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Abstract

The conformational stability of the -hairpin miniprotein, CLNO25, a variant of chignolin in which
the N- and C-terminal Gly are replaced by Tyr, in various concentrations of GdmCI and urea was
examined by Molecular Dynamics simulations and Electronic Circular Dichroism (ECD)
spectropolarimetry. The peptide maintains its B-hairpin conformation in GdmCI and urea
solutions. In GAmCI, Gly7 influences the turn to reduce the number of Asp3-Gly7 H-bonds and
the Tyr1-Trp9 H-bond is lost. The structure of the peptide is less stable in 3 M GdmClI than in
water or 6 M GdmClI, because the number of Asp3-Thr8 and Tyr1-Tyr10 H-bonds are reduced and
the Tyr2 side-chain moves away from the Pro4 and Trp9 side-chains and towards the Tyr10 side-
chain. This reduces the number of Tyr2-Pro4 CH-r interactions and Tyr2-Trp9 and Tyr1-Tyr10
aromatic-aromatic (Ar-Ar) interactions and increases the number of Tyr2-Tyr10 Ar-Ar
interactions. In 6 M GdmClI at 300 and 333 K, the number of Tyrl1-Tyr10 and Asp3-Thr8 H-bonds
increases, but fewer structures have Tyr2-Pro4 CH-r and Tyr1-Tyr10 and Tyr2-Trp9 Ar-Ar
interactions. In urea, Gly7 is in a mixture of -turn and random meander structures and the number
of Asp3-Thr6 and Tyr1-Tyrl0 H-bonds are reduced as are the number of Tyr2-Pro4 CH-x
interactions and Tyr1-Tyr10 and Tyr2-Trp9 Ar-Ar interactions. In 4 M urea, a shorter turn places
Gly7 in to the B-sheet region and Tyr10 is pushed out into the solvent. In 8 M urea, the number of
Asp3-Glubs H-bonds is increased and the p-sheet is lost, but the electrostatic interaction between
the charged termini is restored and a cation-rn interaction between the indolyl ring of Trp9 and the
positively charged N-terminus is formed. In 8 M urea at 333 K, the B-hairpin conformation is
almost lost. The structure of CLNO025 is stable, because the weakly polar interactions and H-bonds
maintain the p-hairpin conformation in the various environments. CLN025 should not be
considered a miniprotein, because it lacks a well-defined tertiary structure, it is resistant to
denaturation, does not have an increased heat capacity near its melting temperature and the
structures near and above the melting temperature retain a p-hairpin conformation.
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Introduction

Molecular Dynamics (MD) simulations have revealed that the denaturation of proteins by
urea is caused by a loss of water from the first solvent shell and a consequent in-flow of
urea, due to greater stabilization of urea molecules in the first solvent shell than in the bulk
and to strong interactions with the protein.! Urea can form H-bonds with the backbone and
hydrophillic residues and quadrupole-quadrupole interactions with aromatic residues which
are energetically more favorable than protein-protein interactions and cause the peptide to
unfold.2 While more protein-urea H-bonds are formed, they are weaker than water-water or
protein-water H-bonds? which can cause urea to self-aggregate.3 Numerous studies have
shown that the H-bonding of a protein with urea is the dominant interaction especially in o-
helices.#" When partial charges of the atoms in urea are scaled, hyper-polar urea (partial
charges increased by 50%) tends to stabilize the native protein structure, while hypo-polar
urea (partial charges decreased by 50%) causes the protein to unfold. This indicates that
dispersion is the main driving force for denaturation and the protein-urea H-bonds contribute
to the overall energetics by preventing unsatisfied H-bonds at the protein backbone.”
Partially unfolded states resulting from thermal fluctuations could be stabilized by urea and
prevent refolding.8

GdmCl is typically 2 to 2.5 times more effective as a denaturant than urea, because Gdm™
can interact with aromatic residues® through cation-z interactions'9 and reduce the entropic
cost of hydration of hydrophobic groups by displacing water from the surface of the
protein.11 Gdm* can interact with side-chains of aromatic residues, Arg, GIn and with other
Gdm* ions by stacking with residence times around 30 ps.1! The longer range electrostatic
effect of GAMCI does not perturb the structure of the solvent close to the peptide.12

While Urea and GdmCI are effective denaturants, many proteins retain their hydrophobic
core and native secondary structures in the denatured state.13: 14 Urea has also been shown
to promote formation of left-handed PPII helical structures in short proteins and peptides
depending on sequence and often causes the molar ellipticity near 230 nm to increase.1®

CLNO025, Tyrl-Tyr2-Asp3-Pro#-Glud-Thré-Gly’-Thr8-Trp%-Tyrl0 (Figure 1), is a variant of
chignolin in which the terminal Gly residues were replaced by Tyr residues. It is regarded as
a miniprotein that forms a stable B-hairpin with an apparent melting temperature of 70 °C,
due to the shape of its free energy surface, apparent two-state folding and well-defined 3D
structure.1® The B-hairpin is stabilized by an electrostatic interaction between the charged
termini, cross-strand H-bonds, aromatic-aromatic (Ar-Ar) interactions and a CH-n
interaction between Try2 and Pro4.18 CLN025 is more stable than chignolin due to the
additional Ar-Ar interactions of the terminal Tyr residues which increase the stabilization
energy by -4.83 kcal mol and the melting temperature by 27.9 K.16

The weakly polar interactions play an important role in the stability of proteins due to their
strength which can be as strong as hydrogen bonds7-24 and their ubiquitous presence in
polypeptides. They stabilize both secondary” and tertiary structures.29: 22. 24 CLLN025 is one
of the numerous B-hairpins designed to take advantage of the weakly polar interactions.25-29

The ability of CLN025 to form a stable B-hairpin in TFE, MeOH and DMSO as well as in
water at 90° C was previously attributed to the replacement of the Tyr2-Trp9 Ar-Ar
interaction with a Tyr1-Trp9 Ar-Ar interaction and the formation of new H-bonds that
compensate for the effects of these solvents.30:31 In this study, MD simulations and
Electronic Circular Dichroism (ECD) spectropolarimetry are used to investigate the
conformational stability of the CLN025 B-hairpin in different concentrations of urea and
GdmCl and to examine the changes in the H-bonds and weakly polar interactions.
Conformational stability was investigated by ECD using 0 to 6 M GdmCI and 0 to 8 M urea
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in 0.5 M increments. Furthermore, MD simulations were used to explain the conformational
behavior of the peptide in SPC water, 3 and 6 M GdmCl and 4 and 8 M urea as well as to
estimate thermodynamic properties of the peptide.

CLNO025 was synthesized and purified as previously described3? with a CEM Liberty
microwave peptide synthesizer using a 5 molar excess of N*-Fmoc protected amino acids.
The peptide was identified using a SCIEX API150EX mass spectrometer and characterized
by RP-HPLC with a Jupiter C18 column (5 um, 200 mm x 4.6 mm).

Electronic Circular Dichroism

ECD spectra were recorded using a Jasco J-810 Spectropolarimeter by performing 20 scans
from 185 to 250 nm at 100 nm/min scan speed in a 0.05 cm path length quartz cell. The
background spectra of the solvents were subtracted and the mean residue molar elipticities
were calculated using peptide concentrations determined by quantitative RP-HPLC32 with a
Jupiter C18 column (5 pm, 200 mm x 4.6 mm). 100 uM solutions of CLNO025 dissolved in
20 mM KH,P0O4-K,HPO, buffer (pH 7.0) containing either 0 to 6 M GdmCl or 0 to 8 M
urea were used. It was determined previously,3C that the peptide does not aggregate at this
concentration.

Molecular Dynamics Simulations

MD simulations and trajectory analysis were performed with the GROMACS 3.3.1 software
package33 34 the GROMOS 96 force field and the 53a6 parameter set3 36 using the X-ray
structure of CLN025%6 as the initial structure. CLN025 was solvated in a 45.61 nm3
dodecahedral box with SPC water, GAmCI, and urea molecules to generate the desired
solutions (Table 1). CI- and Na* ions were used to neutralize the charge of the system. The
solvated structures were energy-minimized by the steepest descent method.3” An NVT
simulation of the positionally restrained peptide was performed for 2 ns at the desired
temperature. NPT simulations were performed at various temperatures and 1 bar pressure by
coupling the system to an external heat bath using the method of Berendsen38 and the bonds
were constrained3® using the Shake method.“? Long range electrostatic interactions and non-
bonded interactions were treated by the twin-range method. 0.8 nm was used for the short
range cutoff and 1.4 nm was used for the long range cutoff. A reaction-field correction was
used for long range electrostatic interactions, and a dispersion correction was used for
energy and pressure. 200.1 ns NPT simulations were used to analyze the equilibrium
properties of CLN025 and 10.1 ns simulations were used to calculate thermodynamic
properties. (Table 2). The first 0.1 ns of each simulation was considered an equilibration
period and subsequently was not used for analysis.

Trajectories were submitted to cluster analysis by the GROMOS method of clustering®!
using backbone RMSD cutoff of 0.1 nm. Trajectories were sampled in 10 ps intervals. The
structure of CLN025 was examined using the central structure of the largest cluster of
structures from the trajectories of the simulations. Secondary structure of CLN025 was
analyzed with plots of the ¢ and v torsional angles of the residues sampled every 10 ps
along the trajectories and grouped into regions (o, PL, YL, 8L, €L, @D, B D» ¥ Dy © D» € D). %2
Hydrogen bond analysis was used to determine the number of hydrogen bonds in the
structures of CLN025 sampled every 10 ps along the trajectory of the simulations. Hydrogen
bonds were assigned using a radius cutoff of 0.35 nm and a cutoff angle of 30°.
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The percentage of interacting structures was determined by the percentage of structures,
sampled every 10 ps along the trajectories of the simulations, in which the distance between
the center-of-mass of the aromatic side-chains or the Pro4 ring were below a cutoff distance
of 0.75 nm, which was determined previously*3 to indicate a probable weakly polar
interaction between the residues.

For the 10 ns simulations at various temperatures, the heat capacities were determined using
the equations of Boned and associates.** in which the enthalpies were calculated by the
equation:

H:<E‘, +E, >N,;T+<p V>;\’pr

where Ey and Ek, respectively, are the potential and kinetic energies of the system at
constant pressure and temperature and( ) indicate the ensemble average. The enthalpies
were determined at 278, 293, 300, 313, 323, 333, 343, 353 and 363 K. The heat capacity was
calculated by the equation:

N HT» — HTa

(Tus T},
Cr T, —T,
b a

and the heat capacity for each temperature was expressed as the average of the heat
capacities of the adjacent intervals.

(Tu,Th) (Tp.Te)
cTr— Cp +C)
P 2

The calculation of the enthalpies and free energies associated with the change in the
conformation of CLNO25 in states A and A’ were performed by determining the population
of structures of CLN025 in the 200 ns simulations in which the backbone RMSD was less
than or greater than 0.1 nm, respectively, where state A represents the structures in the
native or near native conformation (backbone RMSD < 0.1 nm) and the complement of state
A, A’, (backbone RMSD > 0.1 nm) in which CLN025 is in a slightly different B-hairpin
conformation or unfolded. The free energy associated with the change in conformation of
CLNO025 from state A’ to state A was calculated using the equation:

AG,,.=—RTin (%)

A

where fa and fa: are the fraction of structures in the 200 ns simulations in states A and A’,
respectively. The enthalpy is given by the equation:
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Results and Discussion

ECD Spectra

The ECD spectra of CLN025 are similar to previously published spectral® except the
minimum at 195 nm is less intense, due to using solvents with a greater optical density and a
lower concentration of CLN025. In GdmCI, the ECD spectra (Figure 2A) have an aromatic
couplet as the primary feature, as the concentration of GdmCI increases, the couplet
decreases gradually and the maximum molar ellipticity shifts from 228 nm at 0 M GdmClI to
230 nm at 3 M GdmCI and then back to 228 nm at 6 M GdmCI. This shift indicates changes
in the Ar-Ar interactions.3% 31 The overall decrease in mean residue ellipticity at 230 nm
(Figure 2C) indicates that either the strength or number of Ar-Ar interactions decreases, or
the GAmCI directly affects the intensity of the signal from the aromatic rings.

The ECD spectra of CLN025 in 0 to 2 M urea (Figure 2B) show an aromatic couplet with
maximum intensity of 6300 deg cm™ dmol-! residue! at 228 nm. The couplet shifts to 229
nm in 3 to 5 M urea and the intensity of the aromatic couplet in 4 M Urea increases to 6800
deg cm™1 dmol-! residueL. In 6 to 8 M urea, the aromatic couplet shifts to 231 nm and the
intensity decreases to 5600 deg cm™1 dmol-! residuel. These spectral changes indicate that
the conformation of CLNO25 is stable in 0 to 2 M urea, but in 3 to 5 M urea the geometry
and pairing of the Ar-Ar interactions change. In 6 to 8 M urea, the Ar-Ar interactions appear
to stabilize again though with a decrease of maximum intensity.

The ECD spectra of CLNO025 in various concentrations of GdmCI and urea (Figure 3 A-E)
show that the aromatic couplet shifts and broad or multiple peaks form as the temperature is
increased. The ECD spectra of CLNO025 in the various solvents and at different temperatures
do not indicate an increase in random meander. It can not be concluded that the changes in
the couplet results from unfolding or a conformational change. The mean residue ellipticities
at 230 nm (Figure 3F) show that in urea solutions the molar ellipticity of the peptide is
different from that in water at temperatures below 333 K. The molar ellipticities in GdmCI
solutions, however, are lower than the values in water and show that GdmCI reduces the
intensity of the aromatic couplet, but even in 6 M GdmCI at 353 K, the couplet is still
present. At high concentrations and temperatures the decrease in the intensity of the couplet
could be the result of either unfolding or a change in the geometry of the B-hairpin.3! The
lack of isodichroic points in the spectra and the shifting in the position of the aromatic
couplet indicate that a simple two-state model is not sufficient to describe the ECD spectra
of CLNO25. Due to the optical densities of the GAmCI and urea solutions, investigation of
the 203/195 exciton couplet was not possible.

MD simulations

Thermodynamic parameter calculations

The trajectories of the 10 ns simulations were used to calculate the heat capacities (Cp) at
different temperatures (Figure 4). In water, the heat capacity decreases as the temperature is
increased, while in the urea solutions the dependence of Cp, values on temperature is
reduced. In 3 M GdmCl, the heat capacity is low, 102.8 kJ mol-1 K-1, at 300 K and has a
maximum at 321 K of 122.4 kJ mol-1 K-1 and decreases to 113 kJ mol-1 K1 above 330 K,
seen to a lesser extent in 6 M GdmCI. This increase in heat capacity is not likely due to
unfolding since it occurs 23 K below the reported melting temperaturel8.

Using the 200 ns MD simulations of the peptide in SPC water, 6 M GdmCI and 8 M urea at
300 and 333 K, the populations of structures with a backbone RMSD of less than (A) and
greater than (A") 0.1 nm from the crystal structure, respectively, were determined and used
to calculate the free energy of being in state A. In water at 300 K (Table 3), state A is
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favorable to state A’ with a free energy of -0.8 kJ mol-L while, at 333 K, state A with a free
energy of 5.6 kJ mol-L is not favorable. In 6 M GdmCl, state A is favorable at 300 and 333 K
with free energies of -1.3 and -3.9 kJ mol1, respectively. State A is more favorable at 333 K
than 300 K due to the greater fo. In 8 M urea, state A’ is not favorable at 300 and 333 K with
free energies of 3.2 and 13.2 kJ mol-1, respectively. The enthalpy associated with the
transition from state A’ to state A indicates that state A is favored in 6 M GdmClI, but not in
water and 8 M urea. This indicates that the 6 M GdmCI solution favors the native state of the
peptide, while water and 8 M urea tend to destabilize it.

Equilibrium simulations

Cluster analysis

RMSD

The small number of clusters and more than 90% of structures belonging to the major cluster
indicates that in water and in 6 M GdmCI at 300 K the structure of the peptide is stable
(Table 4). In 3 M GdmCI at 300 K, the peptide structure is destabilized resulting in 241
clusters of which the major cluster consisted of only 28% of the structures. In urea at 300 K,
the number of clusters increases and the proportion of structures in the major cluster
decreases as the concentration of urea is increased. This indicates that the peptide structure
is destabilized in 3 M GdmClI, but is stable in both water and 6 M GdmCl, while the
structural stability of the peptide decreases in urea. This is in contrast with the ECD results
which show a gradual decrease in the mean residue ellipticity in GdmCI solutions and a
smaller and less gradual decrease in urea. But the aromatic couplet of the ECD spectra
reflects the local Ar-Ar interactions, while the cluster analysis reflects the secondary
structure of the backbone. At 333 K, the number of clusters in water increases to 76 and the
proportion of structures in the most populated cluster decreases to 72%. This indicates that
the structure of the peptide is destabilized in water at higher temperatures. In 6 M GdmCl,
the number of clusters, 27, at 333 K is low and the number in the most populated cluster is
decreased by only 3%, which indicates that the structure of the peptide is stable at both 300
and 333 K. In urea, however, the number of clusters increases substantially to 1702 with
only 16% in the most populated cluster. This indicates that the structure of CLN025 is
destabilized in 8 M urea at 333 K.

The central structures of the major clusters from the simulations (Figure 5) show that the
peptide maintains a p-hairpin conformation in GdmCI and urea indicating that the
denaturants were unable to unfold the peptide effectively and most secondary structure was
maintained. H-bonding and side-chain orientations, however, vary in the different solvents.
In 3 M GdmCl, the H-bond between Asp3 and Gly7 is lost, a new H-bond is formed
between Pro4 and Gly7 and the aromatic ring of Tyr2 shifts towards the Pro4 ring and away
from the Trp9 aromatic ring. The central structures of the peptide in 6 M GdmCIl at 300 and
333 K are similar. In 4 M urea at 300 K and in water and 8 M urea at 333 K, the H-bonding
pattern shifts causing the C-terminal strand to push Tyr10 out into the solvent by breaking
the electrostatic interaction between the N- and C-termini and forming a hydrogen bond
between Tyrl and Trp9. This results in moving Gly7 out of the turn region. This shift causes
a loss of hydrogen bonds involving Pro4 and Glu5 and a shift in Ar-Ar interaction from
Tyr2-Trp9 to Tyrl-Trp9. In 8 M urea, the electrostatic interaction between the charged
termini is restored and a cation-r interaction forms between the aromatic ring of Trp9 and
the N-terminus of the peptide and the Ar-Ar interaction between Tyr2 and Trp9 or Tyrl and
Trp9 shifts to between Tyrl and Tyr10.

The distribution of the RMSD of the peptide backbone (Figure 6) indicates that in water and
6 M GdmCI the backbone is similar to that of the crystal structure of the peptide. The

J Phys Chem B. Author manuscript; available in PMC 2012 May 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hatfield et al.

Page 7

majority of the RMSD values are less than 0.05 nm in the 300 K simulations, while in the
333 K simulations, a second peak occurs at 0.15 nm in water and 0.12 nm in 6 M GdmCl.
These RMSD values are smaller than the 0.18 nm RMSD between the crystal and NMR
structures. In 3 M GdmCl, the distribution of RMSD values around 0.3 nm is widened and
fewer have RMSD values less than 0.05 nm. This indicates that a conformational change in
the peptide backbone occurs in 3 M GdmCI. In 4 M urea, two groupings of RMSD values
are present. The RMSD values around 0.15 nm probably represent the structures in which
the C-terminus is pushed out into the solvent and the turn is shortened. The RMSD values
around 0.25 nm, in 8 M urea at 300 K, indicate further changes in the conformation of the
backbone. At 333 K, the distribution of RMSD values is broader and indicates that the
peptide is either unfolded or destabilized by the 8 M urea.

Backbone torsional angles

The ¢ and y torsional angles (Figure 7) in increasing concentrations of GdmCI are reduced
in the ep region and increased in the ap region. This indicates a change from a type 11’ B-
turn to a type Il B-turn, which is a major structural reorientation. In urea, the broader
distribution of the ¢ and v torsional angles indicates that the conformation of the peptide
backbone is relaxed and in more of a random meander conformation. The small shifts in the
distributions of the ¢, y plots of the individual residues at 300 K in the different denaturing
solutions indicate that the conformation of the backbone at Tyr2, Asp3, Pro4, Glu5, Thr8
and Trp9 remains stable. Tyr2, Asp3, Thr8 and Trp9 are in a B-sheet and Pro4 and Glu5 are
in a type | B-turn conformation. At 333 K, however, additional combinations of the ¢ and v
torsional angles are seen for Pro4, Glu5, Thr8 and Trp9 in water and 8 M urea, as well as for
Tyr2 in 8 M urea. The ¢, v torsional angles for 6 M GdmClI are the same at both 300 and
333 K.

For Thr6, the population of structures in the g region indicates that the type | B-turn shifts
to a type Il B-turn, while the majority of the structures maintain a type | p-turn. In 3 M
GdmCl, the Gly7 ¢, y angles move from ¢p to g and the population in the op region is
maintained. This indicates that Gly7 is either in a type Il B-turn or random meander
conformation. In 6 M GdmCl at 300 and 333 K, the population of structures in the op region
increases and those in the gp region moves to the vy, region, suggesting that Gly7 is either in
a type Il B-turn or random meander conformation. The ¢ and y angles of Gly7 in 4 M urea at
300 K and in water at 333 K are in the y, ap and ep regions which indicate a mixture of
structures in a type 11 B-turn, type 1I’ B-turn and random meander conformation. In 8 M urea
solutions, the torsional angles in the y(, €, ap, €p regions indicate that Gly7 is in a mixture
of B-turn and random meander conformation. The ¢, v analysis indicates that the peptide
does not unfold, but rather, the turn region is reorganized and only a small change in the
sheet region is needed to accommodate changes in the turn.

Hydrogen bonds

The average number of intramolecular H-bonds in the peptide is greater in 6 M GdmCI and
less in 3 M GdmClI than in water (Table 5). H-bonds in water are primarily between Tyrl
and Trp9, Tyrl and Tyr10, Asp3 and Glu5, Asp3 and Thr6, Asp3 and Gly7 and Asp3 and
Thr8. In the sheet region, the Tyrl-Trp9 H-bond is lost in GAMCI solutions. The number of
Tyrl-Tyr10 H-bonds is reduced in 3 M GdmCI, but increased in 6 M GdmCI. In the turn
region, the number of Asp3-Gly7 H-bonds is reduced in 3 and 6 M GdmCI and the number
of Asp3-Thr8 H-bonds is reduced in 3 M GdmCI, but increased in 6 M GdmCI. The total
number of intramolecular H-bonds is reduced in urea. The number of Asp3-Thr6é H-bonds is
reduced in urea. In 4 M urea, the number of Asp3-Gly7 H-bonds is increased and the
number of Asp3-Thr8 H-bonds is reduced.

J Phys Chem B. Author manuscript; available in PMC 2012 May 5.
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As the temperature is increased from 300 K to 333 K in water, the number of Tyr1-Tyr10,
Asp3-Thr6, Asp3-Thr8 and Thr6-Thr8 H-bonds decrease, while the number of Tyr1-Trp9,
Asp3-Glu5 and Thr6-Trp9 H-bonds increase, resulting in a net decrease of 1.7 H-bonds. In 6
M GdmcCl, the temperature increase causes a loss of 1.2 H-bonds. The number of Tyr1-
Tyr10, Asp3-Thr6 and Asp3-Thr8 H-bonds decrease and the number of Asp3-Glu5 H-bonds
increase. In 8 M urea, the temperature increase causes a decrease from 5.2 H-bonds at 300 K
to 1.9 H-bonds at 333 K, with the biggest decrease coming from almost complete loss of
Tyrl-Tyr10 and Asp3-Thr8 H-bonds and a reduction in the average number of H-bonds
between Asp3 and Glu5, Thr6 and Gly7, which indicates that the turn structure is
destabilized at 333 K.

Weakly polar interactions

The importance of the weakly polar interactions is shown (Table 6) by the number of
structures in which the aromatic rings are within 0.75 nm of either another aromatic ring or
prolyl side-chain. The Tyrl1-Tyrl0 Ar-Ar interaction is present in 88% of the structures in
water and 79% in 6 M GdmCI, but is reduced in 3 M GdmCI and urea. The Tyr1-Trp9
interaction is not present in water or GAmCI, but it does occur in 37% of the structures in 4
M urea and 11% in 8 M urea. The Tyr2-Tyr10 Ar-Ar interaction is present only in 3 M
GdmCl and 8 M urea where it is in 30% and 12% of the structures, respectively. The Tyr2-
Trp9 Ar-Ar interaction is present in 95% of the structures in water and is reduced to 38% of
the structures in 3 M GdmCIl and 67% of the structures in 6 M GdmCI. In urea, the number
of structures containing an Ar-Ar interaction between Tyr2 and Trp9 are reduced to 21% in
4 M urea and 51% in 8 M urea. The CH-r interaction is present in more than 90% of the
structures in water and 6 M GdmCl, but only 62% of the structures in 3 M GdmCI. In urea,
the number of structures containing Tyr2-Pro4 CH-r interactions decreases to 86% in 4 M
urea and 50% in 8 M urea.

In water, the increase in temperature results in a reduction in the number of Tyr1-Tyr10 and
Tyr2-Trp9 Ar-Ar interactions and to a lesser extent the Tyr2-Pro4 CH-r interaction, while
the number of Tyr1-Trp9 and Tyr2-Tyr10 Ar-Ar interactions increase, due to the elongation
of the C-terminal strand. In 6 M GdmClI, the number of Ar-Ar and CH-r interactions are
similar at 300 and 333 K, indicating that the peptide is less affected by temperature changes,
possibly because the Gdm™ prevents the aromatic rings to move significantly. In 8 M urea,
however, the number of Tyrl-Tyr10 and Tyr2-Trp9 Ar-Ar interactions is decreased, while
the numbers of the Tyrl-Trp9 and Tyr2-Tyr10 Ar-Ar interactions change less. In addition,
when the number of Ar-Ar interactions involving Tyr2 decrease, the number of Tyr2-Pro4
CH-r interactions can increase.

Solvent accessible surface area

The average solvent accessible surface area (SAS; Table S1) varies slightly in the different
environments. In water, the SAS increases by 6% at 333 K. In 6 M GdmCI, the SAS is
similar to that in water, while in 3 M GdmCI the SAS increases by 11%. In urea, the SAS
increases by 9 to 11% at 300 K and by 20% at 333 K. These small changes indicate that
CLNO025 forms a compact structure in water and GdmCI and to a lesser extent in urea.

Peptide-solvent interactions

In GdmCI solutions, the number of peptide-solvent H-bonds decrease, indicating that the
peptide is less exposed to the solvent and does not unfold (Supplemental Table S2). In3 M
GdmCl, a small amount of solvent is in the core, indicating that the peptide is destabilized,
but not in water or 6 M GdmCI (Supplemental Figure S2). In GdmCI, Tyr1, Gly7 and Trp9
are more solvated by water, while Pro4, Glu5 and Tyr10 are less solvated by water. The
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Tyr2 aromatic ring is the least solvated by water because its Ar-Ar and CH-r interactions
prevent both faces from being exposed to the solvent.

Asp3 and Glu5 are the most solvated by Gdm™*, while Pro4 and Thr8 are the least solvated
(Supplemental Figure S3). Trp9 and Tyr10 are more solvated by Gdm* in 3 M GdmCl than
in 6 M GdmCI due to a loss of Ar-Ar interactions involving Trp9, which increases the
exposure of the ring to Gdm™*. The aromatic rings are highly solvated by Gdm™, especially
those of Trp9 and Tyr10. Tyr2, the least solvated aromatic ring, is within 0.5 nm of a Gdm*
ion more than 76% of the time, while the indolyl ring of Trp9 is within 0.5 nm of a Gdm*
ion more than 96% of the time (Supplemental Table S3). Increasing the temperature of the
simulation increases the percentage of structures with an aromatic ring within 0.5 nm of a
Gdm* ion, which suggests that the increased stability of the peptide at higher temperatures
in 6 M GdmCI may be due, in part, to an increased presence of Gdm* around the aromatic
rings which helps to minimize their movement at higher temperatures. In water, the water
oxygen is pointed away from the peptide, but in GAmCI solutions the water oxygen is
oriented preferentially towards the peptide, so it can H-bond with the Gdm™ ions
surrounding the peptide (Supplemental Figure S4). The Gdm™ ions are preferentially
oriented parallel to the peptide, except around the negatively charged residues, where two
nitrogen atoms are pointed towards the peptide to maximize H-bonding (Supplemental
Figure S5).

In urea, the number of peptide-solvent H-bonds increases, but not enough to indicate
unfolding (Supplemental Table S2). Asp3-Thr6 in the turn region and Tyr10 are less
solvated by water in urea solutions, while Trp9 is more solvated, due to increased exposure
of the aromatic ring as a result of the loss of Ar-Ar interactions involving Trp9 in urea
(Supplemental Figure S6). The aromatic residues are preferentially solvated by the urea
oxygen, while the turn is solvated by the urea nitrogen, due to the presence of multiple side-
chains containing oxygen atoms (Supplemental Figure S7). The water oxygen is pointed
towards the Thr6 and Trp9 side-chains to a greater extent in urea than water, due to a
conformational change (Supplemental Figure S8). Urea predominately forms H-bonds with
Asp3, Glu5, Thr8, Tyr10 and to a lesser extent with Tyrl (Supplemental Figure S9).

CLNO025 is a stable polypeptide model of secondary structure, but not a
miniprotein

We have shown that CLN025 forms a stable B-hairpin conformation that is difficult to
disrupt by increasing temperature in different solvents such as TFE, MeOH and DMSO
previously30: 31 and by GdmCI and urea here. 8 M urea at 333 K was required to break the
B-hairpin conformation. MD studies have shown that chignolin is also resistant to unfolding,
even at 373 K.*® Proteins with compact denatured state ensembles contain a greater
secondary structure content#®: 47 that reduces the number of interactions between protein and
denaturant.#8 CLN025 is a stable p-hairpin polypeptide that is composed entirely of
secondary structure with no tertiary structure. Therefore, it is not affected by denaturant and
does not unfold as would a protein with tertiary structure.

The apparent two-state folding of CLN025 was described on the basis of the molar
ellipticity of the aromatic couplet.18 This is a measure of the local structure near the
aromatic rings, rather than secondary structure. We have shown here and previously3° that,
when more than two aromatic rings interact, the molar ellipticity of the aromatic couplet
does not accurately estimate the population of folded and unfolded conformers. This is
because the fluctuations in Ar-Ar interactions affect both the intensity and position of the
aromatic couplets, without significantly affecting the backbone structure of the peptide.
Maynard and colleagues*® have shown that 3], values from NMR measurements can also
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provide misleading estimates of the population of folded conformers in peptides that are rich
in B-branched residues, due to the effect of local cooperative interactions that affect
backbone conformational preferences rather than folding or unfolding.*® This caution must
be used with the molar ellipticity of the aromatic couplet in ECD spectra, especially when
either more than two aromatic rings are present or the position of the aromatic couplet shifts.
Other methods which should be used to estimate the population of folded and unfolded
conformers when the accuracy of a specific method is in doubt include the comparison of
NOE intensities to random meander or other reference values?® 29:49.50 and changes in the
absorbance of the amide I’ region of FT-IR spectra.2’. 51

The observed two-state folding of CLN0256 may be due to a small conformational change
rather than unfolding. The heat capacity was assumed to be zero, but the heat capacity of the
protein should increase near the melting temperature®2 as for small B-hairpins,*9:53 o-
helices®* and the TC5b miniprotein.®> The MD simulations here, do not show an increase in
heat capacity near the proposed melting temperature, indicating that unfolding does not
occur, although more precise methods such as differential scanning calorimetry may be
required. Our MD simulations show that, at temperatures near or above the observed melting
temperature the B-hairpin is still present in the majority of structures.

Rodriguez and colleagues®® examined the 3D structure of CLN025 using replica exchange
MD simulations. The peptide in explicit solvent had a funnel-like free energy landscape with
two minima which were separated by 0.5 kcal mol-! corresponding to two clusters of
structures. Cluster 1 contained the experimental NMR and X-ray structures. In cluster 2, the
peptide had a conformation in which the H-bonds and Ar-Ar interactions are shifted so that
the turn was shortened and the side chain of Tyr10 was pushed into the solvent. This
conformation is seen as the major conformation in our simulations of CLN025 in water at
elevated temperatures and in 4M urea as well as in our previous simulations in MeOH and
TFE.31 This further supports our conclusion that the observed changes in the ECD spectra
are due to a conformational change rather than unfolding.

Honda and colleagues'® proposed a definition to define an ideal protein as a polypeptide
with a single smooth funnel-like free energy surface that perfectly satisfies either the
consistency principle or the minimum frustration principle and has a defined 3D structure
that corresponds with the bottom of the funnel and flexibility that corresponds with
transitions among structures near the bottom. CLN025 has a well-defined 3D structure and
is stable in a variety of temperatures and solvents, because small changes in the weakly
polar interactions and the H-bond pattern can compensate for the effects of a changing
environment. CLNO25, however, does not satisfy the consistency or minimum frustration
principle because it lacks a well-defined tertiary structure and there is competition between
Ar-Ar interactions and H-bonds.

MD simulations of CLNO025 starting from an extended state have been used to generate a
free energy surface in dihedral angle (DA) space that displays a funnel shape with a deep
well and surrounding shallows,16 which is typical of proteins.>” The funnel resulted from
replica exchange simulation, however, has two minima rather than a single minimum.>8
While CLNO025 folds from an extended conformation to a small number of closely related 8-
hairpin conformations, a thermally stable peptide with a well-defined secondary structure
would display the same characteristics. The consistency principle®8 states that, in ideal
proteins, no localized stress exists. This concept is difficult to demonstrate in a real protein.
In CLNO025, however, the shifting of Ar-Ar interactions and the shifting of the turn region at
elevated temperatures suggest that stress may be present in the turn region or at the end of
the B-hairpin. Therefore, CLN025 does not satisfy the consistency principle. The minimum
frustration principle®® states that the folded structure is compact and the secondary and
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tertiary structures do not conflict. In the case of CLN025, and two-stranded B-hairpins in
general, no tertiary structure is present, so the minimum frustration principle cannot be
applied. This suggests that the tertiary structure is an essential property of proteins.
Numerous studies have shown that polypeptides including TC5b,>%: 60-63 avian pancreatic
polyeptidel”-22.64 and the core of the Villin Headpiece helical subdomain6°-68 should be
regarded as miniproteins, because they have a well-defined tertiary structure and
hydrophobic core, they exhibit two-state folding and their heat capacity increases upon
unfolding.

Definitions of proteins and miniproteins typically distinguish flexible polypeptides from
proteins, but additional criteria are required to distinguish stable polypeptides from proteins.
CLNO025 and two-stranded B-hairpins, in general, have a well-defined 3D structure, but lack
a well-defined tertiary structure, so they should not be regarded as miniproteins. They
should, however, be seen as stable models for secondary structure. This does not detract
from using these models in understanding protein structure or folding.

Conclusions

CLNO025 has previously been shown to form a B-hairpin conformation that is stable at high
temperatures and in non-aqueous solvents such as MeOH, TFE and DMS0.30:31 Here, the
effect of various concentrations of urea and GdmCI on the conformation of CLN025 was
examined by ECD and MD simulations. It was shown, that even high concentrations of
these denaturants are unable to disrupt the p-hairpin conformation effectively. Rather, the
denaturants affect the local preferences for weakly polar interactions and hydrogen bonds
resulting in small conformational changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of CLN025.16 The backbone structure represented by a tube. Random

meander is cyan, 3-sheet is red and the H-bonds are yellow dotted lines.
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Figure 3.

ECD spectra of CLN025 in A, buffer; B, 3 M GdmClI; C, 6 M GdmCI; D, 4 M ureaand E, 8
M urea at 293 (black), 303 (violet), 313 (blue), 323 (green), 333 (light green), 343 (orange)
and 353 K (red) and F, mean residue ellipticity of CLNO25 at 230 nm at various
temperatures in buffer (black), 3 M GdmCI (blue), 6 M GdmCIl (orange), 4 M urea (green)
and 8 M urea (red).
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Heat capacity of the system at various temperatures of MD simulations of CLNO25 in water
(black), 3 M GdmCI (green), 6 M GdmCI (blue), 4 M urea (orange) and 8 M urea (red).
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Figure 5.

The backbone and side-chains of A, the crystal structure; and the central structures of the
most populated cluster of trajectories of MD simulations of CLN025 in B, water at 300 K;
C, water at 333 K; D, 3 M GdmCl at 300 K; E, 6 M GdmCI at 300 K; F, 6 M GdmCI at 333
K; G, 4 M urea at 300 K; H, 8 M urea at 300 K; and I, 8 M urea at 333 K. The backbone
structure represented by a tube. Turn is green, B-sheet is red and random meander is cyan.
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Figure 6.

Backbone RMSD of CLNO025 in A, water at 300 K (black) and 333 K (red); B, 3 M GdmClI
at 300 K (black), 6 M GdmCI at 300 K (green) and 333 K (red); and C, 4 M urea at 300 K
(black) and 8 M urea at 300 K (green) and 333 K (red).
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¢, y torsional angles of CLNO025 and the individual residues along the trajectories of the MD
simulations.
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Cluster analysis of trajectories of CLN025.

Table 4

Solvent Temperature  Number of clusters % of structures in most populated cluster
Water 300 K 15 94
333K 76 72
3 M GdmCl 300 K 241 28
6 M GdmcCl 300 K 8 93
333K 27 90
4 M Urea 300 K 394 52
8 M Urea 300 K 214 33
333K 1702 16
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