,
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Figure 8. DCUBI heat unfolding monitored by DSC. The partial molar heat capacity C,,° vs T is shown as a solid line (the value for Cpcat” for

unfolded DCUBI at T > 90 °C is in agreement with prediction”"). The progress heat capacity®” obtained from the fit of a two-state model is shown
as a blue dashed line. The calorimetric thermodynamic parameters (Table 3) are indicated.

AC, 1’ = AC,,gn° indicates that the genuine heat unfolded
state and the GHCI heat unfolded state are thermodynamically
quite similar.

Far-UV CD Spectroscopy: Random-Coil Heat Unfolded
State. To monitor the averaged helical content during the heat
unfolding, a series of CD spectra were recorded from T =
25—80 °C, and the T dependence of 6,,,(T) was monitored in
between their acquisition (Figures SB and S$7.3). The
deconvolution of the CD spectra using the BestSel server’>7°
revealed that the helical content decreases from ~77% at T, =
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25 °C (consistent with the ~95% folded state which contains a
structure-based content of 79%) to ~24% at 80 °C in the heat
unfolded state (Table S7.1). Hence, the heat unfolded state
features a helical content which is as expected for a random-
coil according to the Bragg-Zimm theory”” when considering
the presence of helices I to IV comprising 25, 18, 15, and 17
residues, respectively. A van’t Hoff analysis yielded AH, cp° =
40 kcal'mol™ and Ty,cp = 65 °C (Table 3; we also performed
a nonlinear fit of 6,,,[AG®(T), T] using AC,,° = 1.0 kcal-

https://doi.org/10.1021/acs.jpcb.1c10750
J. Phys. Chem. B 2022, 126, 1212—1231


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10750/suppl_file/jp1c10750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10750/suppl_file/jp1c10750_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10750?fig=fig8&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c10750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

mol 'K~ and virtually identical thermodynamic parameters
were obtained).

Near-UV CD Spectroscopy: Increased Disorder in the Heat
Unfolded State. Within the comparably low precision of the
measurements, the 6,4,(T) profile (Figure SD) 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 ['*N,'H]- and
[BCme™ IH]-COSY spectra were recorded between T, = 25
and 60 °C (Figure S5.6,5.7). Considering that CD yielded
Ty,cp = 65 °C, about 50% of the protein is unfolded at 60 °C,
and 2D spectra recorded after the sample was cooled back to
25 °C revealed that the heat denaturation is entirely reversible.
Although accelerated amide proton exchange prevents record-
ing of high-quality 2D ["*N,'"H]-COSY spectra above ~50 °C,
a largely reduced "*N,'H-chemical shift dispersion is observed
at 60 °C for the heat unfolded state when compared to folded
and cold core-unfolded states (Figure SS.1). Moreover, sharp
methyl signals with chemical shifts close to their random-coil
values are detected in 2D [*C™™ 'H]-COSY spectra for the
heat unfolded state at 60 °C (Figure SS.7), further supporting
that the heat unfolded state results in a random coil.

Fluorescence Spectroscopy: Heat Unfolding Intermediate.
A series of emission spectra (305—4S55 nm; excitation at 295
nm) were acquired between T,,, = 25 and 95 °C (Figure 6).
First, the total intensity (TI, area under the emission
spectrum) decreases by about 85% when increasing T to 90
°C. Second, in stark contrast to cold core unfolding,
monitoring A, revealed a large red shift of 25 nm (to ~350
nm at 95 °C), 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 °C to ~355 nm at
95 °C, and the average emission wavelength (CM, “center of
spectral mass”) increases accordingly. Van’t Hoff analyses
yielded for AH, 15 ° = 36 keal'mol™!, AHy cpp® = 3S keal:
mol ™, and T 1y, = 62 °C and T}, cper, = 68 °C (Table 3; we
also performed nonlinear fits using AC,,° = 1.0S kcal-mol™-
K™ and virtually identical thermodynamic parameters were
obtained). The two Ty 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 °C difference between the two fluorometric
T, values indicates the presence of heat unfolding
intermediates (Figure 1) in which the indole moiety of Trp
39 is, on average, located in less solvent exposed conformations
as in the heat unfolded random coil.

Thermodynamic and Structural Hypotheses Tested
with Mutants R44G, K92G, and R44G/K92G. It is well
known that Gly residues destabilize helices”™*™*® and thus a-
helical proteins relative to their heat unfolded states. As a
result, Gly mutations are expected to shift the AG°(T)-dome
down to lower free energy values, which is associated with an
increase of T, and/or a decrease of T,. Moreover, assuming
that AC,° is not significantly affected by the mutation, T,
[AS°(T,,) = O at this T] is expected to decrease. We studied
the impact of Gly-mutations on cold core unfolding, helix cold
melting, and cold dimer formation by creating variants of
DCUBI in which solvent-exposed helical residues, located at
least two helical turns away from the H-bond network, are
mutated to Gly (Figure S1.2). Specifically, we chose the
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mutants R44G (located in helix I comprising 20 residues) and
K92G (in helix IV comprising 19 residues) as well as the
double mutant R44G/R92G (Figure S1.2). 2D [“N,'H]-
COSY (Figure S5.3—5.5) revealed that the mutants are well
folded at T, and exhibit cold unfolding in the absence of
GHCI around T,y (Table 1). CD spectra recorded around
T, revealed that the helical content in the folded state (Figure
SD—F) decreases according 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 mutations.

Initial assessment by CD-based global Gibbs—Helmholtz
(gGH) analyses®® using guanidine hydrochloride (GHCI) as
the chemical denaturant largely confirmed the expected impact
of the mutations on the AG°(T)-dome (Table 1): R44G,
K92G, and R44G/K92G exhibit, respectively, T ,qy = —11,
~16, and =9 °C (DCUBL: —14), Ty, 1 = 24, 23, and 23 °C
(DCUBL: 27) and Ty gqn = 61, 64, and 57 °C (DCUBL: 70),
and AG°(T,,,) = 2.2, 2.5, and 1.8 kcal‘mol™" (DCUBI: 3.2).
Consistently, the m-values are 1.15, 1.60, and 1.44 kcal-mol ™'
M~ (DCUBL: 1.54), respectively. It has recently been
suggestedg7 to calculate the integral Int[AG°(T)] (eq SI;
positive area under the dome) between T and T, to gauge the
thermal stability, and we obtained Int[AG°(T)] = 107, 137,
and 81 kcal'mol™"-K (DCUBI1: 182). The AGO(Tms,gGH) values
and the integrals indicate that the impact of the two mutations
is about additive. The AC, gy’ values are, as predicted from
sequence,” not significantly affected by the mutations, that is,
1.00, 0.93, and 0.99 kcal. K '-mol™" (DCUBI: 1.10).
Subsequently, we acquired 1D "H NMR, CD, and fluorescence
spectroscopic data as a function of T for all three mutants and
SAXS profiles for R44G/K92G in order to assess 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 'H NMR spectra (Table SS.1) was recorded to measure
f.(T) (Figures 4C and SF—H) and subsequent van’t Hoff
analyses yielded for R44G, K92G, and R44G/K92G,
respectively, T..xvr = —4, —4, and =3 °C (DCUBI1: —6)
and AH, \vz° = =57, —32, and —43 kecal'mol™' (DCUBI =
—43). The T, g values are only slightly increased (by about
2—3 °C), while the AH, yygr® values deviate somewhat from
the value measured for DCUBI, 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 thermodynamics 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
molecules around the core sidechains. Consistently, the
fluorescence spectra of DCUBI and all three mutants are
very similar (Figures 6 and S8.1), that is, when lowering T
from 25 to 0 °C, TI decreases to about 40%, which reflects
similarly increased dynamic quenching due to the cold core-
unfolding. Monitoring A, 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. Second, CD spectra (Figure S7.2) show that, as for
DCUBI, the helical content (Table S7.1), albeit lower, remains
nearly constant for all three mutants between 25 and -5 °C
before dropping by ~20% at —10° and the presence of
isodichroic points at the same wavelength of 204.5 nm (Figure
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S§7.2) suggest that the cold helix unfolding in the mutants may
also proceed in a cooperative manner. The comparison of the
T-dependence of the helical content and the NMR-based f,-
values for cold core unfolding (Figure SF—H) shows that the
cold helix unfolding also occurs at a significantly lower T than
cold core unfolding. As for DCUBI, the CD data thus reveal
(i) that the helices are as intact as in the folded state in the
cold core-unfolded state at about —S °C, and (ii) the onset of
cold helix unfolding significantly below T yyg. Third, SAXS
profiles acquired for R44G/K92G as a function of T (Figure
$9.3—9.6) revealed that the cold dimer formation is not
noticeably impacted by the mutations and is formed as for
DCUBI. At 10 °C, R, increases to about 28 A (Figure 7E),
which indicates comparable compactness, and the molecular
weight is about doubled (Figure 7E).

To study the heat unfolding of the mutants, CD (Figure
§7.3C—H) and fluorescence spectra (Figures 6 and $8.2,58.3)
were acquired. For R44G and R92G, the values for Tj cp,
Ty riers and Ty cper, decrease by about ~5 °C relative to the
values measured for DCUBI (Table 3 and Figures $8.2B and
S8.3B). For R44G/R92G, the corresponding decreases are
~10 °C. Hence, the mutations affect heat unfolding Tj, values
to a much larger extent than the cold core unfolding T, nyr
values, and the impact of the mutations is about additive. All
AH,? values are, within the experimental error, the same as the
value obtained for DCUBI (Table 3). About the same ~6 °C
difference is obtained between the two fluorometric T}, values,
which indicates the presence of heat unfolding intermediates
also in the mutants.

B CONCLUSIONS

The present study illustrates that the computational protein
design opens new avenues to study protein cold transitions and
DCUBI1 represents the first of a series of designs in our
pipeline. In contrast to previously studied cold denaturing
model proteins, DCUB1 contains a layered bipartite and a
mixed hydrophilic/hydrophobic core featuring a H-bond
network formed by several sidechains. Intriguingly, folded
DCUBI contains a tetra-coordinated, low-energy water
molecule (lifetime in the us range), which is not part of the
computational design, in the H-bond network. When lowering
T below T, an unexpected and unprecedented complex set of
cold transitions was discovered. First, below about 0 °C, the
core of DCUBI disintegrates and tertiary packing is lost, while
a near-native helical content is retained. This finding was
validated by studying Gly-mutants which exhibit quite similar
cold core-unfolding T.. Moreover, the cold core-unfolded
state exhibits a significant residual structure, which was also
described for the four previously studied monomeric single-
domain model proteins CTL9(L98A),*”*0~* Zeast frataxin
yfh1,"#38447% 126.residue apo-IscU(D39A),>” and HIV1
protease monomer."” Below about —5 °C, two additional
cold transitions, which have not been described previously, are
seen, that is, the formation of a water-mediated dimer and the
onset of cold unfolding of helices, which is decoupled from the
cold core unfolding. Gly mutations neither increased the
temperature for the onset of helix unfolding 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 approach®”® exists
that predicts these experimental discoveries. Future studies are
required to delineate a conformational ensemble representing
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the cold dimer which may inspire the engineering of new types
of ice-binding proteins.”

Thus far, only the study of dimeric 66-residue CylR2,*
revealed two different cold transitions, that is, 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 a higher resolution by NMR at temperatures
well below 0 °C (i.e., in supercooled solution). Our study of
DCUBI is the first cold unfolding study combining NMR,
SAXS, and CD spectroscopy performed with supercooled
solutions. Hence, future studies on other systems with
supercooled solutions®® may also reveal more than one, and
potentially coupled cold transitions.

DCUBI1 cold core unfolding proceeds in a largely
cooperative manner and is, as expected for a LELS state,
associated with a negative AH° and a positive AS°. The
negative AH® is primarily due to the formation of additional
water-protein  H-bonds as well as water—water H-bond
networks on exposed hydrophobic surfaces. The positive AS°
results from the partial immobilization of the water molecules
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 AH° and a negative AS°. Taken together, these
findings can be concisely summarized in a schematic
representation of the energy landscape of DCUB1 (Figure
1), which above —S5 °C is dominated by three macrostates
(cold core unfolded, folded, and 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 unfolding 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) equation which is employed under the assumption that
AC,° does not depend on T and is the same for the cold and
the heat unfolding transition. This approach implies
“thermodynamic equivalence” of cold and heat unfolded states
and results in a well-known two-state AG°(T) function with a
dome-like shape and zero-crossings at both T. and Tj. The
importance of cold denaturation studies to (i) assess protein
stability whenever heat denaturation is associated with
aggregation (aggregation upon cooling is rare, likely because
the dielectric constant of water increases’ when lowing T),
and (i) accurately estimate a constant AC,’ and thus the
AG°(T)-dome has been emphasized. However, given the
significant structural differences of the cold and heat unfolded
states of DCUBI, it appears problematic to justify the
assumption that AC,° is the same for both transitions. The
same may hold for previously studied model proteins. Cold
denaturation AC,° values have not yet been measured so that
comparisons with the corresponding values for heat denatura-
tion 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 thermodynamically (nearly) equiv-
alent chemically unfolded cold and heat unfolded states.

Because the interconversion of folded and cold core-
unfolded states is slow (<~10 s™'), a significant free energy
barrier must exist for this cold transition. The same was
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observed for the four monomeric single domain model
proteins CTLO(L98A),>”**™* yeast frataxin yfh1,'®*%*~%
apo-IscU(D39A),” and HIV1 protease monomer.”” Further
studies will be necessary to delineate the relative importance of
entropy and energy changes associated with the formation of a
transition state ensemble (TSE), 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 DCUBI1
readily accommodates an internal low-energy water molecule.
First, considering that individual H-bonded core water
molecules stabilize protein molecules by 0.6—4 kcal/mol,”"">
while AG°(T,,) = 3.2 kcal/mol for DCUBI, the water
molecule detected in the H-bond network may well be critical
for the foldedness of DCUBI at T,,,. This view is supported by
Rosetta calculations which showed that the water molecule 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 hydrophilic sidechains, which does not
disrupt secondary structure elements, appears to be crucial.
Hence, the internal H-bond network might serve as a
“predetermined breaking point” nucleating cold core unfold-
ing. This view is supported by the detection of a lowly
populated (<5%) cold core unfolding intermediate. For
proteins with an entirely hydrophobic core, for example,
frataxin, clusters of charged surface residues may act as a
“preferential gate for the entrance of water molecules into the
core”.'®® Furthermore, water insertion may likewise stabilize
the cold denaturation TSE, reduce 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 relationships'®’ connecting thermodynamics 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 molecules enable fast interconversion between the
conformers representing this state, pointing at their well-
known role as a lubricant'® for protein folding.

It is unknown which structural features determine the
cooperativity 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. Consistently, the mono-
meric single domain model proteins CTL9(L98A),*”*~*
yeast frataxin yfh1,"*****~*® and HIV1 protease monomer,"’
all of which feature a core devoid of sidechain—sidechain
hydrophilic interaction, have been shown to cold unfold
(above 0 °C) 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 of the “Trp-cage
miniprotein”.>” In fact, most water molecules located in
protein cores are individual, located close to the protein surface
and form 3.7—4.3 H-bonds”" (some are bifurcated). Moreover,
they are rare in a-helical proteins and are often coordinated by
loops,”" which supports the view that sidechains are required
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to optimally coordinate internal water. We hypothesize that the
mechanism of cold core unfolding of DCUBI results from the
segmentation of the core into two hydrophobic and one
hydrophilic segment: water penetrates first into the central H-
bond network which is followed by the cooperative
disintegration 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
DCUBI, which is remarkable given (i) that individual water
molecules can be accommodated by the internal H-bond
network and (i) the rather low relative contact order'*”
(~0.075) of DCUBL.

It is widely acknowledged that the entire conformational
space sampled by protein molecules in solution is intimately
linked to their folding and function.””**'*® 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
importance of cold unfolded states for folding has been
recognized, most of the thus far reported structural character-
izations of lowly populated states of biological importance
assume that those are HEHS states. However, it is in many
cases unclear if the experimental characterization of lowly
populated states, primarily by NMR***”'** and room T X-ray
crystallography,” captures LELS or HEHS states. When
referred to as “excited states”, we surmise an interpretation
bias which results from the vast number of heat unfolding
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 (e.g.,
they may play a role to modulate allosteric interactions).
Notably, it has been shown that intrinsically disordered
proteins are less cold sensitive. In this case, natural evolution
has apparently resulted in proteins whose function is not
negatively impacted by cold denaturation. Moreover, our study
pointed at the importance of internal water for cold
denaturation and, remarkably, the location of some internal
water molecules is evolutionarily conserved.”' This can be
related to their role to form functionally important LELS
states. Specifically, this may, quite generally hold for the
function of antifreeze proteins as was recently suggested.*®

Successful computational protocols to support the iterative
engineering of novel cold denaturing proteins hold significant
promise. First, it would be important to be able to design
proteins which either unfold cooperatively or non-coopera-
tively. Arguably, engineering 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 segment representing
a pre-determined breaking point, and tuning of AH’(T,) can
adjust the steepness of the transition. In contrast, we
hypothesize that proteins with a largely hydrophilic core,
which enable the gradual insertion of water in the core
associated with the formation of a quasi-continuum of partially
unfolded macrostates, tend to cold denature non-cooperatively.
This view is supported by the discovery of a lowly populated
cold core-unfolding intermediate for DCUB1 which contains
only a single internal H-bond network. Non-cooperatively cold
unfolding proteins could potentially function as rheostats™
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sensing T over a broad range. It can also be expected that
future efforts to design cold unfolding proteins will improve
the required computational protocols. For example, our failed
attempt to computationally design cold denaturing “over-
packed bundles”, in which increased van der Waals repulsions
destabilize the core, resulted in an important improvement of a
central design protocol’” used by the Rosetta community.
Further improvements may include the involvement of explicit
water molecules in the computational design and/or a suitable
combination with explicit'”'®'* or implicit'®® solvent MD
simulations, which may also predict effects arising from
variations of the ionic strength.*’

Finally, new insights into cold transitions and the future
development 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, for example, for amyloid fibril homeostasis'”” or
vaccine development,'**'*” (ii) provide new insights into the
functioning of psychrophilic proteins,''’ and (iii) support the
engineering of cold-adapted enzymes and ice-binding
proteins.”” The use of protein design has proven to be a
significant, efficient, and effective means to enhance our
understanding of protein cold transitions.
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