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Abstract

Single amino acid substitutions rarely produce substantial changes in protein structure. Here we show that substitution of the C-cap residue in
the α-helix of ubiquitin with proline (34P variant) leads to dramatic structural changes. The resulting conformational perturbation extends over the
last two turns of the α-helix and leads to enhanced flexibility for residues 27–37. Thermodynamic analysis of this ubiquitin variant using
differential scanning calorimetry reveals that the thermal unfolding transition remains highly cooperative, exhibiting two-state behavior.
Similarities with the wild type in the thermodynamic parameters (heat capacity change upon unfolding and m-value) of unfolding monitored by
DSC and chemical denaturation suggests that the 34P variant has comparable buried surface area. The hydrophobic core of 34P variant is not
packed as well as that of the wild type protein as manifested by a lower enthalpy of unfolding. The increased mobility of the polypeptide chain of
this ubiquitin variant allows the transient opening of the hydrophobic core as evidenced by ANS binding. Taken together, these results suggest
exceptional robustness of cooperativity in protein structures.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Protein structure; Protein stability; Cooperativity of unfolding; Differential scanning calorimetry; Heteronuclear NMR; Circular dichroism spectroscopy
1. Introduction

Understanding the relationship between the linear amino
acid sequence, the 3D structure and the thermodynamic stability
of a protein still remains elusive. In an effort to elucidate the
underlying principles it is particularly interesting to analyze
cases in which a single amino acid substitution results in
significant changes in the 3D-structure and/or stability.
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Recently, the role of helix-capping interactions for protein
structure and stability was explored by investigating the effects
of amino acid substitutions at the C-cap position of the α-helix
of ubiquitin. The single α-helix in ubiquitin comprises residues
24–33 and consists of three helical turns. The first residue
proceeding the helix (C-cap residue) in the wild type ubiquitin is
E34. Effects of amino acid substitution with all 20 naturally
occurring amino acid at the C-cap on the stability of the
ubiquitin variants revealed a number of interesting properties
[1]. First, it was observed that stability changes correlate with
the hydrophobic nature of residue 34. Second, far-UV CD and
HSQC NMR experiments revealed no dramatic structural
changes for all but one (Pro) amino acid substitution. Third,
the Pro substitution in position 34 resulted in significant
perturbations in the far-UV CD and HSQC NMR spectra,
suggesting structural rearrangements in this ubiquitin variant.
Here we report the results of the 3D structure determination of
the 34P variant of ubiquitin using multidimensional
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heteronuclear NMR spectroscopy. In addition, the thermody-
namic properties of the 34P variant were characterized by
differential scanning calorimetry (DSC), chemical denaturation
and fluorescence spectroscopy. A significant change in the
protein structure is observed that involves conformational
changes at the C-terminus of the α-helix of ubiquitin. The
structural changes of this ubiquitin variant are accompanied by
peculiar changes in the thermodynamic properties of the
protein, possible sources of which are discussed.

2. Materials and methods

2.1. Protein mutagenesis, expression and purification

Mutations in the ubiquitin gene were introduced using
QuickChange site directed mutagenesis kit. The presence of the
desired mutations was confirmed by sequencing the entire gene.
Proteins were expressed from plasmid carrying the ubiquitin
gene under control of the T7 promoter in BL21(DE3) or JM109
(DE3) and purified as described previously [1]. Protein
concentration was measured spectrophotometrically using a
molar extinction coefficient of 1480 at 276nm [1]. Correction
for the light scattering was done as described [2].

2.2. Circular dichroism

CD spectra were measured at 25°C on a Jasco J-715
spectrophotometer as described elsewhere [1]. Each spectrum
was the result of averaging five individual spectra using 0.1cm
cylindrical quartz cell. The protein concentration in all cases
was 0.4mg/ml in 30mM glycine pH 3.5. Measured values of the
ellipticity, Θ, were converted into the ellipticity per amino acid
residue base, [3] as:

H½ � ¼ HdMWR

ld c
ð1Þ

where l is the optical length of the cell, c is the concentration of
the protein, and MWR is the average mass of the amino acid
residues taken to be 114Da.

Urea-induced unfolding experiments were performed in
5mM glycine/HCl, pH 3.5 by monitoring the changes in
ellipticity at 222nm. Changes in urea concentration in solution
were achieved using an automated titration system based on a
Microlab 500 dispenser (Hamilton, Reno, NV) as described [4].
Analysis of the data was done according to the linear
extrapolation model using nonlinear regression routines as
described elsewhere [5].
2.3. Differential scanning calorimetry

DSC experiments were preformed on a VP-DSC (MicroCal,
Northampton, MA) instrument at a scan rate of 90°/h. All
experiments were carried out in 30mM glycine or sodium
acetate buffers. The protein concentration in the DSC experi-
ments varied between 1.5 and 3.5mg/ml. All temperature-
induced unfolding transitions were reversible as judged by the
area under the excess heat capacity function of first and second
scans. Calorimetric profiles were analyzed according to a two-
state transition model using the nonlinear regression routine
NLREG and in-house written scripts [6].

2.4. Fluorescence spectroscopy

Steady-state fluorescence experiments were performed on a
FluoroMax Spectrofluorimeter with DM3000F software (SPEX
Industries, Inc.) as described [7,8]. A constant temperature in
the thermostated cell holder (25°C) was maintained using a
circulating water bath. A quartz cell with a 1cm path length was
used. The buffer used in all titration experiments and in
measurements of fluorescence emission spectra was 25mM
sodium acetate, pH 5.5. Concentration of the stock solution of
ANS (8-anilino-1-naphtalene sulfonic acid) in buffer was
determined spectrophotometrically using an extinction coeffi-
cient of 5000M−1 cm−1 at 355nm [9]. Stock solutions of
protein and ANS were mixed to the final concentrations 10μM
and 25μM, respectively. All experiments were run in triplicate,
intensity was corrected for dilution, and average values are
reported. The excitation wavelength used was 350nm.

2.5. NMR data acquisition

Isotopically labeled proteins (15N and 15N/13C) were
prepared using MOPS based minimal media with 15N-
ammonium chloride and 13C-glucose as the only source of
nitrogen and carbon, respectively [1,2,10]. Ubiquitin samples
for NMR experiments were prepared by dissolving the
lyophilized protein samples in 5% acetic acid with subsequent
dialysis against 30mM acetate buffer, pH 5.0. NMR experiments
were carried out on samples containing 1–2mM of suitably
labeled protein. All spectra were recorded at 25°C on Bruker
DMX600 or DMX500 instruments equipped with a triple-
resonance, triple-axes gradient probe. Backbone assignments of
the protein were based on 1H-15N-HSQC, 3D-HNCACB,
CBCA(CO)NH, HNCA, HNCO, and HBHA(CO)NH spectra
[11] and H(CCO)NH-TOCSY and C(CO)NH-TOCSY experi-
ments [11–15] were used for side-chain assignments NOE
assignments were made using a 3D-15N NOESY-HSQC [16]
and a 3D NN-NOESY-TROSY-HMQC experiments. Residual
dipolar coupling data were obtained for 15N and 15N,13C
labeled protein samples using two alignment media. The first
medium contained 5% of dodeca-alkyl-penta(ethylene glycol)
and hexanol, with a molar ratio of the glycol derivative to
hexanol of 0.96 [17]. The second alignment medium was a
6% polyacrylamide gel (5.4mm stretched in a 4.1-mm
internal diameter NMR tube) containing 36% w/v acrylamide,
0.92% w/v N,N′-methylene bisacrylamide (ratio 39:1) [18].
One-bond 15N–1H(N) and 15N–13C′ and two-bond 13C′–1H
(N) dipolar couplings were measured using sensitivity-
enhanced E-COSY-type HSQC experiments [19]. One-bond
13Cα–

13C′ and 1Hα–
13Cα dipolar couplings were measured

using 3D-13C′-coupled/1H-decoupled HNCO and 3D 1H-
coupled HCA(CO)N experiments, respectively. Identical sam-
ples without the alignment media were used to collect reference



Table 1
Experimental restraints used for structure calculations

(1) NOE 137
HN–HN

Sequential 27
Medium-range 3
Long-range 3

HN–Hα

Intra-residue 45
Sequential 20
Medium-range 14
Long-range 23

HN–Methyl
Intra-residue 1
Sequential 1
Long-range 0

(2) Dihedral angles 90
ϕ 43
ψ 47

(3) Dipolar couplings 276
HN (gel) 61
HN (PEG) 67
CαCO (gel) 74
CαCO (PEG) 75
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spectra and the residual dipolar couplings were calculated as a
difference in the values measures with andwithout the alignment
media. Da and R were estimated by analysis of the histograms
using the method described by Brunger et al. [20]. The program
PALES [21] was used to assess the differences in the observed
dipolar couplings and those calculated, using the NMR structure
of wild-type human ubiquitin. Relaxation data were collected on
a 15N-labeled sample at a single field strength (500.13MHz) at
25°C. Spin-lattice relaxation time constants (T1), spin–spin
relaxation time constants (T2) and 15N{1H}NOE values for
backbone 15N nuclei were measured by 2D inverse-detected
methods using pulse sequences described by Kay et al [22].
Water flip back methods were used for solvent suppression [23].
All spectra were acquired with 1024·(HN)×256·(15N) complex
points and spectral widths of 7002.801Hz and 1317.783Hz in
the HN and 15N dimensions, respectively. Points were obtained
in random order for both the T1 and the T2 relaxation expe-
riments using 16 transients per point and a recycle delay of 2s.
The optimum recycle delay was set to ∼3times the T1 value of
the amide protons. The relaxation delays employed for the T1
experiments were 16, 160, 320 640, 960, 1200ms and those used
for the T2 experiments were 8, 16, 32, 64, 128, 160, 240ms. The
15N{1H}NOE experiments consisted of two interleaved
experiments. A pre-saturation period of 3s was employed in
the NOE experiment consisting of 135° pulses applied every
30ms. Deuterium exchange experiments were carried out on a
lyophilized sample dissolved in 30mM sodium acetate buffer,
pH 5.0, 100% D2O and 1H–15N-HSQC spectra were recorded
at suitable intervals over a period of 24h at 25°C.

2.6. NMR data processing and analysis

All NMR data were processed using the nmrPipe suite of
programs and analyzed using the Pipp package [24]. Hetero-
nuclear dimensions were extended by linear prediction and zero
filled prior to Fourier transformation. Square cosine window
functions were applied with optimized shifts to all the data sets.
T1 and T2 relaxation time constants were estimated by fitting
intensities of the cross-peaks to a single exponential decay curve
and uncertainties in relaxation parameters were ascertained
from Monte Carlo simulations. Values for steady state NOEs
were calculated based on ratio of intensities of peaks in the
spectra recorded with and without proton saturation. Errors in
these ratios were estimated from baseline noise in the two
spectra. Residues involved in conformational exchange were
identified based on criteria described by Tjandra et al. [25].
Secondary structure analysis was carried out using the CSI
program [26] and ϕ/ψ angles were predicted using Cα, Cβ, C′,
Hα and 15N chemical shifts in TALOS [27].

2.7. Structure calculations

NOE cross-peaks were classified as strong, medium, weak or
very weak by qualitative inspection. Upper limits for inter-
proton distance-constraints of 3.0, 4.0, 5.0 and 5.5Å were used
for these categories, respectively. Only HN–HN, HN–Hα, and
few HN–methyl–proton restraints were used. For methyl
protons, corrections of 1Å were applied. Backbone ϕ and ψ
angle constraints were calculated using TALOS as described
above and only predictions classified as “good”were used in the
calculations. Ranges for dihedral angle constraints were based
on errors predicted for the ϕ and ψ values by TALOS. Although
several residual dipolar couplings were determined, the final
protocol used only 1H–15N, and 13C–13C′ residual dipolar
couplings, since addition of the other residual dipolar couplings
did not improve the quality of the structure significantly. This is
most likely due to the redundancy in information associated
with some of these couplings. The final input data therefore
consisted of backbone NOEs, ϕ and ψ angles, Cα, Cβ and Hα

chemical shifts and dipolar coupling values. Table 1 lists all
restraints used in the structure calculation. The average energy-
minimized structure from the ensemble of 1D3Z (after
introduction of the appropriate mutations) was used as the
starting structure. In addition, a helix was introduced at the C-
terminus of the starting structure (residues 76–82) using the
swisspdb viewer [28]. This was implemented to test for any bias
in the protocol towards the starting structure. Structure
calculations were performed using CNS version 1.0 [20] on
an SGI platform. The refinement protocol for annealing
involved torsion angle heating (100K, 1000 steps) followed
by cooling in torsion (100K, 5000 steps) and Cartesian space
(1000K, 10,000 steps). The dipolar coupling force constant was
ramped from 0.01 to 1.0. The quality of the structures was
analyzed using PROCHECK-NMR [29]. Figures were gener-
ated using MOLMOL [30].

2.8. Light scattering

Light scattering data were obtained using an analytical
superdex-75 column (1.0×30cm; Amersham Biosciences,
Piscataway, NJ) with in-line multi-angle light scattering
(DAWN EOS, Wyatt Technology, Inc.) and refractive index
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detectors (OPTILAB DSP, Wyatt Technology, Inc., Santa
Barbara, CA). 60μg of protein in 75μL of 30mM acetate
buffer, pH 5.0, containing 0.02% sodium azide was applied to
the pre-equilibrated S75 column at a flow rate of 0.5ml/min at
room temperature and eluted with the same buffer. The
34P#AAA variant of ubiquitin eluted as a single peak
corresponding to a monomer molecular mass species (9.8kDa).

2.9. Surface area calculations

Water accessible surface area ASA was calculated using
NACCESS software package [31]. Calculations were carried
out using van der Waals radii of Chothia [32], and a probe size
of 1.4Å. For the NMR structures, calculations were performed
for the individual models and the average values are reported.
The unfolded state structure was modeled as an extended chain
comprising the appropriate amino acid sequence.

3. Results and discussions

3.1. Circular dichroism analysis of the position 34 ubiquitin
variants

The α-helical C-cap position is defined as the first residue
following a helix, exemplified by non-helical torsional angles
[3]. Statistical analysis of the frequencies of occurrence of
different residues at this position based on experimentally
determined structures in the Protein Data Bank reveals that the
amino acid with the lowest propensity is Pro [3,33,34]. This is
easily understood since a Pro residue imposes significant
constraints on the conformation of its preceding residue. In
particular, any residue before a Pro cannot adopt a helical
backbone conformation without significant strain [35]. There-
fore, the 34P substitution in the C-cap position of the α-helix in
ubiquitin is expected to force residue 33 out of the helical ϕ/ψ
conformation. Such disruption of the helical structure is
consistent with the observed changes in the CD spectrum for
the E34P variant (Fig. 1), including the possibility that these
structural changes propagate with pronounced effects on the
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Fig. 1. Far UV-CD spectra of the ubiquitin variants: 34P#AAA (●), 34PAAA (□),
34P (▽). The solid line is a representative reference spectrum for all non-Pro
substitutions at position 34, with the thickness defined by the standard deviation
in the ellipticity at a given wavelength obtained for the different non-Pro
variants.
remaining residues in the helix. In order to evaluate the effect of
the local environment on the proline substitutions, this
substitution was also introduced into a different background,
namely WTAAA (see Fig. 2). In the WTAAA variant, residues in
positions 11, 32, and 33 that are located in the immediate
vicinity of residue 34 were substituted by Ala [1]. Position 11 in
the WT sequence is a lysine, forming a salt bridge with Glu34
[4] and positions 32 and 33 are Asp and Lys residues,
respectively. The stability of this alanine substituted variant,
WTAAA, is several kJ/mol higher than that of WT [1]. Despite
these sequence changes, the 34PAAA variant of ubiquitin
exhibits similar CD spectrum to that of 34P, albeit a very
different one compared to the CD spectra of all other non-
proline position 34 variants (Fig. 1).

One possible explanation for the observed significant
changes in the CD spectrum of the 34P variant is the fact that
this variant is the least stable protein of all position 34 variants
[1]. This could result in protein sample which contains a
mixture of folded and unfolded species and thus yielding a
reduced CD signal. However, we believe this is an unlikely
scenario, since other substitutions at position 34 (e.g. 34K [1])
that are almost equally destabilizing do not show such loss of
ellipticity in the CD spectra. Nevertheless, in order to
completely eliminate the reduced stability as a major factor
responsible for the changes in the CD spectra of the 34P
variants, we created the WT#AAA background (see Fig. 2) with
an additional stabilizing substitution, R42E, that increases the
melting temperature by ∼13°C [36]. A comparison of the
thermal unfolding profiles for the 34P variants in the different
backgrounds as monitored by DSC is shown in Fig. 3. As it can
be appreciated, the 34P#AAA variant is fully folded at pH 3 and
room temperature. However, the CD spectrum of this stabilized
variant is very similar to the other less stable 34P variants (Fig.
1). It therefore seemed clear that the changes in the CD spectra
were not directly related to protein stability but reflected
conformational changes in the folded structure. In order to
characterize these global conformational changes we deter-
mined the 3D-structure of the 34P#AAA ubiquitin variant by
NMR spectroscopy.

3.2. NMR investigations—chemical shift assignment and
comparison with the wild-type protein

Since chemical shifts are extremely sensitive parameters
reporting on the particular structural and electronic environment
around the respective atoms, assessment of structural identity
and similarity can be easily conducted by NMR, even prior to a
complete structure determination. Closely similar resonance
frequencies of amide groups provide a reliable measure for
similarities in overall structure for related proteins or variants
and this property can be exploited for fast and efficient
screening of mutant libraries by NMR [37]. A comparison
between the chemical shifts (15N and HN) for the variant and
wild-type yeast ubiquitins shows several important differences
(see Fig. S1 in electronic supplement). Amino acid changes in
the 34P#AAA variant with respect to the wild-type protein are
K11A, D32A, K33A, E34P, R42E and R63K and visual



Fig. 2. Ubiquitin variants. (A) Backbone representation of the ubiquitin molecule depicting those residues that were substituted in the different variants. (B) Amino
acid sequences of the ubiquitin variants used in this study. Changes are indicated in bold.
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inspection (see Figs. S1A and S1B in electronic supplement)
reveals that the majority of chemical shift changes reside in and
around the location of the amino acid substitution, primarily in
the center of the helix. The largest differences are observed for
residues 28, 30, 32, 33 and 36 (up to ∼1.5ppm for 1H and
∼10ppm for 15N. As reference, 15N chemical shift differences
between the WT and the 34AAAA variant were compared (see
Fig. S1C in electronic supplement). This variant contains all the
amino acid substitutions present in 34P#AAA, except for E34P,
which is an Ala and R42E, which remains the wild type Arg.
Chemical shift differences for this variant are minimal,
compared to wild-type protein, particularly in the helix
(residues 23–34), despite the substitutions at positions 32 and
33. This clearly identifies the E34P substitution as the primary
cause for the observed changes in the helical residues. In
addition, the 34P#AAA variant also displays small, but noticeable
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Fig. 3. DSC profiles of the ubiquitin variants: 34P#AAA (○, pH 3.0), 34P (□—
pH 3.5, ▪—pH 3.0), 34PAAA (▽—pH 3.0), 34AAAA (▵—pH 3.0; ▴—pH
2.25), andWT (●). Solid lines represent the fit of the experimental data to a two-
state model.
chemical shift differences for the backbone amides at positions
11 and 12, most likely caused by the K11A substitution. In the
wild-type protein structure, the side chains of E34 and K11 are
involved in a salt bridge. Naturally this interaction will be
absent in the variant. Indeed, the structure of the variant (see
below) reveals that the conformation of residues around
position 11, specifically the loop containing residues 8, 9 and
10 is slightly altered, a structural change that is transmitted to
residues in the environment of amino acid 70 and other residues
in that region (residues 69–71). Similar chemical shift changes
are also observed in the 34AAAA variant, supporting the notion
that these differences (at 11, 12, 69–71) are not the result of the
E34P substitution. Other areas that display chemical shift
differences comprise residue 53 and the C-terminus. The
chemical shift of G53 could be affected by the orientation of the
helix and this is discussed in more detail below. Differences
observed for the C-terminal residues are most likely caused by
the presence of the six-histidine tag.

3.3. Secondary structure of the 34P variant

The analysis of secondary chemical shifts was performed
using the programs CSI and TALOS (see Fig. S2 in electronic
supplement). The most notable difference between the second-
ary structure elements observed in WT ubiquitin and the
34P#AAA variant is the loss of helical structure for residues from
29 through 34. For the present data set, TALOS resulted in good
predictions for 60% of the residues, consistent with the normal
performance of this program. However, given the fact that even
for “good” predictions the possibility of errors exists (average
error of ∼3%), we corroborated the TALOS results for all
residues using additional information, namely deuterium
exchange rates and NOEs. A comparison between the ϕ/ψ
angles in the wild-type protein (1D3Z structure) and the ϕ/ψ
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angles predicted by TALOS for the 34P#AAA variant reveals that
the only residue that exhibits a significant difference is residue
33, with ϕ/ψ −96/116 for the variant (A33) and −94/−24 for the
wild-type (K33). The differences between the backbone angles
of all other residues in the 34P#AAA variant, compared to the
wild-type, are within 2 standard-deviations of the predictions
made by TALOS, clearly indicating similar conformations.

3.4. Dynamic behavior of the 34P variant

Relaxation measurements, T1, T2 and 15N heteronuclear
NOEs, were carried out for the 34P#AAA variant and compared
to WT ubiquitin. Analysis of the T1 and T2 data yielded a
correlation time consistent with a monomeric species. For
residues 18, 19, 24 and 48, additional conformational exchange
contributions were noted. 15N heteronuclear NOE values for the
wild-type human protein at 27°C and for the 34PAAA variant at
25°C are presented in Fig. 4. Residues for which a drastic
reduction in the heteronuclear NOE values was observed, are
located in the middle of the helix and at the C-terminus. Such
low values indicate that the backbone amides of these residues
have to exhibit significant motions on a fast timescale. This also
suggests that these residues are not involved in forming rigid,
well-defined secondary structure elements (α/β). Hydrogen–
deuterium exchange experiments confirmed these observations.
In particular, most of the amide resonances corresponding to
regular secondary structure elements as predicted by TALOS
remained as strong peaks in the 15N-HSQC spectrum following
exchange for 2h in 100% D2O buffer. On the other hand,
resonances located in loops and corresponding to the last two
turns of the helix in the WT structure, except residue 30, were
either very weak or absent.

3.5. Structure of the 34P variant

Structure calculations were carried out as described under
Materials and methods. A preliminary analysis of the residual
dipolar couplings was carried out for the 1H–15N values
obtained on the 15N labeled 34P variant sample in the
polyethylene glycol media, using the program PALES. The
average minimized structure from the 1D3Z ensemble was
used as the reference structure. It should be pointed out that
the backbone RMSD for the ensemble of structures for
residues 2–71 is 0.09Å, making the average minimized
structure very similar to any of the structures within the
ensemble. Fig. 5 displays the correlation between the predicted
and the observed dipolar couplings for the current data set,
exhibiting a R2 value of 0.76 and the Q factor of 0.5. Outliers
in the correlation are easily identified and arise from residues
9, 11, 30–33, 35, 36, 39, 40, 75 and 76. Note that residues 34,
37, 38 are prolines and therefore no 1H–15N dipolar coupling
data can be obtained. The data for residues 77–82 cannot be
included since this part of the polypeptide chain is absent in
the reference structure. Disregarding the outliers form the
correlation results in a R2 value of 0.96 and a Q factor of 0.2.
Therefore, the primary difference in the structure of the variant
compared to the wild-type protein is confined to the region
comprising residues 30–40, with the remainder of the
backbone structure being very similar. This conclusion is
corroborated and substantiated by the structure calculations for
the 34P#AAA variant. The family of the top 20 structures is
displayed in Fig. 6. For well-defined secondary structure
regions (residues 2–7, 13–30, 40–72) this ensemble exhibits a
backbone rmsd value of 0.61Å. At this point we would like to
emphasize that the final structural ensemble presented here is
not biased towards the secondary-structure elements in the
starting structure. As detailed in Materials and methods, we
introduced a helix at the C-terminus (residues 77–82) in the
starting structure, to serve as an internal control. The
corresponding C-terminal residues in the final structure
assume random coil conformations, clearly different from
the starting conformation, demonstrating that the starting
conformation does not influence the final structure. Analysis
of the final structure using Procheck shows that 80% of the
residues are within the most favorable region of the
Ramachandran plot and that no residue lies in disallowed
regions. Structural comparison between the wild-type and the



Fig. 6. Structure of the 34P#AAA variant. (A) Ensemble of the top 20 structures
showing the backbone atoms only. (B) Schematic representation of the structure
depicting motional properties: residues exhibiting high mobility and conforma-
tional exchange are marked in red and green, respectively. The diameter of the
tube is proportional to the RMSD of the ensemble. Proline residues are marked
in yellow and no relaxation data is available for these.

Table 2
Solvent accessible surface areas for ubiquitin variants

Structure

1UBQ 1UBI 1D3Z 34P Unfolded

ASAnpol 2360 2340 2460±30 3630±120 6060
ASApol 2430 2450 2460±230 2860±270 4640
ΔASAnpol 3700 3720 3600±30 2430±120
ΔASApol 2210 2190 2180±230 1780±270
ΔCp,pred(MF) 4.5 4.6 4.4±0.3 2.6±0.5
ΔCp,pred(SLR) 3.7 3.7 3.5±0.2 2.2±0.3
ΔCp,pred(MSP) 3.5 3.5 3.4±0.1 2.2±0.2
ΔCp,pred(MP) 4.1 4.2 3.9±0.3 2.2±0.4
ΔCp,exp 3.3±0.3 3.2±0.4

All ASAvalues are in Å2 and all ΔCp values are in kJ/(mol K). ΔCp,pred(MF)—
calculated using parametrization given in Ref. [53]; ΔCp,pred(SLR)—calculated
using parametrization given in Ref. [52]; ΔCp,pred(MSP)—calculated using
parametrization given in Ref. [5]; ΔCp,pred(MP)—calculated using parametri-
zation given in Ref. [42].
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34P#AAA variant structure reveals an essentially identical
overall fold, with the notable difference of a shortened helix in
the variant structure and a somewhat more open or loose
packing around this area. In the wild-type protein, the helix
extends throughout residues 24–34 and side chain interactions
are observed between helical amino acids and those in β-
strand 2 (residues 12–16). If the same or very similar close
packing were present in the variant structure, NOEs would be
expected between the amide proton of residue 16 and the side
chain protons of residue 29. These are clearly not seen in the
3D 15N-NOESY-HSQC spectrum of the variant and despite
extended efforts to observe such interactions. In fact, no NOEs
were observed between any amide proton of residues 12–16
(β-strand 2) and any side chains proton of helical amino acids,
suggesting that the local structure is less well packed and
clearly more dynamic than the wild type structure Overall, the
major difference in the variant structure appears to be a
melting of the helix, caused by the loss of the capping
interaction and an associated loss in H-bonding interactions. In
particular, the wild type structure (1D3Z) contains character-
istic α-helical hydrogen bonds between, 34HN–30CO, 33HN
and 29CO, 32HN and 28CO, 31HN and 27CO for the last two
turns of the helix which are clearly disrupted in the variant
caused by the glutamate to a proline substitution. Local
melting of regions within well-folded protein structures has
been observed for other small proteins and RDC measure-
ments are ideally suited to detect such ‘melting hot-spots’ [38].

The final structure ensemble as well as the dynamic
properties of the 34P#AAA variant structure are displayed in
Fig. 6. The present structure is not as tightly packed as the
WT protein and contains a noticeable hydrophobic crevice.
Using the individual structural models we calculated the
exposed surface area (ASA) upon unfolding to be 4210±
390Å2 for the variant, while unfolding exposes 5780±280Å2

of surface area in the WT structure (Table 2). Thus, ca. 30%
less surface area will become exposed upon unfolding of the
34P#AAA variant protein. It is also notable that the standard
deviation of the mean ASA is larger for the 34P#AAA variant
than for the wild type again suggesting an increased dynamic
behavior. In this respect it is of interest to examine our variant
structure in the light of a recent report on “NMR snapshots”
of a fluctuating ensemble of ubiquitin [39]. These authors
showed that under destabilizing conditions the helix can
swing in and out of the compact structure by >3Å with a
simultaneous reorientation of the C-terminal segment, result-
ing in an “open” conformer. This conformer has strong
similarities with our current variant structure, demonstrating
the intrinsic ability of the ubiquitin fold to open up in a
dynamical fashion.

3.6. Thermodynamics of the 34P variant

Despite these noteworthy changes in the three-dimensional
structure, the thermal unfolding of the 34P variants remains
highly cooperative and appears to follow a two-state model
(Fig. 3). However, significant changes in the thermodynamic
parameters of unfolding are observed. The 34P ubiquitin
variants are very unstable. For example, 34P substitution in
the WT background leads to a 9kJ/mol decrease in stability
relative to the 34A variant, while the 34P substitution in the
WTAAA background results in a 14kJ/mol lower stability
compared to the 34AAAA variant [1]. Importantly, this decrease
in stability is largely enthalpic (Fig. 7). This fact is easily
appreciated by comparing the DSC profiles of the 34P ubiquitin
variants (34P, 34PAAA or 34P#AAA) and of the 34AAAA protein
(Fig. 3). When compared at the same temperature, the heat
absorption peak for the 34AAAA protein is larger than for 34P or
34P#AAA variants, resulting in a lower enthalpy of unfolding
(Fig. 3). The decrease in enthalpy of unfolding observed for the
34P variant is probably caused by decrease in the packing of
34P variant due to the decrease of interactions within the protein
core. Conformational changes in 34P variant structure include
residues I30, I36, that are involved in the formation of the
hydrophobic core of ubiquitin, as previously identified by the
Handel group [40,41].
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Since packing interactions in the native state are one of the
major contributors to the positive enthalpy of protein unfolding,
any decrease in packing should result in a decrease in the
enthalpy of unfolding [42–44]. Hydrogen bonding also
contributes positively to the enthalpy change upon unfolding
[42,43]. The observed loss in hydrogen bonding for part of the
helix in the 34P variant, is thus expected to reduce the enthalpy
of unfolding [45–49].

Enthalpy changes are arguably difficult to predict accurately
from a structure. There is, however, a general belief that even if
these parameters cannot be predicted from the 3D-structures,
their temperature dependencies, i.e. the heat capacity change
upon unfolding, ΔCp, can be quantitatively predicted. Indeed,
experimental and semiempirical analysis by several groups have
shown thatΔCp for protein unfolding is well predicted based on
the amount of solvent-exposed surface area upon unfolding
[5,50–53] (but also see e.g. Ref. [10]). For a number of proteins,
a simple equation has excellent prediction power for the
experimental ΔCp values:

DCp;predD ¼ ASAnpoldDc̄p;npol þ DASApoldDc̄p;npol ð2Þ

with ΔASAnpol and ΔASApol as the nonpolar and polar
surface area changes upon unfolding, and Δc̄p,npol and Δc̄p,
pol the heat capacity changes of a unit of surface area for
nonpolar and polar groups, respectively. Values of Δc̄p,npol
and Δc̄p,pol were parameterized using different approaches
by different groups [5,50–53]. The experimentally deter-
mined heat capacity change for WT ubiquitin is 3.3±0.3kJ/
(mol K), statistically similar to the calculated values in heat
capacity changes using differently derived parameters for
Eq. (2), such as ΔCp,pred(SLR)=3.5±0.2kJ/(mol K), ΔCp,pred

(MSP)=3.4±0.1kJ/(mol K) or ΔCp,pred(MP)=3.9±0.3kJ/
(mol K) (see Table 2). Interestingly, calculations failed to
predict the heat capacity change for the 34P protein:
according to the Eq. (2) ΔCp for the 34PAAA variant should
be significantly smaller (Table 2), whereas within experi-
mental error no changes in ΔCp are observed experimentally
(Figs. 3 and 7 and Table 2).

The large solvent-exposed hydrophobic crevice in the
structure of the 34P variant, has seemingly no influence on
the ΔCp of unfolding for this protein, compared to the WT
protein (Table 2). To further probe into the significance and/or
nature of the hydrophobic crevice in the 34P structure additional
experiments were carried out.

First, we compared the m-values derived from denaturant
induced unfolding profiles. It is widely accepted that the
dependence of the Gibbs energy on denaturant concentration,
the m-value, reflects the amount of ASA exposed to solvent
upon unfolding [54,55]. Furthermore, extensive correlation
analysis supports this notion [5]. Fig. 8 compares the urea-
induced unfolding profiles for the 34P#AAA and 34AAAA

variants. Analysis of the data according to the linear
extrapolation model yields m-values of 6000±500J/mol2 and
6300±600J/mol2 for 34P#AAA and 34AAAA, respectively. The
magnitude of these m-values is what expected for a protein of
the size of ubiquitin under our experimental conditions [5,56].
The high degree of similarity for the m-values for the 34P#AAA

and 34AAAA variants suggests that upon unfolding, both
variants expose similar amounts of surface area to solvent
upon unfolding, consistent with the conclusion reached from the
ΔCp analysis.

Second, we compared ANS (8-anilino-1-naphthalene sul-
fonic acid) binding to the ubiquitin variants. ANS is known to
interact with nonpolar surfaces in proteins and this binding is
accompanied by a large increase in fluorescence, thereby
providing a useful tool for detecting hydrophobic patches (see
e.g. Refs. [57–59], but also see Ref. [60] suggesting
electrostatic interactions). Fig. 9 shows the results of ANS
fluorescence experiments for several 34P variants. As controls,
we also performed similar experiments with other ubiquitin
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variants, selected based on their overall stabilities (34LAAA is
the most stable and 34K is the least stable protein), difference in
charge at position 34 (34KAAA and 34EAAA) and the size of
hydrophobic side chain in this position (34LAAA and 34AAAA).
It is remarkable that the ANS fluorescence increase was only
observed for 34P variants, and that this effect was independent
of the background in which the substitution was made (i.e.
34PAAA or 34P#AAA). For all the control proteins (34AAAA,
34LAAA, 34KAAA, 34EAAA) none, or very minor changes in
ANS fluorescence intensity were observed (Fig. 9). This data
indicates that only the 34P variants contain an accessible
hydrophobic surface or patch that can bind the ANS fluores-
cence dye.

Given the above results, we have to reconcile the fact that
the heat capacity changes and m-values for the 34PAAA or
34P#AAA variants are essentially identical to those observed
for WT ubiquitin or other position 34 variants, although local
melting and/or local exposure of a hydrophobic area is
observed in the structural (NMR, CD and ANS-binding)
studies. One possibility is that ΔCp and m-value measure-
ments are indirect thermodynamic probes for the ΔASA
estimates. Moreover, their relationship is inferred from the
correlation analysis using well packed, natively folded
proteins, and thus may be only strictly apply in these cases.
Another possible explanation may be related to the nature of
the structural change. Melting of a helical turn does not result
in “complete” unfolding of the helix, it simply increases the
local dynamics, resulting in the disappearance of close
contacts, i.e. the NOE with amide protons of residues 12–
16 and other residues. The disappearance of these NOEs can
be caused by an increase in the “average” distance and, as a
consequence, an appearance of the exposed hydrophobic cleft.
On the other hand, the increase in “average” distance may
simply be the result of increases in dynamic fluctuations, both
on a spatial as well as frequency scale. As a result, NOEs
between amide protons of residues 12–16 and those in the
27–34 amino acid segment will be severely attenuated, even
if the average structure will exhibit only little change from the
wild-type one. Such a dynamic, closed structural model
would be consistent with the results of ΔCp and m-value
measurements, which suggest that the surface area change
upon unfolding is not dramatically affected by the 34P
substitution. The dynamic nature of the polypeptide chain
around residue 34, will provide for easy access of ANS which
binds to the transiently exposed hydrophobic residues in the
34P variants. This will be similar to the effects observed for
example for IFABP in which hydrophobic ligand (including
ANS) binding is gated by a helix, removal of which
dramatically accelerates the binding kinetics.

The following model reconciles all the experimental data
(NMR, DSC, fluorescence and CD) for the structure of the
34P variants: the overall structure is very similar to that of
wild type ubiquitin, with the exception of residues in the last
two turns of the helix (residues 27–33 in the wild type
ubiquitin). These residues are no longer helical and this
region of the polypeptide chain exhibits increased dynamics.
The increase in the local motion, both in amplitude and
frequency, allows transient opening of the hydrophobic core
of the protein, as evidenced by the ability of the 34P variants
to bind ANS. The hydrophobic core itself seems to be
somewhat less well packed resulting in the lower enthalpy of
unfolding of 34P variants. However, despite the increased
mobility of the 27–33 region, the overall amount of buried
surface area in the 34P proteins appears similar to that of the
wild type, consistent with the similarities in of ΔCp and m-
values for these two ubiquitin variants.

4. Concluding remarks

An interesting result that emerged from our study concerns
the cooperativity of protein unfolding. The thermal unfolding
of WT ubiquitin is highly cooperative and follows apparent
two-state behavior, a property characteristic for most small
globular proteins [61]. For the 34P variants, a local secondary
structure change and observed increased flexibility of this
region is accompanied by a substantial decrease in stability.
Nevertheless, the thermal unfolding of the 34P variant remains
highly cooperative and follows an apparent two-state transition
model. It appears that the C-terminus of the α-helix and its
associated interactions with the remainder of the ubiquitin
molecule can “melt” independently of the rest of the structure,
without affecting the overall structural integrity and coopera-
tive nature of unfolding. Such local unfolding of the C-
terminus of α-helix in ubiquitin, although on a smaller scale,
has been observed at elevated hydrostatic pressure [39] and in
other small proteins [38].

Another interesting observation can be derived from
comparison with previous kinetic studies of ubiquitin folding
that identified the α-helix formation and its interactions with the
first two β-strands as a obligatory step in the formation of the
transition state ensemble [62–64]. The fact that in 34P variant
the C-terminus of the α-helix is largely unstructured implies that
the 34P variant probably forms a different transition state and
consequently exhibits a very different energy landscape.
Probing this folding landscape may constitute an interesting
future study.
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