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ABSTRACT: TNF receptor-associated factors (TRAFs) are char-
acterized by an oligomeric structure that plays a fundamental role in
the binding process with membrane receptors. In this work, we
studied the trimer-to-monomer (T ↔ 3M) equilibrium transition of
the TRAF2 C-terminal domain using both chemical (dilution/
guanidinium hydrochloride) and mechanical stress (high pressure) to
induce the dissociation of the native protein into subunits. The
experimental results and computer simulations indicate that stable
monomers exist and that their population accounts for 15% of the
total TRAF2 molecules already at a physiological intracellular concentration (≈1 μM), being instead the predominant species in
the nanomolar concentration range. Because the total amount of TRAF2 changes during a cell cycle, the monomer−trimer
equilibrium can be crucial for regulating the activities of TRAF2 in vivo.

Receptor proteins play a key role in the recognition of
chemical signals. In most cases, these systems are formed

by complex aggregates of several proteins often constituted by
multiple, identical subunits. Binding of trimeric cytokines to
tumor necrosis factor receptors (TNFRs) triggers the receptor
trimerization and the assembly of multicomponent receptor-
associated signaling complexes. The TNF ligands and cognate
receptors are involved in diverse biological processes ranging
from the induction of cell death to stimulation of immunity and
inflammation.1,2 Key players in TNFR signaling are TNF
receptor-associated factor proteins (TRAFs) that can be
recruited to activated TNF receptors either by direct
interactions with the receptors or indirectly via the adaptor
protein TRADD.3−5 The characterization of the association
mechanism of these proteins is therefore crucial for under-
standing the signaling process in which they are involved. Most
TRAF proteins share a common domain organization; the
amino-terminal domain contains RING finger and several zinc
finger motifs, while the carboxy-terminal portion is subdivided
into a TRAF-N domain, characterized by a coiled-coil structure,
and a highly conserved TRAF-C domain.6 Several methods
have been utilized to detail the oligomerization states of TRAF
proteins and explain the signal transduction following the
recruitment of TRAF to receptors. Gel-filtration, sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE), equilibrium sedimentation, and dynamic light scatter-
ing suggested that the carboxy-terminal TRAF domain
(construct containing residues 310−501) forms a homotrimer
in solution. Moreover, X-ray structure analysis revealed that the
TRAF domain has the shape of a mushroom with the TRAF-C

domain as the cap and the coiled-coil TRAF-N domain as the
stalk.6 The TRAF-C domain alone is not sufficient for TRAF
self-oligomerization, and the TRAF-N domain contributes to
stabilizing the oligomer by increasing the buried surface area; in
fact, shortening the TRAF-N domain (construct containing
residues 342−501) produces monomeric species.
The oligomeric structure of TRAFs plays a major role in

binding with the upstream receptors. In fact, TRAF molecules
show low affinities for the monomeric receptor peptides7 and
likely do not associate with inactive receptors. Conversely,
ligand binding and receptor trimerization allow the simulta-
neous interaction with TRAFs, thus explaining the response of
TRAF molecules to the activation of several TNF receptors. In
addition, the carboxy-terminal TRAF domain structure affects
clustering of the amino-terminal regions. In fact, in the absence
of the carboxy-terminal TRAF domain, the amino-terminal
portions (residues 1−133) form only dimers both in crystal
lattices and in solution.8 The amino-terminal region is required
for downstream signaling, and its clustering is sufficient for
activating all of the downstream protein kinases that transduce
TNF-α and IL-1 signals resulting in the induction of their target
genes.9 The recruitment of TRAF2 to TNF receptors results in
the activation of different mitogen-activated protein kinase
kinase kinases (MAP3Ks) that lie at the apex of MAPK
cascades.
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Among the MAP3Ks activated by TRAF2 are mixed-lineage
protein kinase 3 (MLK3) and apoptosis signal-regulating kinase
1 (ASK1), which directly associate with TRAF and are
responsible for the immediate and persistent activation of
JNK, respectively.10 One of the most important MAP3Ks
activated by TRAF2 is MEKK1; binding of MEKK1 to the
TRAF2 amino-terminal effector domain results in its clustering
and autophosphorylation and in the activation of the
downstream JNK/p38, NF-kB, and ERK pathways.9 Character-
izing at the molecular level the protein−protein interactions
involving TRAF2 is particularly important, because dereg-
ulation of these MAPK signaling has been implicated in the
pathogenesis of many human diseases, including neuro-
degenerative disorders and cancer.11,12

It has been suggested that the MAPK signaling by TNFRs
follows a two-stage mechanism: first assembly of a multiprotein
complex at the receptor intracellular domain and then
translocation of the complex to the cytosol where MAP3K
substrates are located.5 In this contest, TRAF proteins may
serve as a docking platform for several components situated in
the signaling pathway, ensuring precise regulation of signaling
by colocalization of successive molecules of the cascade. A
natural inhibitor of the signaling mediated by TRAF2 is
glutathione transferase GSTP1-1 that sequesters TRAF2 in a
protein−protein complex and inhibits its interaction with
MAP3Ks.13,14 If the homotrimeric organization appears to be a
prerequisite for the interaction of TRAF2 with receptors, we
cannot exclude the possibility of a different molecular
organization in the cytoplasm. In this work, we performed a
detailed investigation of the oligomeric state of TRAF2 under
different experimental conditions, demonstrating that an
equilibrium between multimeric and monomeric species exists
place in solution. The amount of monomeric or oligomeric
TRAF2 depends on its intracellular concentration and may vary
during different phases of the cell cycle. Our evidence lays the
basis for further studies aimed at understanding the pleiotropic
effects mediated by TRAF2 in this complex scenario.

■ EXPERIMENTAL PROCEDURES
Expression and Purification of TRAF2. Escherichia coli

BL21(DE3) cells were transformed with the His-tagged human
TRAF2 C-terminal domain (residues 310−501) construct and
grown in Luria broth medium containing 30 μg/mL kanamycin
sulfate.14 When the absorbance at 600 nm reached 0.5, the
expression of TRAF2 was induced by the addition of 1 mM
isopropyl 1-thio-β-galactopyranoside. Cells were grown for 18 h
at 25 °C, harvested by centrifugation, and resuspended in lysis
buffer [20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 20 mM
imidazole, 10% glycerol, 1 mM DTT, and EDTA-free inhibitor
of protease]. After the cells had been sonicated and centrifuged,
the cellular extract was loaded on a 10 mL Ni-NTA column
pre-equilibrated with lysis buffer and the protein was eluted
using a linear gradient consisting of 50 mL of lysis buffer and 50
mL of the same buffer containing 500 mM imidazole. Imidazole
was then removed from the TRAF2 sample by filtration
through a Sephadex G25 column (GE Healthcare Life Science,
Chalfont St. Giles, U.K.) pre-equilibrated with 20 mM Tris-
HCl (pH 7.6) containing 150 mM NaCl and 10% glycerol. The
TRAF2 content and its purity were analyzed in the eluted
fractions by SDS−PAGE. The protein concentration was
determined by measuring the absorbance at 280 nm and
using an extinction coefficient of 17780 M−1 cm−1 for TRAF2
monomers. Proteins were stored at −80 °C.

Steady-State and Dynamic Fluorescence. Steady-state
emission spectra were recorded on a K2-ISS (ISS, Inc.,
Champaign, IL) photon counting fluorometer. In high-pressure
measurements, the same instrument was used, equipped with
the ISS high-pressure cell. The dissociation curves were
obtained by measuring the ratio between the intrinsic
fluorescence signals at two different emission wavelengths
(F350/F308) and the normalized data fitted according to a two-
state T ↔ 3M equilibrium model, using the solution of the
following equation (see the Supporting Information):
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where [M0] is the total subunit concentration, fM the fraction
of monomers at pressure P, and Kd the equilibrium constant
[Kd = e(−ΔG0+ΔVp)/(RT), ΔG0 and ΔV being the free energy and
volume changes, respectively].15

A three-state T↔ D + M↔ 3M equilibrium model has been
also considered, yielding (see the Supporting Information):
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where K1 and K2 are the equilibrium constants of the two steps.
The fits were performed by inserting the solutions of eqs 1

and 2 into the user-defined fitting function routine of Origin
Pro8 (OriginLab, Northampton, MA).
An independent evaluation of the volume change, ΔVC, was

also obtained, taking advantage of the concentration-dependent
displacement of the dissociation curves:16
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Dynamic fluorescence parameters (lifetimes and rotational
correlation times) were obtained using the phase-shift and
demodulation technique on a KOALA-ISS fluorometer
equipped with GLAN Thompson polarizers. The excitation
source was a 300 nm laser diode, while emission was collected
through a 330 WG cutoff filter to avoid scattering. Measure-
ments have been performed using a total subunit concen-
trations of ∼20 and ∼5 μM. Any attempt to use more diluted
samples in the anisotropy measurements failed because the
small number of counts yielded a very poor signal-to-noise
ratio. The amplitude, θ, of the segmental tryptophan movement
was estimated from the relationship

θ = + −⎡
⎣⎢

⎤
⎦⎥( )Farccos 1 8 1 /21

where a conic trajectory was assumed and the limiting
anisotropy value approximated to fraction F1 of the longer
anisotropy decay component.17

Fluorescence Correlation Spectroscopy (FCS). FCS
measurements were performed on a Nikon inverted microscope
using the ISS-ALBA fluorescence correlation spectrometer. The
excitation source (set at 880 nm) was a two-photon Ti:sapphire
mode-locked laser (Chameleon Ultra, Coherent Inc., Santa
Clara, CA), and alignment was achieved using an 8 nM solution
of rhodamine 110. The data points of the autocorrelation
function (resulting from the average of three or four
independent experiments) were fitted using a Gaussian−
Lorentzian intensity profile distribution.18

Equilibrium Unfolding Measurements. Equilibrium
unfolding measurements were performed after an overnight
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incubation, at 4 °C, of TRAF2 samples in the presence of
different amounts of ultrapure guanidinium hydrochloride
(Sigma, St. Louis, MO). Steady-state fluorescence and circular
dichroism (CD) spectra (recorded on a JASCO J-700
spectropolarimeter) were used to characterize the unfolding
transition at different TRAF2 concentrations. The experimental
data have been fitted taking into account the presence of
partially folded monomeric intermediates according to the
denaturation scheme

↔ ↔T 3M 3U

using the solution of the following equation:
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where f U is the fraction of fully unfolded monomers. The fit
was performed using Origin Pro8.
Molecular Dynamics (MD). TRAF2 monomer has been

studied by means of classical MD simulations. The starting
configuration is one of the monomers of the X-ray diffraction
structure19 [Protein Data Bank (PDB) entry 1CA4].
MD simulations are performed employing the GROMACS

package20−23 and GROMOS43A1 force field24 and are
conducted in the NpT ensemble. The temperature is held
fixed at 300 K using the v-rescale thermostat25 with a coupling
time of 0.1 ps. The pressure is kept constant at the reference
pressure of 1 bar with a coupling time of 1 ps and an isothermal
compressibility of 4.5 × 10−5 bar−1, exploiting the features of
the Berendsen barostat.26 The single-point charge (SPC)
model is used for water molecules. The simulation box is cubic
(with a side of 11.9 nm); TRAF2 monomer is immersed in
55245 water molecules, and an appropriate number of Na+ or
Cl− counterions are added to have a wholly neutral system. MD
simulations are performed at neutral pH.a Periodic boundary
conditions are used throughout the simulation, and the particle
mesh Ewald algorithm is employed to deal with the long-range
Coulomb interactions.27 A time step of 2 fs was used. A
nonbond pair list cutoff of 1.4 nm was used, and the pair list
was updated every 10 steps. TRAF2 monomer is initially
relaxed in vacuum via a steepest descent minimization. Then
the appropriate amount of counterions and water is added. At
this point, the solvent is relaxed by a few steps (10 ps) of NVT
MD at 200 K, leaving the solute untouched. Then the whole
system, solute and solvent, is equilibrated for 50 ps in the NVT
ensemble at 300 K. This is the situation from which the final
120 ns long NpT MD simulation at 300 K is started.
Analysis of the Intracellular Concentration of TRAF2.

A fixed number of U-2OS cells (approximately 7.5 × 104) was
lysed as previously reported28 and subjected to 12% SDS−
PAGE together with known amounts of the TRAF2
recombinant protein. Proteins were then transferred to PVDF
membranes (Millipore, Billerica, MA). A polyclonal anti-
TRAF2 antibody raised against the C-terminal domain (Cell
Signaling) was used as the primary antibody. Anti-rabbit
secondary antibody (Cell Signaling) was revealed with ECL
LiteAblot Extend (EuroClone, Milan, Italy). ImageJ software
was used to analyze the band intensities and calculate the
protein concentration of the unknown sample by comparison
to the intensities of the known samples.

■ RESULTS AND DISCUSSION
Characterization of TRAF2 Dynamics in the Micro-

molar Concentration Range. The aggregation state of
TRAF2 in solution has been studied by dynamic fluorescence
spectroscopy, measuring the protein rotational correlation
time.17 This task was achieved using the intrinsic fluorescence
of the two tryptophan residues contained in each TRAF2
subunit and located in the C-terminal domain, a large “cap” that
characterizes the protein three-dimensional (3D) structure
(Figure 1). The fluorescence decay was characterized by two
fluorescence lifetime distributions, namely, a minor (22%)
component centered around τ1 = 1.0 ± 0.2 ns and a major
contribution (78%) at τ2 = 6.0 ± 0.5 ns, yielding an average
lifetime value of ∼5.2 ns. In a separate experiment, plane-
polarized light was used to excite the TRAF2 fluorophores and
the degree of depolarization in the emission fluorescence
measured, to detect movements taking place in the range of the
excited-state lifetimes. Using a total subunit concentration of
∼20 μM, an exponential anisotropy decay was obtained (data
not shown), which was characterized by two distinct
components. The first one, ϕ1 = 29 ± 2 ns (fractional
contribution F1 = 0.75), corresponding to a slow movement,
can be ascribed to the tumbling of the whole protein (Figure 1,
inset), being very close to the rotational correlation time
expected for a hydrated spherical molecule (ϕsph = 25 ns) with
the same molecular weight29 (60000 Da).
The second component [ϕ2 = 0.6 ± 0.1 ns (F2 = 0.25)] is

instead diagnostic of a much faster movement and is
compatible with the local flexibility of amino acid side chains.17

Assuming a conic trajectory, the estimated wobbling cone
amplitude describing such tryptophan fast dynamics (Figure 1,
inset) results in (see Experimental Procedures) θ = 24°, a value
that suggests spatially restricted movements. This finding is in
line with the location of the TRAF2 tryptophan residues, both
almost buried within the protein matrix (Figure 1), their
exposed surface being only 8% (Trp22) and 10% (Trp90).
When a more diluted sample was taken into account (total
subunit concentration of ≈5 μM), a third rotational correlation

Figure 1. 3D cartoon representation (PDB entry 1ca4) of the TRAF2
trimer. The tryptophan residues contained in each subunit are colored
red. The two-rotational correlation time model used to fit the
anisotropy decay is sketched in the inset, showing the overall (ϕ1) and
local (ϕ2) movements.
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component (ϕ3 = 8.6 ± 0.5 ns) was necessary to fit the data,
compatible with the presence of monomeric species with a
molecular weight of 20000 Da. The percentage of monomers
estimated from the fractional contribution of ϕ3 to the total
anisotropy decay was [M]% = (7.8 ± 0.7)%.
In conclusion, anisotropy measurements provide evidence

that TRAF2 is essentially a trimer above 20 μM, while the
presence of monomers becomes detectable already around 5
μM.

Pressure-Induced Dissociation of TRAF2 Trimers.
Oligomeric proteins can be separated into monomeric subunits
using a high hydrostatic pressure.30 This approach has several
advantages with respect to temperature-, pH-, or chaotropic
agent-induced dissociation, depending solely on the change in
volume occurring in the process.30 As a consequence, only a
partial perturbation of the system (protein and buffer) is
produced, and the complete unfolding of monomers is often
avoided31 in a manner independent on their size.32,33 The
dissociation of native TRAF2 has been investigated at 25 °C
through steady-state intrinsic fluorescence. In particular, we
used a ratiometric approach, measuring the protein intrinsic
fluorescence at 350 and 308 nm in the range of 1−2500 bar. As
shown in Figure 2A, sigmoidally shaped transitions have been
obtained at three different protein concentrations, demonstrat-
ing that an equilibrium between multimeric and monomeric
species exists. Thus, assuming a two-state transition process, the
data have been fitted according to a simple, T ↔ 3M,
monomerization model. The analysis reveals that the free
energy of dissociation is on the order of 20 kcal/mol (Table 1),
a value comparable to that obtained for most oligomers studied
in the past several years.34−36 The corresponding dissociation
constant at atmospheric pressure (K0 ≈ 7.6 × 10−16 M2) allows
calculation of the ratio between the concentration of monomers
and trimers. These values, reported in Table 1, demonstrate
that the presence of monomeric species is no more negligible at
1 bar when the protein concentration is lower than a few
micromolar.
The volume change associated with the dissociation process

(ΔVfit ≈ 220 mL/mol) obtained from the data fit (Table 1)
suggests that a large hydration at the subunit interface occurs,
as the monomers are taken apart. Another estimation of this
parameter, ΔVC, can be obtained by evaluating the displace-
ment of the dissociation curves (ΔP1/2) due to a change in the
protein concentration (see Experimental Procedures). In this
last case, the data in Figure 2A yield a ΔVC of 228 ± 17 mL/
mol. The two independent approaches demonstrate that ΔVfit
≈ ΔVC, indicating that no conformational heterogeneity occurs

Figure 2. (A) Pressure-induced dissociation curves of TRAF2 at
different concentrations (namely, 0.23, 2.3, and 7 μM, from left to
right, respectively). The solid lines represent the best fit obtained
assuming a simple T ↔ 3M equilibrium process. The inset shows the
fractional contribution of monomers M, dimers D, and trimers T,
obtained fitting the data of 2.3 μM TRAF2 with the T ↔ D + M ↔
3M model. (B) Steady-state fluorescence spectra at different excitation
wavelengths (292 nm, solid line; 275 nm, dashed line) under
atmospheric- and high-pressure conditions ([T] = 7 μM). In the inset,
the difference spectra at 1 and 2500 bar are reported.

Table 1. Best Fit Parameters of the TRAF2 Dissociation
Curves Reported in Figure 2

[M0]
a (μM) ΔVfit (mL/mol) ΔGdiss (kcal/mol) [M]/[M0]

0.65 215 ± 11 20.4 ± 0.5 0.18
2.3 224 ± 7 20.5 ± 0.4 0.10
7.0 220 ± 6 20.6 ± 0.3 0.06

aTotal subunit concentration.

Figure 3. Plot of the crystallographic distances between each of the six tyrosines present in subunits A−C and each tryptophan residue of subunit A.
Trp22 and Trp90 are assumed to be in the center of each plot. The six Tyr residues and Trp90 and Tyr residues and Trp22 are connected with solid
and dashed lies, respectively. The red circles represent the typical Tyr−Trp Förster distance.
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and that dissociation takes place according to the law of mass
action,16 in the micromolar concentration range.
The possibility that a dimeric species, D2, is also present has

been tested fitting the data with a more complicated model,
namely, T ↔ D + M ↔ 3M. The quality of the fit did not
improve, as similar χ2 values were obtained (data not shown),
despite this model requiring two additional free variables with
respect to the simpler T ↔ 3M scheme (see Experimental
Procedures). For each of the three dissociation curves, the
fractions of trimers, dimers, and monomers have been obtained
and the results attained at the intermediate TRAF2 initial
concentration (2.3 μM) reported in the inset of Figure 2A.
These findings indicate that the presence of a dimeric species is
negligible and that the detachment of the first subunit from the
native trimeric protein is immediately followed by a further
dissociation of the remaining dimer into monomeric species.
Structural information about the TRAF2 monomers can be

guessed comparing the fluorescence spectra recorded at 1 and
2500 bar. When the excitation wavelength was set at 292 nm
(to avoid the contribution of tyrosines), both spectra showed a
maximum around 320 nm (Figure 2B), which is a typical
feature of tryptophan-buried residues, diagnostic of a folded 3D
structure. On the other hand, excitation at 275 nm yielded a
similar result, the only difference being an extra shoulder in the
spectral range of 300−325 nm. The difference spectra
(excitation at 275 nm, excitation at 292 nm) demonstrate

that this blue-shifted emission is characterized by a low
intensity (a few hundred counts) and an emission peak
centered around 307 nm (Figure 2B, inset). Such findings
demonstrate that the contribution of the six tyrosines is very
weak, probably because of an efficient energy transfer to
tryptophan residues. This hypothesis is in line with the
tyrosine−tryptophan distances evaluated on the basis of the
available crystallographic structure. Assuming tyrosines as
donors and tryptophans as acceptors, the optimal R0 Förster
distance (i.e., at which 50% of the maximal transfer efficiency
occurs) is estimated to be ≈9 Å.29 As shown in Figure 3A, at
least eight of the 12 possible Tyr−Trp couples within the same
subunit are 9−18 Å apart, i.e., between R0 and 2R0, confirming
that an efficient intrasubunit energy transfer process might
occur. On the other hand, the interaction among fluorophores
belonging to different subunits seems to be more difficult
because of the larger distances that exist between donors and
acceptors (Figure 3B,C). The overlap of the difference
fluorescence spectra measured at 1 and 2500 bar (Figure 2B,
inset) therefore demonstrates that protein dissociation does not
affect the tyrosine-to-tryptophan energy transfer process. Such
findings indicate that the isolated monomers produced at 2500
bar retain the tertiary structure of the tryptophans environment
that they display in the native, oligomeric molecule.

Exploring the Stability of TRAF2 Monomer in Silico.
The possibility that TRAF2 might exist as folded monomer at

Figure 4. Average structure of TRAF2 monomer at 300 K. Colors are distributed over the range of b factor values, with blue representing the lowest
(most stable) and red the highest (most fluctuating) protein segment. The inset shows the TRAF2 gyration radius at 300 K as a function of
simulation time.
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atmospheric pressure has been tested by computer simulation.
Briefly, we have performed a 120 ns MD simulation of TRAF2
monomer at 300 K and 1 bar in the NpT ensemble starting
from one of the monomers of the X-ray diffraction structure19

(PDB entry 1CA4).
The average structure obtained after a 120 ns simulation is

shown in Figure 4. The TRAF2 monomeric subunit becomes
folded, with the characteristic β-sandwhich core,19 and a
gyration ratio of ∼1.55 nm (Figure 4, inset), diagnostic of a
compact and stable 3D globular shape. The resulting diffusion
coefficient (D) is 110 μ2/s.
The most flexible domain is clearly the N-terminal α-domain

that also in the trimer crystallographic model is characterized by
higher average temperature factors, forming with the α-helices
of the other two monomers a coiled-coil mobile domain.19

Characterization of TRAF2 Dynamics in the Nano-
molar Concentration Range. The equilibrium between
monomeric and trimeric TRAF2 has also been studied in the
nanomolar concentration range using FCS. Protein samples
(from 6 to 50 nM) have been labeled with ALEXA-488 and
excited at 880 nm through a two-photon laser beam. The
corresponding autocorrelation curves are reported in Figure 5A.
The data have been globally fitted using a two-component
fitting function, producing diffusion coefficients of ∼107 ± 7

and ∼69 ± 9 μm2/s, which correspond to those of monomeric
and trimeric TRAF2 molecules, respectively.37

The resulting fractional concentrations are reported in Figure
5B together with the values obtained in the micromolar range
using high pressure (Table 1) and dynamic anisotropy. The
three data sets have been globally fitted according to the T ↔
3M equilibrium, and the value of the dissociation constant
obtained (KD) was (1.4 ± 0.4) × 10−16 M2.

Stability of TRAF2 Trimers. The trimer−monomer
equilibrium and the stability of the two species have been
further characterized by investigating the effects produced by
GdHCl on TRAF2 secondary and tertiary structure using CD

Figure 5. (A) Autocorrelation curves of Alexa488-labeled TRAF2 at
different concentrations, namely, 6, 12, 25, and 50 nM (from top to
bottom, respectively). The solid lines represent the best fits obtained
assuming the presence of two different species, namely, T and M. (B)
Fractions of monomers obtained in dynamic anisotropy, high-pressure,
and FCS measurements (empty, filled, and crossed squares,
respectively) as a function of total subunit concentration. The solid
line represents the best theoretical fit yielding a dissociation constant
of (1.4 ± 0.4) × 10−16 M2. The dotted line represents the trimer
percentage.

Figure 6. (A) GdHCl-induced unfolding of TRAF2 monitored by CD
(squares) and fluorescence (circles). Measurements were repeated at
different protein concentrations, namely, 15 (■), 0.8 (□), 3 (●), and
0.3 μM (○). Triangles indicate the reversibility of the process, upon
denaturant dilution. (B) ANS fluorescence ratio in the presence of
TRAF2 (0.3 μM, solid line; 3.0 μM, gray bars) at increasing GdHCl
concentrations. (C) Steady-state fluorescence spectra of TRAF2 at 20
°C and 1 bar in the presence of different levels of GdHCl, namely, 0
(), 1.5 (−−−), and 6 M (···).
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and steady-state fluorescence, respectively. The first part of the
unfolding transition (Figure 6A) is dependent on protein
concentration, indicating that dissociation is occurring. The
data have been therefore fitted according to the T↔ 3M↔ 3U
scheme, T, M, and U being the native trimer, a monomeric
intermediate, and the unfolded molecule, respectively. The
parameters obtained (and reported in Table 2) demonstrate
that (i) the quaternary interactions account for ≈55% of the
total stabilization energy (ΔGtot = ΔG1 + 3ΔG2 ≈ 35 kcal/
mol), (ii) monomers have a stable structure characterized by a
ΔG2 value of ∼5 kcal/mol, and (iii) monomerization is a quite
cooperative process and is coupled to the partial exposure of
the native buried surface to solvent molecules, as demonstrated
by the value (≈ 5−6 kcal mol−1 M−1) obtained for m1.

38 This
last finding is also confirmed by ANS binding (Figure 6B),
which is maximal around 1.5−1.8 M GdHCl, i.e., corresponding
to the plateau observed in Figure 6A. The analysis of the
steady-state fluorescence spectrum at 1.5 M GdHCl (Figure
6C) demonstrates that it is similar to that obtained at high
pressure (Figure 2B) and that it does not show the typical
emission peak of tyrosines (305 nm), which instead appears at
6.0 M GdHCl. These results indicate that in the intermediate
monomeric species the fluorescence energy transfer process
between tyrosines and tryptophans is still very efficient, thus
suggesting that the overall 3D structure is similar to that of the
native protein. Indeed, a large part of the secondary structure
(≈60%) and most of the tertiary interactions (≈85−90%) that
characterize the native protein are retained in the monomeric
state (Figure 6A). Finally, the similarity of the spectra at 2500
bar and 1.5 M GdHCl provides evidence that both
mechanically and chemically induced trimer dissociation lead
to the same structural state, as also suggested by the good
correspondence between the dissociation energy evaluated
from high-pressure measurements [ΔGdiss (Table 1)] and the
free energy of unfolding that characterizes the first step of the
transition [ΔG1 (Table 2)].

Most of the C-terminal domain of TRAF2 is organized in a
β-sandwich core19 that contains all the tryptophans and
tyrosines present in the protein sequence and that resulted in
the most stable secondary structure motif from in silico
simulations (Figure 4). On the other hand, the intensity of
the CD spectrum is known to be dominated by α-helices in α/β
proteins.39

Because TRAF2 dissociation only marginally affects the
protein’s tertiary interactions (Figures 2B and 6A), it is
tempting to speculate that the loosening of the CD signal in the
monomeric subunits (Figure 6A) is mainly due to the unfolding
of the mobile α-helix present in the N-terminal region, the
domain that forms the coiled-coil structure responsible for
TRAF2 binding to other molecules.40

Intracellular Concentration of TRAF2. The intracellular
amount (micrograms) of TRAF2 was determined in human
osteosarcoma U-2OS cells, 12 h after plating, by quantitative
Western blot analysis. Assuming a TRAF2 molecular weight of
52 kDa (monomer) and an U-2OS cell volume of 4000 μm3 ∼
4.0 × 10−12 L,41 we calculated an intracellular TRAF2
concentration of ∼1 μM (Figure 7).
In conclusion, using independent experimental approaches

(high-pressure dissociation, dynamic anisotropy, and FCS at
atmospheric pressure), we have characterized the monomer−
trimer equilibrium of TRAF2 in solution, covering a
concentration range that goes from nanomolar to tens of
micromolar. At a high protein concentration (20 μM), dynamic
anisotropy measurements provide evidence that the protein is
essentially a trimer, while dissociation into subunits occurs
already at 5 μM. The amount of monomeric or oligomeric
TRAF2 depends on its intracellular concentration in vivo.
Quantitative Western blot analysis performed on proliferating
U-2OS cells indicates that the amount of intracellular TRAF2 is
∼1 μM (monomers). Therefore, on the basis of the calculated
dissociation constant [KD = (1.4 ± 0.4) × 10−16 M2], we can
predict that the presence of monomers is not negligible at 1

Table 2. Best Fit Parameters of TRAF2 Unfolding Curves Reported in Figure 6

technique [TRAF2] (μM) m1 (kcal M
−1) ΔG1 (kcal/mol) m2 (kcal M

−1) ΔG2 (kcal/mol)

CD 0.8 5.5 ± 0.5 18.9 ± 0.6 1.2 ± 0.1 4.3 ± 0.4
fluorescence 0.3 5.9 ± 0.2 20.6 ± 0.6 1.5 ± 0.2 5.6 ± 0.3
fluorescence 3.0 5.3 ± 0.7 18.6 ± 1.4 1.5 ± 0.1 5.7 ± 0.4

Figure 7. Representative Western blot analysis of TRAF2 expression in U-2OS cells. Protein lysate from a fixed number of U-2OS cells
(approximately 7.5 × 104) was separated by SDS−PAGE, and expression of TRAF2 was determined by using a polyclonal anti-TRAF2 primary
antibody, raised against the C-terminal domain. The amount of intracellular TRAF2 was calculated by using band intensities from known amounts of
the TRAF2 recombinant protein (C-terminal domain). The intracellular TRAF2 concentration was calculated by assuming an U-2OS cell volume of
4000 μm3. Data represent means ± the standard deviation of three independent experiments.
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μM, as they account for ∼15% of the total TRAF2 species
(Figure 5B). Structural information about the monomeric
species has been obtained by high-pressure measurements,
indicating that the isolated monomers retain a 3D structure
similar to that of the native protein. The possibility that the
isolated TRAF2 subunits are stable is also supported by
computer simulation analysis and confirmed by unfolding
experiments performed at atmospheric pressure.
We have previously shown that the total amount of TRAF2

decreases in G2 and M phases,14 so that the monomer−trimer
equilibrium may also be regulated in a cell cycle-dependent
manner. This modulatory mechanism, if confirmed, might play
an important role in the multiple TRAF2 activities in vivo.
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