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ABSTRACT: This study describes the thermodynamic characterization of a Ubq-UIM fusion construct
(Ubq-UIM), designed from the ubiquitin-UIM interaction system, to determine whether it exhibits
cooperativity of folding. The Ubq-UIM fusion constructs exhibit higher stability than the core Ubq
molecule, consistent with the finding that the UIM helix is docked to Ubq. Temperature-induced unfolding
profiles of Ubq-UIM were monitored by DSC and far-UV and near-UV CD spectroscopies. Ubq-UIM
appears to exhibit cooperative unfolding as indicated by results of global fits of a two-state model to far- and
near-UVCD andDSC thermal unfolding data. The cooperativity of Ubq-UIM unfolding was further tested
by the amino acid substitutions that selectively stabilize or destabilize Ubq, UIM, and/or the interface. The
effects of these substitutions on the thermodynamic properties of Ubq-UIM are described well by a
thermodynamic model for cooperativity in proteins. In particular, a substitution that lowered the stability of
the Ubq-UIM interface indeed led to a decrease in cooperativity.

The question of cooperativity is of paramount interest in the
field of protein folding. Depending on native topology, single-
domain proteins can exhibit a two-state (1, 2) or multistate
folding behavior (3). Multidomain proteins are more likely to
follow a noncooperative unfolding pathway, wherein the indivi-
dual domains are intrinsically stable and able to fold and unfold
independently with respect to one another, followed by their
coalescence to form the native structure (4-10). This is generally
manifested in stabilization of an intermediate state, the detection
of which is used to determine noncooperativity of folding (11-13).
Arguably, a defining difference between two-state and multistate
unfolding behavior is established by the relative magnitudes of
stability of independently foldable subunits and stability of inter-
actions between such subunits in a protein. Weak interactions
between subunits increase the difference between secondary and
tertiary structure stability, leading to deviations from folding
cooperativity (14). In this case, properties of the native protein
molecule can be deduced from a sum of the properties of its
various subunits (15, 16). Alternatively, larger proteins can exhibit
folding cooperativity if extensive stabilizing interactions are
present between subunits (17-20).

Protein engineering has been proven to be a valuable tool for
investigating cooperativity in protein folding. Some studies have
adopted the protein dissection approach,monitoring stabilities of
individual subunits, to parse cooperativity in protein folding
(10, 21-24), while others have designed fusion proteins either by
swapping subunits between homologous proteins (25) or by
linking two molecules of the same protein (9). In the absence of
a stabilizing interface between the linked molecules, a conversion

from two-state to multistate folding behavior is observed upon
their covalent linkage (9, 17, 18, 25). Also, a switch from coopera-
tive to noncooperative unfolding behavior of the three-helix
spectrin domains was observed upon introduction of decoupling
mutations (26). These reports reinforce the notion that affinity
between subunits can be critical for folding cooperativity in
proteins, stressing the importance of investigating the thermo-
dynamic basis of interactions between subunits in proteins.

The ubiquitin-ubiquitin interacting motif (UIM) interaction
system provides an appealing paradigm for addressing this need.
This interaction forms the underlying basis for endosomal sorting
and lysosomal degradation of monoubiquitinated membrane
proteins (27-31). Specific targeting to the cellular destination
depends on ubiquitin recognition by numerous ubiquitin binding
domains (UBD) within proteins in the endocytic pathway. The
ubiquitin interacting motif (UIM) is a prevalent class of UBD
and comprises a short, approximately 20-residue, structural
element comprised of a highly conserved e-e-e-e-Φ-X-X-A-Φ-
X-Φ/e-S-X-X-e core, where e is an acidic residue,Φ represents a
large hydrophobic residue, and X can be any residue (32, 33). In
general, UIMs from various proteins bind to ubiquitin with low
affinities (Kd values in the high micromolar to millimolar
range) (31, 34-36). Structural studies have demonstrated that
UIM peptides form amphipathic helices and bind with a 1:1
stoichiometry to Ubq using the highly conserved, hydrophobic
L8-I44-V70 (L17-I53-V79 in our construct) surface of the
latter (36-40). In addition, electrostatic interactions between
R42 and R72 (R51 and R81 in our construct) in Ubq and acidic
residues at the N-terminus of UIMs are crucial for complex
formation (37, 40).

One prominent example of a UIM-harboring protein involved
in endocytotic protein sorting is VPS27p from Saccharomyces
cerevisiae (32, 41). Structures of Ubq-VpsUIM complexes show
that this UIM is highly helical and the modes of interaction
between the two molecules are very similar to those for other
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UIMs as described above (36, 37). Additionally, the orientation
of the UIM helix in the Ubq-UIM complex closely juxtaposes
the C-terminus ofUbq andN-terminus ofUIM.We have utilized
this proximity to introduce a flexible linker between the two
molecules to generate a fusion construct (Ubq-UIM) and
determined its structure using NMR spectroscopy (42). This
structure establishes that the common hydrophobic interface
between Ubq and UIM, centered around the I44 (I53 in our
construct) patch of Ubq, is preserved in the Ubq-UIM fusion
construct (Figure 1A). A parallel characterization of the second-
ary structure and thermodynamic stability of the Ubq-UIM
fusion protein and of unlinked Ubq and UIM provides an
optimal opportunity for advancing our understanding of the
relationship between intra- and intersubunit stability and folding
cooperativity in proteins. Specifically, we have tested the poten-
tial of the Ubq-UIM fusion construct in studying protein
folding in terms of the relationship between the stability of
isolated R-helices and those in larger or multidomain proteins.

This study describes the structural and thermodynamic char-
acterization of four Ubq-UIM constructs differing in UIM
sequence and linker length. We have previously determined the
high-resolution structure of one of the Ubq-UIM fusion con-
structs using NMR spectroscopy, which confirmed the docked
state of theUIMhelix and the location of the binding interface on
Ubq (42). Analysis of temperature-induced unfolding profiles,
monitored by far- and near-UV circular dichroism (CD) and
differential scanning calorimetry (DSC), reveals that the fusion
proteins aremore stable thanUbq by∼10 �C, consistent with the
docked state of the UIM helix on Ubq in the fusion constructs.

Both CD and DSC temperature-induced melting profiles show a
single transition and could be globally fitted to a two-statemodel,
indicating that the fusion proteins exhibit cooperativity upon
thermal unfolding. We have further tested the cooperativity of
Ubq-UIM protein unfolding by rationally introducing amino
acid substitutions that selectively stabilize or destabilize Ubq,
UIM, and/or the interface. The effects of these substitutions on
the thermodynamic properties are described well by a thermo-
dynamic model for cooperativity in proteins.

MATERIALS AND METHODS

Cloning, Expression, and Purification. PCR step muta-
genesis was conducted on cDNA encoding yeast ubiquitin with
anN-terminal six-His tag to generate aV5A/F45Wvariant (43, 44)
of Ubq. This DNA sequence was extended at the C-terminus by
multiple primer extension steps to link the coding sequence of the
yeast VPS27 N-terminal ubiquitin-interacting motif (UIM),
corresponding to residues 258-279 of VPS27, to generate a gene
encoding a covalently linked Ubq-UIM fusion construct. Two
such genes were constructed that differed in the length of the
linker region between Ubq and UIM: four (Ubq-SMGG-UIM)
and six (Ubq-SGMGGG-UIM) residues (Figure 1). Thesewill be
termed Ubq-UIM1 and Ubq-UIM2, respectively. Two addi-
tional genes encoding fusion constructs containing a consensus
UIM sequence (see below)were also constructedwith same linker
residues. These will be termed Ubq-UIM3 (four linker residues)
and Ubq-UIM4 (six linker residues). A tyrosine residue sepa-
rated by two glycine residues was also added to the C-terminus of

FIGURE 1: (A) Cartoon representation of the three-dimensional structure of the Ubq-UIM fusion construct determined byNMR spectroscopy
[ProteinDataBank entry 2KDI (42)].Main chain conformations for the 20 lowest-energy structures are colored green, and the calculated average
structure is shown as a blue ribbon. (B) Sequence alignment of Ubq and four Ubq-UIM fusion constructs. Bold and underlined letters show the
sites ofmutation. TheAla and Ser residues in theUIMhelix highlighted in gray are 100%conserved and define a crucial part of the -X-A-φ-X-φ/e-
S- motif that enables binding of all UIM sequences to Ubq.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-000.jpg&w=449&h=311
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all UIM sequences. The coding sequences for Ubq and all Ubq-
UIMconstructswere subcloned into thepGia expression vector (45)
using standard molecular biology protocols. Mutations were
introduced into Ubq and Ubq-UIM1 plasmids using the Quik-
Change site-directed mutagenesis kit from Stratagene.

Overexpression of the cloned proteins was achieved by trans-
formation of the corresponding plasmid constructs into Escher-
ichia coli strain BL21(DE3)pLysS, followed by growth in 2xYT
medium to an optical density of 1.1-1.5 at 600 nm. Protein
expression was induced by the addition of 1 mM IPTG. Cells
were incubated for an additional 2-3 h, harvested by centrifuga-
tion at 4000 rpm, and resuspended in 100 mM sodium phosphate
and 10 mM Tris-HCl buffer (pH 8.5) containing 8 M urea.
Proteins were purified from cell lysate using Ni-NTA resin
(Novagen) under denaturing conditions, as recommended by the
resin manufacturer. The second purification step included gel-
filtration chromatography on a Sephadex G-75 (Amersham
Pharmacia) column (2.5 cm � 100 cm) in 5% acetic acid. As
the final purification step, reverse-phase HPLC (Waters Corp.)
on a C18 column and a 0 to 100% acetonitrile gradient in the
presence of 0.065-0.05% TFA was employed. Protein yields
ranged from 40 to 60 mg/L of bacterial culture. The purity of the
resulting protein preparations was better than 95%, as judged by
the Coomassie staining of SDS-polyacrylamide gels.

The VPS27 UIM peptides GAADEEELIRKAIELSLKESR-
NSGGY and GAADEEELIVKAIELSLKESRNSGGY (diffe-
rence in sequence underlined) were synthesized at The Pennsyl-
vania State University College of Medicine Core Facility, by
solid-phase procedures on aMilligen 9050 FMoc peptide synthe-
sizer. Peptides were purified via reverse-phase HPLC using a C18
column and a 0 to 100% acetonitrile gradient in the presence of
0.065-0.05% TFA. The resulting fractions containing peptide
were pooled, lyophilized, and resuspended in deionized water.
The process was repeated twice to remove residual TFA. Peptides
were finally lyophilized and stored under dry conditions at
-20 �C. The purity and identity of the recombinant proteins
and UIM peptide were confirmed by MALDI-TOF mass spec-
troscopy. Protein and peptide concentrations were determined
spectrophotometrically using the following extinction coefficients:
ε280=6990M-1 cm-1 forUbq, ε280=8480M-1 cm-1 forUbq-
UIMproteins, and ε280=1490M-1 cm-1 for theUIMpeptide (46).
Consensus Sequence for the Ubiquitin Interacting Motif

(UIM). A multiple-sequence alignment of 670 UIM sequences
from the pfam database (47) was used to determine positional
frequencies of each residue in the sequence using the following
relationship:

ψ ¼
NiðxÞ

no: of sequencesP
NiðxÞ

total no: of sequences

ð1Þ

whereNi(x) is the number of times residue x appears at position i.
To eliminate intrinsic UIM sequence bias, the consensus residue
was required to have a ψ value at least 2 times larger than its
frequency in all of the pfam database. The final consensus sequence
(GAADEDEDLRRALELSLEEARNSGGY) was used to gen-
erate two Ubq-UIM fusion proteins (Ubq-UIM3 and Ubq-
UIM4) with different linker lengths, as described above.
Sedimentation Equilibrium. To evaluate the possibility of

oligomerization in all proteins, equilibrium analytical ultracen-
trifugation experiments were performed. All measurements were

taken on a Beckman XLA analytical ultracentrifuge. Two
concentrations for all proteins, 7 and 21 μM, were analyzed at
pH7.4 bymonitoring the absorbance at 280 nm in six-sector cells.
Samples were equilibrated at three rotor speeds (18000, 25000,
and 32000 rpm). Absorbance data were fitted to a single-species
model described by the following equation:

AðrÞ ¼ Io þCmðroÞ exp Mmð1-FVÞω2ðr2 - ro
2Þ

2RT

" #
ð2Þ

where A(r) is the absorbance at radial position r, Mm is the
molecular mass of the protein, V is the partial specific volume of
the protein, calculated from the amino acid composition (48), F is
the solution density, Io is the baseline offset term, and ω is the
rotor angular velocity. Data were analyzed using the nonlinear
regression routine NLREG and in-house written scripts (45).
Circular Dichroism. CD experiments were conducted on a

JASCO J-715 spectropolarimeter. Far-UV and near-UV CD
spectrawere recorded in triplicate at 22 �C in 1mmor 1 cmquartz
cylindrical cuvettes at concentrations of 0.3 and 1 mg/mL,
respectively. All experiments were conducted in CD buffer
containing sodium borate, sodium citrate, and sodiumphosphate
(1 mM each) (49, 50). The signal is expressed as mean residue
ellipticity [Θ] (degrees square centimeters per decimole).

Thermal unfolding profiles of all proteins were monitored by
changes in ellipticity at 222 nm as a function of temperature.
Temperature was controlled with either a Neslab automated
circulating water bath for a 1 mm water-jacketed cylindrical
quartz cuvette or a six-position Peltier effect cell changer for a 1
cm rectangular quartz cuvette. Ellipticity values as a function of
temperature were fitted to a two-state model:

θðTÞ ¼ FNðTÞθNðTÞþFUðTÞθUðTÞ ð3Þ
where θ(T) is the measured ellipticity at any given temperature,
θN(T) and θU(T) are the ellipticity values of the native and
unfolded protein at this temperature, respectively, andFN andFU

are the fractions of the native and unfolded protein at this
temperature, respectively. Fractions of the native and unfolded
proteins were calculated as

FNðTÞ ¼ 1-FUðTÞ ¼ 1

1þKðTÞ ð4Þ

where K is the equilibrium constant of the two-state unfolding
reaction calculated as

KðTÞ ¼ e-ΔGðTÞ=RT ð5Þ
ΔG of the unfolding reaction was calculated as

ΔGðTÞ ¼ ðTm -TÞ ΔHðTmÞ
Tm

-ΔCp

� �
-TΔCp ln

T

Tm

� �
ð6Þ

where Tm is the transition temperature, ΔH(Tm) is the enthalpy
change at the transition temperature, ΔCp is the heat capacity
change upon unfolding, assumed to be temperature-independent.

The ellipticities of a fully helical peptide ([Θ]H) and fully coiled
peptide ([Θ]C) of a given number of residues (Nr) at a given
temperature (T)were calculated fromthe followingequations (51)

½Θ�H ¼ ð- 40000þ 250TÞ 1-
2:5

Nr

� �
ð7Þ

½Θ�C ¼ 640- 45T ð8Þ
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The difference in the helical content of the UIM peptide
between the fusion protein and unbound forms was determined
by

Δ½Θ�222 ¼ ΘUbq-UIM -ΘUbq

NUIM
ð9Þ

whereΘUbq-UIM-ΘUbq is the difference in themolar ellipticities
of the two proteins and NUIM is the number of residues in the
UIM peptide.
Differential Scanning Calorimetry.DSC experiments with

Ubq and all Ubq-UIM proteins were conducted on a VP-DSC
instrument (Microcal Inc., Northampton, MA) at a scan rate of
90 deg/h. Protein concentrations were ∼2 mg/mL in 20 mM
sodium phosphate (pH 7.4). The reversibility of unfolding was
checked by recording the second scan, which was found to be
more than 90% as judged by the area under the excess heat
capacity function. Calorimetric profiles were analyzed using non-
linear regression routine NLREG and scripts written in-house.
Thermodynamic functions under reference conditions were cal-
culated as

ΔHðTÞ ¼ ΔHðTmÞþΔCpðT -TmÞ ð10Þ

ΔSðTÞ ¼ ΔSðTmÞþΔCp ln
T

Tm

� �

¼ ΔHðTmÞ
Tm

þΔCp ln
T

Tm

� �
ð11Þ

ΔGðTÞ ¼ ΔHðTÞ-TΔSðTÞ ð12Þ
where ΔH(T), ΔS(T), and ΔG(T) are the enthalpy, entropy, and
Gibbs free energy functions of a protein, respectively. ΔCp is the
heat capacity change upon protein unfolding.

The ΔCp values for Ubq and Ubq-UIM constructs were
determined from its relationship with the change in water
accessible surface area (ΔASA) of a protein upon unfolding,
using the following parametrization (52):

ΔCp ¼ 2:14ΔASAaliph þ 1:55ΔASAarom - 1:81ΔASApeptide

- 0:88ΔASApolar ð13Þ

where the ΔASA terms for aliphatic (aliph), aromatic (arom),
protein backbone (peptide), and polar (polar) residues were
calculated as described previously (53). For calculation of the
ASA of the folded state, the three-dimensional structures of the
proteins were used [PDB entry 2KDI for Ubq-UIM (42)], and
the structure of the core Ubqmolecule was generated by deleting
linker and UIM residues. The unfolded state structure was
modeled as an extended chain with the same amino acid
sequence. The calculated value of ΔCp for Ubq (3.1 kJ mol-1

K-1) is in excellent agreement with the experimental value (3.2 kJ
mol-1 K-1) determined previously (54). Such agreement war-
rants the use of the calculated value of ΔCp for the Ubq-UIM
construct. Furthermore, this value agrees well with the value
determined from the actual calorimetric profiles as a difference
between partial molar heat capacities of the native and unfolded
states.
Fluorescence Anisotropy. The UIM peptide was labeled

with Alexa Fluor 488 (protein labeling kit) from Molecular
Probes/Invitrogen according to the manufacturer’s specifica-
tions. Briefly, 50 μL of 0.1 M sodium bicarbonate was added

to 0.5 mL of 2 mg/mL peptide. The peptide solution was then
mixed with the reactive dye. The reaction continued for 1 h at
room temperature, while the mixture was slowly stirred and
protected from the light. The separation of the labeled protein
from the free dye was accomplished using a Sephadex G-10
column.

Anisotropy experiments were performed with a Fluoromax
spectrofluorimeter at 25 �C. The sample was excited with
perpendicularly polarized light, and the vertical and horizontal
components were recorded (IVV and IVH, respectively). To
calculate the G factor, the sample was excited with horizontally
polarized light and the vertical and horizontal components were
recorded (IHV and IHH, respectively). The excitation and emission
wavelengths were 494 and 519 nm, respectively, and the anisot-
ropy values were calculated according to the following equation:

r ¼ IVV -GIVH

IVVþ 2GIVH
ð14Þ

where G was calculated as

G ¼ IHV

IHH
ð15Þ

The binding isotherm was analyzed as

r ¼
�
½UIM�T þ ½Ubq� þ 1=K

-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½UIM�T þ ½Ubq� þ 1=KÞ2 - 4½UIM�T½Ubq�

q �
=ð2½UIM�TÞ

ð16Þ
where [UIM]T is the total concentration of UIM in the experi-
ment, [Ubq] is the concentration of ubiquitin, and Kd is the
equilibrium constant.
Molecular Dynamics Simulations. The NMR structural

ensemble of the Ubq-UIM protein, previously reported by our
group (42), was used as a starting point in all simulations. The
fully solvated protein systems were constructed from the 20
lowest-energy structures of the NMR ensemble in the following
manner. Each system was subjected to a short energy minimiza-
tion using the steepest descent algorithm. The protein was then
solvated using 9792 water molecules in a cubic box. The addition
of three sodium ions ensured charge neutrality of the system.
Following another energy minimization step, the solvated system
was brought to a final temperature of 550K in three equilibration
steps of 50 ps each at 100, 300, and 550K.At this stage, the use of
the Berendsen (55) thermostat under constant-volume conditions
enabled rapid convergence to the desired temperature. The
pressure of each system was then equilibrated to 200 atm using
100 ps of constant-pressure simulations with the Berendsen
barostat (55). This resulted in final dimensions of the solvated
systems of approximately 74 Å� 74 Å� 74 Å. For each system,
we performed 10 ns of molecular dynamics under the NPT
ensemble, at 200 atm. At this stage, we used the Parrinello-Rah-
man (56) pressure control with a 5 ps relaxation time and a
compressibility of 4.6 � 10-5 atm-1, and the Nose-Hoover
temperature coupling (57, 58). The pressure was chosen such
that water was in the liquid phase at this temperature. At this
stage, the use of the LINCS (59) and settle (60) algorithms to
constraint high-frequency bond vibrations allowed the use of a
2 ps integration step. For all simulations, the FF99SB force
field (61) and Tip4p-Ew water model (62) were used. The electro-
static interactions were treated by the smooth particle mesh
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Ewald (PME) method (63), using a 75 � 75 � 75 grid, with
fourth-order charge interpolation and a real space cutoff of 1.0
nm. The Ewald Gaussian width (1/β) is 0.320 nm, corresponding
to a relative accuracy of the Ewald sumof 10-5. TheGROMACS
simulation engine was used (64) on a Linux-based cluster.

RESULTS AND DISCUSSION

Fusion Constructs Are Monomeric in Solution-Sedi-
mentation Equilibrium.Themain objectives of this study are to
characterize the thermodynamic stabilities of the Ubq-UIM
fusion constructs and to determine whether they exhibit a two-
state unfolding behavior. A possibility exists that in the cova-
lently linked constructs, the UIM helix from one Ubq-UIM
molecule could dock on to the Ubq core of a second Ubq-UIM
molecule. This would manifest itself in the form of noncovalent
“swapped” dimers (65). To evaluate the possibility of oligomer-
ization, sedimentation equilibrium experiments were conducted
at pH 7.4. The fusion constructs were found to be monomeric
over the concentration range used in the experiments (see Figure
S1 of the Supporting Information).
Secondary Structure Characterization of UIM and the

Ubq-UIMConstruct. The far-UVCD spectrum of the VPS27
UIM peptide is shown in Figure 2. It is clear that the unbound
peptide is very helical; comparison with the calculated mean
residue ellipticity for fully helical and fully coiled peptides of the
same length at 25 �C (eqs 7 and 8) yields a helical content of
∼57% for the UIM peptide.

Similarly, all four Ubq-UIM fusion constructs show that
these proteins contain a large fraction of helical structure as
judged from the comparison with the far-UVCD spectrum of the
Ubq core (Figure 2). To determine whether binding to Ubq is
coupled to a change in UIM helical content, the ellipticity of the
UIM peptide alone was compared with the UIM ellipticity in the
fusion construct. Because all fusion constructs exhibit very
similar far-UV CD spectra, the change in UIM helical content
upon docking to Ubq was determined by the normalized diff-
erence in the CD spectra of Ubq-UIM1 and Ubq (eq 9). The
resulting difference spectrum shown in Figure 2 clearly indicates
a further increase in the helical content of UIM by ∼10% in the
fusion construct (assuming that all changes in ellipticity originate
from UIM). Combined with the strong structural evidence that
the UIM helix is docked to Ubq in the fusion construct (42), this
observation suggests that the Ubq-UIMbinding event is coupled
to some conformational changes in UIM.

Ubq-UIM Stability and Ubq-UIM Binding Affinity.
An expected outcome of docking of the UIMhelix toUbqwould
be an increase in the stability of the Ubq-UIM construct over
that of Ubq. Indeed, comparison of the melting profiles of Ubq
and all fusion proteins, determined from DSC experiments
(Figure 3), shows that the transition temperatures of all fusion
constructs are higher than that of the Ubq core by at least 10 �C.
Also, the Tm and ΔH(Tm) values among all fusion proteins are
remarkably similar (Table 1). This agreement in conformational
stabilities of all Ubq-UIM constructs indicates that (1) the
consensus sequence is comparable to that of VPS27 UIM in its
ability to bindUbq and enhance the stability of the fusion protein
(compare Ubq-UIM1 and Ubq-UIM2 with Ubq-UIM3 and
Ubq-UIM4) and (2) there is no detectable dependence of Ubq-
UIM structure and stability on the linker lengths used in these
experiments (compare Ubq-UIM1 andUbq-UIM3 with Ubq-
UIM2 and Ubq-UIM4); i.e., the linker is sufficiently long and
does not impose strain. This is discussed in more detail below.

The free energies of unfolding (ΔG) of all proteins, determined
from eqs 10-12, show that all fusion constructs are more stable
thanUbq by 15( 1 kJ/mol (Table 1). This extent of stabilization,
determined as the difference inGibbs free energies of unfolding of
the Ubq-UIM fusion protein and Ubq (ΔGUbq-UIM - ΔGUbq)
at 25 �C, essentially provides a measure of the binding free
energy, which yields an apparent dissociation constant (Kd,intra)
of 2.1( 0.1 mM, of UIM toUbq in the context of the covalently
linked fusion construct.

To determine the effect of covalent linkage on Ubq-UIM
binding affinity, we need to compareKd,intra with the dissociation
constant for binding of free UIM to Ubq (Kd,inter). Kd,inter was
determined using a fluorescence anisotropy experiment with the
core Ubq molecule and fluorescently labeled UIM peptide
(Figure 4). Analysis of the binding isotherm with a model with
1:1 stoichiometry provides a Kd,inter of 0.09 ( 0.01 mM. This
value compares well with the values obtained using other
techniques such as NMR and SPR [0.2-0.3 mM (36, 37)] and
suggests that Ubq-UIM binding affinity becomes weaker by at
least 1 order of magnitude upon covalent linkage of the two
molecules. This outcome seems contrary to intuition because
covalent linkage of two molecules would be expected to increase
the local concentration of the ligand (UIM). However, prece-
dence for our observation exists in other systems, e.g., destabili-
zationof covalently linked subunits that otherwise formnoncovalent

FIGURE 2: Far-UVcircular dichroism spectra ofUbq core (b), VPS27
UIM peptide (1), and all Ubq-UIM fusion constructs: Ubq-
UIM1 (O), Ubq-UIM2 (3), Ubq-UIM3 (4), and Ubq-UIM4
(]). The difference spectrum between Ubq-UIM and Ubq calcu-
lated from eq 9 is shown as solid squares (9). For the sake of clarity,
only every tenth data point is shown in all spectra.

FIGURE 3: Temperature dependence of the partial molar heat capa-
city of the Ubq core and Ubq-UIM fusion constructs as monitored
by DSC. Symbols show, for the sake of clarity, every third experi-
mental data point: (b) ubiquitin core, (O) Ubq-UIM1, (0) Ubq-
UIM2, (4) Ubq-UIM3, and (3) Ubiq-UIM4. Solid lines represent
the fit to a two-state model.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-001.png&w=177&h=128
http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-002.png&w=186&h=135
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dimers in the wild-type protein (66-68). Several detailed studies
of this effect revealed that it is related to the entropy loss due to
loop formation (68-70). On the basis of these results combined
with the estimates for the translation entropy changes upon
protein association (71, 72), the expected decrease in the binding
energy due to the loss of entropy is on the order of 5-7 kJ/mol for
the loop length in Ubq-UIM constructs (six to eight residues).
This value compares well with the experimentally observed decrease
in the apparent ΔG of binding of 7 ( 1 kJ/mol (calculated from
the difference between Kd,inter and Kd,intra).
Cooperativity of Ubq-UIM Fusion Constructs. The

major goal of this study serves to explorewhether theUbq-UIM
fusion protein exhibits a two-state or multistate unfolding
behavior. To address this, we have compared thermal stability
profiles as followed by spectroscopic and calorimetric techniques,
because this correlation has been traditionally used to determine
cooperativity in protein folding (see, e.g., refs (73-77)). The
rationale behind comparing unfolding data from different tech-
niques is that they are able to monitor structural changes at
different levels. The far-UV CD signal reports on the secondary
structure content of proteins. Although the far-UV CD signal at
222 nm in the Ubq-UIM construct is dominated by the UIM
helix, the 10-residue helix in the Ubq core also contributes to this
signal (Figure 2), meaning that this technique provides informa-
tion about changes in helical content in theUbq-UIMconstruct.
On the other hand, unfolding profiles obtained from the CD
signal at 260 nm, i.e., in the near-UV CD region, arise from
chromophores in aromatic residues, which are sensitive to changes

in overall tertiary structure. Thus, near-UV CDwill largely report
on the conformational changes within the Ubq core. Finally,
DSC provides a direct measurement of the overall thermody-
namic stability of the molecule. Thus, an overlap between the
thermal melting profiles determined from these techniques would
mean that upon temperature-induced unfolding different elements
of protein structure are lost simultaneously, which provides
evidence that a protein unfolds cooperatively.

Temperature-induced unfolding profiles of the Ubq-UIM1
protein as monitored by far- and near-UV CD are shown in
Figure 5. For comparison, the unfolding profiles of Ubq are
shown.As in the case ofDSC (Figure 3), theUbq-UIM1protein
shows a markedly higher transition temperature. Furthermore,
the CD-monitored thermal unfolding curves for both Ubq and

Table 1: Thermodynamic Parameters of Ubq and Ubq-UIM Fusion Proteins at pH 7.4

Tm (�C) ΔH(Tm) (kJ/mol) ΔCp (kJ mol-1 K-1) ΔH(25 �C) (kJ/mol) ΔG(25 �C) (kJ/mol)

Ubqa 66( 1 215( 2 3.1 88( 2 18 ( 2

Ubq-UIM1a 77( 1 329( 2 4.0 121( 2 33 ( 1

Ubq-UIM2a 77( 1 330( 3 4.0 122( 3 33 ( 1

Ubq-UIM3a 77( 1 335( 4 4.0 127( 4 34 ( 1

Ubq-UIM4a 77( 1 334( 3 4.0 126( 3 33 ( 1

H77 V_Ubq-UIMa 84( 1 340( 3 4.0 100( 3 36 ( 1

E43N_Ubq-UIMa 70( 1 298( 4 4.0 118( 4 27 ( 2

S104A_Ubq-UIMb 68( 1 225( 4 4.0 53( 3 17 ( 1

R98 V_Ubq-UIMc 73( 1 301( 3 4.0 109( 3 28 ( 1

aObtained from global fits of DSC and far- and near-UV CD. bObtained from global fits of DSC and near-UV CD. cObtained from global fits of far- and
near-UV CD thermal melting profiles to a two-state unfolding model. The corresponding thermal melting profiles are shown in Figures 3, 5, and 7.ΔH(25 �C)
and ΔG(25 �C) were determined from eqs 10 and 12, respectively, using ΔCp values determined from eq 13.

FIGURE 4: Binding isotherm of the Ubq core and VPS27 UIM
peptide as monitored by changes in the fluorescence anisotropy of
the labeled peptide (seeMaterials andMethods for details). The solid
line is the experimental data fit to eq 16 with a Kd,inter of 0.09 (
0.01 mM.

FIGURE 5: (A)Temperature-inducedmeltingprofiles of theUbqcore
andUbq-UIMconstruct variantsmonitored by changes in near-UV
CDellipticity at 260 nm. (B) Temperature-inducedmelting profiles of
the Ubq core and Ubq-UIM construct variants monitored by
changes in far-UV CD ellipticity at 222 nm. The solid red line in
panel B drawn through the experimental data points for S104A_
Ubq-UIM is simply to guide the eye. Symbols for both panels are
experimental data: (b) ubiquitin core, (O) Ubq-UIM, (0) S104A_
Ubq-UIM, (4) H77V_Ubq-UIM, (3) E43N_Ubq-UIM, (])
R98V_Ubq-UIM. Solid lines represent the fit to a two-state model
(UbqandUbq-UIM, black;H77V_Ubq-UIM, green; S104A_Ubq-
UIM, red; E43N_Ubq-UIM, blue; R98V_Ubq-UIM, orange).

http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-003.png&w=209&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-004.jpg&w=190&h=235
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the Ubq-UIM1 construct appear to show a single sigmoidal
transition. These profiles were analyzed according to a two-state
model together with the DSC profiles using common thermo-
dynamic parameters, Tm, ΔH(Tm), and ΔCp, as described by
eqs 10-12. All three (far- and near-UV CD and DSC) unfolding
profiles for Ubq, a protein with well-established two-state
unfolding behavior (43), can be described well by a global two-
state unfoldingmodel (seeMaterials andMethods). Importantly,
the unfolding profiles for the Ubq-UIM1 construct monitored
by all three different methods can also be fit to a two-state model
with common thermodynamic parameters (see Figures 3 and 5
for the quality of the fits and Table 1 for the fitted parameters).
On the basis of these observations, we can conclude that all
Ubq-UIM proteins appear to undergo two-state (cooperative)
temperature-induced unfolding.
Effects of Selective Modulation of Ubq, UIM, and/or

Interface Stability. The results presented above suggest that
temperature-induced unfolding of Ubq-UIM constructs closely
follows a cooperative all-or-none unfolding. This is based on the
observations that the melting profiles monitored by far- and
near-UV CD spectroscopy and by DSC can be fit by a two-state
model using a common set of thermodynamic parameters. The
cooperative behavior of the Ubq-UIM1 protein variant, be-
cause all four Ubq-UIM constructs show the same behavior,
was examined in more detail. We tested the cooperativity of this
fusion construct (hereafter we will call Ubq-UIM1 and VPS27
UIM simply Ubq-UIM and UIM, respectively) by rationally
introducing amino acid substitutions into Ubq-UIM that
selectively stabilize or destabilize the Ubq core, the UIM helix,
and/or the Ubq-UIM interface. This approach is based on a
thermodynamic model of protein cooperativity, in which the
stability of Ubq-UIM can be represented as (78-81)

ΔGUbq-UIMðTÞ ¼ ΔGUbqðTÞþΔGUIMðTÞþΔGintðTÞ ð17Þ

where ΔGUbq-UIM(T), ΔGUbq(T), ΔGUIM(T), and ΔGint(T) are
the Gibbs energies of unfolding of Ubq-UIM, the Ubq core, the
UIMhelix, and theUbq-UIMbinding interface, respectively. In
the context of this model, the unfolding cooperativity of Ubq-
UIM can be conditionally described by the Gibbs energy of the
Ubq-UIMbinding interface relative to the Gibbs energies of the
Ubq core and UIM helix. (a) If ΔGint g ΔGUbq and ΔGint g
ΔGUIM, then Ubq-UIMwill unfold cooperatively; (b) ifΔGint <
ΔGUbq and/or ΔGint < ΔGUIM, then Ubq-UIM will unfold
uncooperatively.

Four different substitutions were made to test the cooperativ-
ity of Ubq-UIM in the framework of this model.

(I) The H77V substitution replaces the His residue (conserved
at this position) with Val. This substitution is known to increase
Ubq-UIM binding affinity by a factor of 2 (38), and thus,
H77V_Ubq-UIM would be expected to have a more stabilized
interface betweenUbq andUIM, i.e., largerΔGint than that in the
Ubq-UIM construct. Furthermore, the H77V substitution is
expected to stabilize the Ubq core (82) and thus would also cause
an increase in ΔGUbq.

(II) The Ser residue (100% conserved) upon substitution in
S104A decreases Ubq-UIM binding affinity (36) and would
destabilize the Ubq-UIM binding interface (lower ΔGint) in
S104A_Ubq-UIM compared to that in Ubq-UIM. Further-
more, the serine to alanine substitution will also increase the
stability of UIM [because alanine has a higher helix propensity
that serine (83, 84)] and thus increase ΔGUIM.

(III) The E43N substitution at the C-cap position of the R-
helix of Ubq is located on the opposite side from the UIM
binding interface (Figure 1) and is known to destabilize the Ubq
core (85). This variant (E43N_Ubq-UIM) would thus be expected
to exhibit a ΔGUbq lower than that of the Ubq-UIM construct.

(IV) The R98V substitution is at a solvent-exposed position on
the UIM helix that is not involved in the formation of the
Ubq-UIM binding interface. Thus, the substitution of this
arginine with a β-branched valine would destabilize the UIM
helix (83, 84), i.e., will lower the ΔGUIM of R98V_Ubq-UIM.

All four variants,H77V_Ubq-UIM,E43N_Ubq-UIM,R98V_
Ubq-UIM, and S104A_Ubq-UIM, show negligible differences
in secondary structure content as evidenced from the comparison
of the far-UV CD spectra to the spectrum of the Ubq-UIM
construct (Figure 6). This suggests that there are no large
conformational changes in these variants caused by the intro-
duced substitutions. In addition, there is good agreement be-
tween the expected and observed changes in stabilities of the
variants compared to that of Ubq-UIM. The H77V_Ubq-
UIM variant is more thermostable than Ubq-UIM by ∼7 �C,
i.e., an increase inΔG of unfolding of∼2 kJ/mol (see Table 1 and
discussion below). This is consistent with the expected increase in
both ΔGint and ΔGUbq. The E43N substitution destabilizes the
Ubq core by ∼7 �C (85). The ∼8 �C difference between the Tm

values of Ubq-UIM and the E43N_Ubq-UIM variant (see
Table 1 and discussion below) is in good agreement with the
expecteddegree of destabilizationbasedon theprevious data (85).
The R98V substitution significantly decreases the helical content
of the R98V-UIM peptide, i.e., destabilizes the UIM helix [31%
helical content at pH 7 and 25 �C (Figure 6)]. Despite this, the
R98V_Ubq-UIM variant has the same far-UV CD spectrum as
the other variants (Figure 6). This suggests that the degree of
folding of the UIM helix in the R98V_Ubq-UIM variant is the
same as for Ubq-UIM as evidenced by the similarity in the
difference spectra between Ubq and Ubq-UIM and between
Ubq and R98V_Ubq-UIM (see Figures 2 and 6). The decrease
in the stability of the UIM helix in the R98V_Ubq-UIM variant
is nevertheless reflected in a lower apparent thermodynamic
stability for this variant (see Table 1 and discussion below).

Thermal unfolding profiles of Ubq-UIM, H77V_Ubq-UIM,
E43N_Ubq-UIM, R98V_Ubq-UIM, and S104A_Ubq-UIM

FIGURE 6: Far-UV circular dichroism spectra of the Ubq core (b),
R98V_UIM peptide (1), and all Ubq-UIM constructs: (O) Ubq-
UIM1, (0) S104A_Ubq-UIM, (4) H77V_Ubq-UIM, (3) E43N_
Ubq-UIM, and (]) R98V_Ubq-UIM. The difference spectrum
betweenR98V_Ubq-UIMandUbqcalculated fromeq 9 is shownas
solid squares (9). For the sakeof clarity, only every tenth datapoint is
shown in all spectra.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-005.png&w=209&h=151
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monitored by near- and far-UV CD spectroscopy and by DSC
are compared in Figures 5A, 5B, and 7, respectively. They reveal
several interesting features that will be discussed below.

The unfolding profiles of H77V_Ubq-UIM and E43N_
Ubq-UIM from DSC and far- and near-UV CD could be
globally fitted to a two-state model (results in Table 1), using
common thermodynamic parameters, Tm, ΔH(Tm), and ΔCp, as

described by eqs 10-12. This observation is consistent with the
thermodynamic model described above and indicates that an
increase in Ubq-UIM interface stability (higher ΔGint as in
H77V_Ubq-UIM) or changes in Ubq core stability (higher or
lower ΔGUbq, in H77V_Ubq-UIM or E43N_Ubq-UIM, re-
spectively) do not appear to disrupt the cooperativity observed in
Ubq-UIM upon thermal unfolding.

The DSC-monitored melting profile for R98V_Ubq-UIM
could not be obtained because of aggregation upon unfolding at
the concentration required for a DSC experiment. However, the
thermalmelting profiles of this variant monitored by far- and near-
UVCD also show a single sigmoidal transition (Figure 5A,B), and
the data could be globally fitted to a two-state unfolding model
(Table 1). This agreement between unfolding ofR98V_Ubq-UIM
at the secondary and tertiary structure levels indicates that unfold-
ing cooperativity is retained in this variant. This is also consistent
with the model, because the R98V substitution destabilizes the
UIM helix (lower ΔGUIM) without altering the Ubq-UIM inter-
face stability; i.e., ΔGint remains larger than ΔGUIM.

The S104A_Ubq-UIM variant appears to be the most inter-
esting. The far-UVCDmelting profile does not appear to exhibit
any sigmoidal shape (see Figure 5B), yet a noticeable sigmoidal
shape is evident in the near-UV temperature-induced melting
profile (Figure 5A). Moreover, the unfolding monitored by DSC
clearly shows a heat absorption peak; however, this peak is much
smaller than, for example, that of E43N_Ubq-UIM, which has
approximately the same maximum temperature of partial heat
capacity (see Figure 7). At first, one can assume that the UIM

FIGURE 7: Temperature dependence of the partial molar heat capa-
city of the Ubq core and Ubq-UIM variants as monitored by DSC.
Symbols show, for the sake of clarity, every third experimental data
point: (b) ubiquitin core, (O) Ubq-UIM1, (0) S104A_Ubq-UIM,
(4) H77V_Ubq-UIM, and (3) E43N_Ubq-UIM. Solid lines repre-
sent the fit to a two-state model. The profile for R98V_Ubq-UIM
could not be obtained because of the aggregation at the concentra-
tions required for the DSC experiments.

FIGURE 8: Expanded view of overlaid 1H-15N HSQC spectra of ubiquitin, the Ubq-UIM fusion protein, and the S104A_Ubq-UIM variant.
Each panel shows representative key residues that were previously identified as being directly or indirectly involved in binding of theUIMhelix to
ubiquitin (42). For all residues, the chemical shifts of the S104A_Ubq-UIMvariant appear at intermediate points betweenUbq andUbq-UIM.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101163u&iName=master.img-006.png&w=203&h=143
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helix in the S104A_Ubq-UIM variant does not dock onto the
Ubq core. This is not the case as evidenced by the far-UV CD
spectrum (see Figure 6) and by chemical shift positions in the
HSQC spectrum (Figure 8) of S104A_Ubq-UIM. As discussed
above, the far-UV CD spectrum of S104A_Ubq-UIM is very
similar to those of other variants, suggesting similar structures.
Also, the chemical shifts for the residues that have been pre-
viously identified by us (42) as forming the docking interface in
the Ubq-UIM1 construct are also perturbed in the S104A_
Ubq-UIMvariant, albeit to a somewhat lower extent (Figure 8).
This is probably a consequence of a weaker binding interface, as

observed in the peptide binding assays (36), and/or changes in the
exchange time scale. Combined, these data suggest that the
structure of S104A_Ubq-UIM is not different from those of
the other proteins. What about cooperativity of unfolding? The
melting profiles obtained from the DSC and near-UV CD
experiments can be globally fit to a two-state unfolding model
(see Table 1). However, both these methods report largely on the
Ubq core and to a lesser degree on the unfolding of the UIM
helix. Thus, to answer these questions, we turn to a more detailed
thermodynamic model of protein cooperativity.
Thermodynamic Model of Cooperativity in Ubq-UIM.

To put our experimental observation on a more quantitative
thermodynamic foundation, we used the formalism developed by
Freire (78-81). Figure 9 shows a schematic representation of the
possible non-two-state unfolding mechanism of Ubq-UIM
constructs. In this scheme, four different states can be realized:
N-state, in which both Ubq and UIM are folded; intermediate I,
which has the Ubq core folded and the UIM part unfolded;
intermediate II, in which the UIM part is folded while the Ubq
core is unfolded; and final U-state, in which both the Ubq core
and UIM are unfolded. The partition function for this process
will be a function of stabilities of individual domains, i.e., ΔGUbq

for Ubq andΔGUIM for UIM, and of the stability of the interface
between Ubq and UIM, ΔGint (78):

Q ¼ 1þKUbqKint þKUIMKint þKUbqKUIMKint ð18Þ

FIGURE 9: Thermodynamicmodel for the analysis of cooperativity in
the Ubq-UIM system.

FIGURE 10: Temperature dependence of the populations of different
states defined in Figure 9 and predicted using eqs 18-23: (A) Ubq-
UIM, (B) S104A_Ubq-UIM, (C) R98V_Ubq-UIM, (D) E43N_
Ubq-UIM, and (E) H77V_Ubq-UIM. Line colors correspond to
the following states: N, black; I, red; II, green; U, blue.

FIGURE 11: Predicted temperature dependence of the changes in the
ellipticity in the far-UVCDat 222 nm (A), changes in the ellipticity in
the near-UVCDat 260 nm (B), and changes in the partial molar heat
capacity (C) for Ubq-UIM variants (Ubq-UIM, black; H77V_
Ubq-UIM, green; S104A_Ubq-UIM, red; E43N_Ubq-UIM,
blue; R98V_Ubq-UIM, orange). The profiles were computed on
the basis of the populations of different states defined in Figure 10.
Temperature dependencies of the CDprofiles in panels A and Bwere
calculated as [Θ] =

P
iPi[Θ]i, where [Θ] is the molar ellipticity. The

heat capacity profiles in panel C were calculated using a formalism
previously outlined by Freire and Biltonen (79-81): ÆΔCp,excæ =P

iΔHi(∂/∂T)Pi þ P
iPiΔCp,i, where ÆΔCp,excæ is the excess heat

capacity function, ΔH is the average enthalpy, and ΔCp is the heat
capacity change upon unfolding.
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where the intrinsic equilibrium constants are defined as

KUbq ¼ exp
-ΔGUbq

RT

� �
;

KUIM ¼ exp
-ΔGUIM

RT

� �
; and Kint ¼ exp

-ΔGint

RT

� �
ð19Þ

The probability for each state, Pi, is then defined as

PN ¼ 1

1þKUbqKint þKUIMKint þKUbqKUIMKint
ð20Þ

PI ¼ KUIMKint

1þKUbqKint þKUIMKint þKUbqKUIMKint
ð21Þ

PII ¼ KUbqKint

1þKUbqKint þKUIMKint þKUbqKUIMKint
ð22Þ

PU ¼ KUbqKUIMKint

1þKUbqKint þKUIMKint þKUbqKUIMKint
ð23Þ

Using this formalism, and using the thermodynamic para-
meters for stabilities of theUbq core (Table 1) andUIMhelix (see
Figure S2 of the Supporting Information) as well as estimates for
the energy of interactions (Table 1), we predicted populations of
different states upon temperature-induced unfolding of all five
variants: Ubq-UIM, H77V_Ubq-UIM, E43N_Ubq-UIM,

R98V_Ubq-UIM, and S104A_Ubq-UIM. Figure 10 compares
the probabilities of partially unfolded intermediates I and II with
the probability of the N-state. The sum of probabilities for states
I and II in Ubq-UIM at a given temperature never exceeds 8%,
consistent with the experimental analysis that suggested that
Ubq-UIM unfolding is very cooperative and close to two-state.
Similar results are predicted for R98V_Ubq-UIM (9%), E43N_
Ubq-UIM (9%), and H77V_Ubq-UIM (6%). This is drama-
tically different for S104A_Ubq-UIM, in which the sum of
probabilities of intermediates I and II can be as high as 25%. To
provide further support for this model, we calculated expected
meting profiles for these proteins. Three panels in Figure 11
present the computed temperature-induced unfolding profiles
expected for the near-UV CD, far-UV CD, and DSC experi-
ments. The comparison with the experimental data is rather
favorable: the model predicts rather well the transition tempera-
tures, the changes in the enthalpy of unfolding, and also qualita-
tively the observed changes in the near-UVCD. In particular, the
model predicts a lower enthalpy of unfolding of S104A_Ubq-
UIM. The model also predicts rather gradual changes in the far-
UV CD for the S104A_Ubq-UIM variant, and it also repro-
duces well the difference in the ellipticities of different constructs
at high temperatures, which is a consequence of the difference in
populations and intrinsic helical content of various UIMs: high-
est for S104A, lowest forR98V, and intermediate forUIM,which
is common for Ubq-UIM, E43N_Ubq-UIM, and H77V_
Ubq-UIM (Figure 11A).

FIGURE 12: Representativemolecular dynamics unfolding trajectories ofUbq-UIM.The figure shows four representative unfolding trajectories
of Ubq-UIM as a function of the helical content fraction of the UIM helix and the rmsd of the Ubq core from the folded Ubq structure. The
folded core corresponds to structureswith an rmsdof approximately<0.5 nm, and the unfoldedUIMhelix corresponds tohelical fractions below
0.4 (although the distribution of helical content is not clearly bimodal). The four trajectories show that the system samples four states
corresponding to the folded UIM-folded Ubq core (N), the unfolded UIM-folded Ubq core (I), the folded UIM-Ubq core (II), and the
unfoldedUIM-unfoldedUbq core (U). The top left frame shows cartoons of these four states as postulated by the thermodynamicmodel shown
in Figure 9. Different trajectories follow different pathways among the four states. Given the nonequilibrium nature of the unfolding trajectories,
we do not calculate the populations of the basins.
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Molecular Dynamics Simulations. Further support for the
thermodynamic model of cooperativity comes from molecular
dynamics (MD) simulations. To this end, we performed 100, 10
ns long, independentMD simulations at a high temperature (550
K) to simulate the unfolding of Ubq-UIM. These trajectories
were analyzed to identify the population of states corresponding
to the folded and unfolded states of the UIM helix and the Ubq
core. In particular, we were interested in identifying states with
the folded protein core and unfolded helix, and with the unfolded
core and folded UIM helix, identified in the fitting of the
thermodynamic equilibrium data. At this point of our work,
we are not interested in studying the kinetics and unfolded
transition states of the protein, which is usually done in unfolding
simulations (86, 87). We found that 99 of the 100 simulations
unfolded during the 10 ns simulation time. The distribution of
root-mean-square deviation (rmsd) distances from the folded
state of the configurations sampled during all trajectories shows a
clear separation of the folded and unfolded states with an rmsd of
∼0.5 nm. The distribution, shown in Figure S3 of the Supporting
Information, exhibit three peaks centered at 0.3 nm (assigned to
the folded core) and 0.8 and 1.2 nm (assigned to the unfolded
Ubq core). The fraction of UIM helical content shows a
distribution that peaked at 0.4, 0.6, and 0.5 nm. Figure 12 shows
four representative unfolding trajectories as a function of the
UIM helical content and the Ubq core rmsd from the folded
structures used to start the simulations. These trajectories clearly
show that theUbq-UIMsystem samples four states correspond-
ing to the folded UIM-folded Ubq core, unfolded UIM-folded
Ubq core, folded UIM-unfolded Ubq core, and unfolded
UIM-unfolded Ubq core (states N, I, II, and U, respectively,
in the thermodynamic model shown in Figure 9).
Concluding Remarks. Such close agreement between the

thermodynamic model and experimental data with additional
corroboration from theMD simulations provides strong support
for the thermodynamic model of cooperativity. It also contains a
cautionary note that one must be very careful when measuring
the cooperativity of conformational transitions in proteins as
some states are not highly populated and furthermore these
conformational transitions can be masked by a relatively weak
signal of certain experimental variables but not the others. For
example, in the Ubq-UIMconstruct, species withUbq unfolded
and UIM folded are difficult to detect not only because their
population is low but also because the enthalpy of helix unfolding
is very low (49, 50, 88). This low enthalpy leads to very broad
temperature-induced transitions and thus further limits its detec-
tion.

Overall, we have established the potential of the Ubq-UIM
fusion construct in studying protein folding in terms of the
relationship between isolated R-helices and those in larger or
multidomain proteins. A logical continuation of this study is to
investigate the folding kinetics of these fusion constructs to test
whether Ubq, UIM, and/or interface stabilities can alter the
energy landscape, and we are currently conducting experiments
with this aim.
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