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ABSTRACT: Activation of transcription factor NF-κB requires Lys63-linked polyubiquitination of the E3
ubiquitin ligase TRAF6 via protein-protein interactions mediated by a RING domain. In this study, intra-
and intermolecular chemical exchange processes of the TRAF6 RING domain were analyzed by 15N
NMR spectroscopy. Micro- to millisecond time scale motions were assessed through R1, R2, NOE, and
cross-correlated relaxation measurements, and the kinetics of these motions were quantified with relaxation
dispersion. The relaxation experiments indicate that the protein core is rigid, consistent with the functional
requirement that RING domains form a binding scaffold for E2 ubiquitin conjugation enzymes. Chemical
exchange is observed at the C-terminal end of the main R-helix of the RING domain. The C-terminal end
of the main R-helix from the RING domain is involved in E2-E3 interactions, and modulation of slow
motions for this region of the helix may be a general mechanism by which these interactions achieve
ubiquitin transfer. Chemical shift mapping indicates that the TRAF6 RING domain does not self-associate
in solution. Numerous RING domains are homo- or heterodimeric, and this is thought to be a functional
necessity for recruitment of substrates for ubiquitination, or recruitment of multiple E2 enzymes for efficient
substrate ubiquitination. However, lack of self-association for the RING domain from TRAF6, and the
observation that the intact protein is a trimer, suggests that close association of RING domains within a
homodimeric scaffold may not be a fundamental requirement for biological function.

The TNF1 receptor superfamily and the interleukin-1/Toll-
like receptorsutilizeTRAFproteinsassignalingadaptors (1,2).
These receptors recruit TRAF proteins and are involved in
the activation of cells, cell differentiation, immunity, and
signaling for survival (3, 4). The adaptor proteins TRAF2
and TRAF6 have been studied intensively due to their role
in the activation of NF-κB (5, 6), a transcription factor that
triggers genes involved in the cell cycle, differentiation,
apoptosis, and the immune response (7).

The C-terminal regions of TRAF2 and TRAF6 are
composed of a MATH domain that is responsible for
interactions with the cytoplasmic domains from TNF recep-
tors (8). The N-terminal region of TRAF6 is critical for
signaling and contains a RING domain (9, 10). The RING
domain from TRAF6 is believed to function as an E3

ubiquitin ligase and plays a role in autoubiquitination by
catalyzing covalent attachment of Lys63 poly-Ub chains,
through interaction with the E2 Ubc13 (11, 12). The first
step of the autoubiquitination process involves attachment
of a single Ub to TRAF6 and occurs with slow kinetics (13),
consistent with the weak binding observed between the RING
domain and Ubc13 (10). In addition, the RING domain from
TRAF6 has been found to be important in autodegradation
and the induction of apoptosis (14). These studies underscore
the fact that the processes underlying substrate ubiquitination
and subsequent chain elongation are currently not clearly
understood (15).

RING domains from E3 ubiquitin ligases carry out their
biological functions by binding their cognate E2 ubiquitin
conjugation enzymes, as typified by the structure of c-Cbl
bound to UbcH7 (16). It has been noted (17, 18) that many
E3 ligases homo- or heterodimerize directly through their
RING or RING-like domains to achieve their biological
function (19, 20). For example, it is believed that the
RING-RING heterodimer is essential for substrate recruit-
ment and efficient ubiquitin transfer for the Bmi-1-RING1B
polycomb group ubiquitin ligase complex (20).

In this study, the E3 ubiquitin ligase RING domain from
TRAF6 (residues 67-124) was determined to be monomeric
in solution, through analysis of 1H-15N two-dimensional
(2D) NMR spectra with changes in protein concentration.
Furthermore, chemical exchange phenomena on the micro-
to millisecond time scale were assessed qualitatively using
model-free analysis of 15N R1, 15N R2, and {1HN}-15N NOE
and measurement of ηxy and ηz cross-correlated relaxation
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rates and analyzed quantitatively using CPMG relaxation
dispersion measurements (21-23). The relaxation dispersion
experiments were interpreted in a simple fashion by assuming
chemical exchange between two sites. For residues near the
C-terminal end of the main R-helix within TRAF6-RD,
chemical exchange phenomena were rationalized by predict-
ing 15N chemical shifts for the ensemble of 50 solution
structures for TRAF6-RD (2JMD) (10) with SHIFTS (24-26).

MATERIALS AND METHODS

Purification of [U-15N]TRAF6-RD. Overexpression and
purification of 15N-labeled TRAF6-RD were carried out as
previously described (10), with the exception that LB and
M9 minimal media were supplemented with 100 µM ZnCl2

and 50 mM TRIS or BIS-TRIS, 150 mM NaCl, pH 7.0 buffer
was used for cell lysis and subsequent protein purification.

15N Chemical Shift Mapping. NMR samples contained 600
µL of a 95:5 H2O/D2O mixture, containing 50 mM TRIS,
150 mM NaCl (pH 7.0), and 0.14 mM DSS as a chemical
shift reference with protein concentrations of 0.304, 0.149,
0.110, 0.069, and 0.030 mM TRAF6-RD in 5 mm standard
NMR tubes. In addition, as a control, a 10-fold dilution of
∼0.5 mM TRAF6-RD in the absence of DSS was conducted
using similar conditions. For chemical shift mapping and 15N
R2 measurements in the presence of DSS, NMR spectra were
recorded at 25 °C using a Varian Unity INOVA 600 MHz
NMR spectrometer and the sensitivity-enhanced, 2D 1H-15N
HSQC experiment for measurement of 15N R2 (21). Spectra
were collected with relaxation delays of 10 and 90 ms at
each protein concentration. Chemical shift mapping was
conducted using spectra acquired with the 10 ms delay. 15N
R2 values were calculated from the natural logarithm of the
ratio of cross-peak intensities at 10 and 90 ms divided by
80 ms. Protein concentrations were determined by quantita-
tive amino acid analysis (27). The error in protein concentra-
tion was estimated to be ∼5%, on the basis of previous
concentration determinations for the protein troponin C,
conducted in triplicate (28). The number of transients
collected was 16, 32, 32, 40, and 60 for protein concentra-
tions of 0.304, 0.149, 0.110, 0.069, and 0.030 mM,
respectively.

Spectra were processed using NMRPipe (29), and chemical
shift assignments for cross-peaks within the 2D 1H-15N
HSQC NMR spectra were made with Sparky (30), and
previously published chemical shifts for TRAF6-RD (BRMB
accession number 15014) (10). Although the chemical shifts
for residues K104 and F118 were unambiguous for the
chemical shift mapping experiments, they became overlapped
slowly over the course of a few days and could not be
unambiguously assigned for the cross-correlated relaxation
experiments and model-free analysis described in subsequent
sections.

15N chemical shift mapping was accomplished by follow-
ing changes in 2D 1H-15N HSQC spectra upon dilution.
These changes upon dilution occur only in the presence of
DSS and therefore reflect binding of DSS to TRAF6. Thus,
per residue plots of 15N chemical shift (δobs) as a function
of the protein:DSS ratio were fit to a 1:1 protein-ligand
binding equilibrium to extract KD, δfree, and δbound. The
precision of the chemical shift measurement (0.001 and 0.002
ppm for the 1HN and 15N dimensions, respectively) was

determined by taking the mean standard deviation over all
assigned residues from five separate samples of [U-15N]-
ubiquitin at concentrations ranging from 0.2 to 1.5 mM, using
acquisition parameters similar to those used for TRAF6-RD.

The average 15N R2 values and their average errors as a
function of increasing protein concentration are 5.9 ( 0.7,
5.7 ( 0.4, 6.1 ( 0.4, 6.3 ( 0.3, and 7.2 ( 0.4 s-1. The
increase in the average 15N R2 values as a function of protein
concentration indicates that the underlying equilibrium may
be more complicated than 1:1 protein-DSS binding.

15N R2 Constant-Time, Relaxation-Compensated CPMG
Dispersion Measurements. 15N constant-time, relaxation-
compensated CPMG dispersion experiments (23, 31) were
carried out at 600 and 800 MHz with a 350 µL sample of
0.43 mM TRAF6-RD in a 95:5 H2O/D2O mixture, containing
50 mM BIS-TRIS, 150 mM NaCl, 5 mM DTT, 100 µM zinc
sulfate (pH 7.0), and 0.14 mM DSS as an internal chemical
shift reference, in a 5 mm Shigemi microcell NMR tube.
The gNcpmgex_NH sequence from the Varian Biopack suite
of pulse sequences was employed at 600 and 800 MHz. For
the 15N CPMG pulse trains, the 15N 90° pulse widths were
44 and 54 µs at 600 and 800 MHz, respectively, and the
constant relaxation time was 40 ms. The 800 MHz spec-
trometer was equipped with a cryogenically cooled probe,
and heating compensation (as implemented in the gNcp-
mgex_NH sequence) was required to maintain constant
heating for all CPMG pulse repetition rates. Per residue R2,eff

values were calculated according to eq 1 in ref 32. R2,eff

dispersion profiles at both magnetic field strengths were
globally fit (33) to eq 25 (Carver-Richards equation) and
eq 28 (fast exchange only) in ref 34 for individual residues
using Mathematica, and AIC was used to discriminate
between the two functions. Errors in the fitted parameters
were obtained using Monte Carlo analyses for global fits.
To obtain a qualitative structural interpretation of the
dispersion measurements, main chain amide chemical shifts
were predicted using the ensemble of 50 NMR solution
structures for TRAF6-RD and SHIFTS (version 4.2) (24-26).
Predicted 15N ∆ω values were taken to be the width of the
per residue calculated chemical shift distributions at 1σ,
except for F89, for which the distribution was trimmed by
removing two predicted shifts with values ∼122 ppm from
the main ensemble of predicted shifts whose values ranged
from 113 to 117 ppm.

15N R1, 15N R2, {1H}-15N NOE, ηxy, and ηz Cross-Corre-
lated Relaxation Measurements and Model-Free Analyses.
Main chain amide 15N ηxy and ηz rates were measured using
sensitivity-enhanced 2D 1H-15N HSQC NMR experiments
(22), at 600 MHz with pulse sequences coded in-house.
Experiments were carried out with a 350 µL sample of ∼0.4
mM TRAF6-RD in a 95:5 H2O/D2O mixture containing 50
mM TRIS, 150 mM NaCl (pH 7.0), and 0.14 mM DSS as
an internal chemical shift reference, in a 5 mm Shigemi
microcell NMR tube. The per residue ηxy and ηz values were
subsequently used with measurements of 15N R1, 15N R2, and
{1H}-15N NOE (vide infra) to calculate per residue R2,0

values; these were used to estimate an Rex value (22). Errors
were propagated accordingly from the spectral noise. Rex

values exceeding the mean by one standard deviation were
considered significant. 15N R1, 15N R2, and {1H}-15N NOE
experiments were conducted at 600 and 800 MHz using pulse
sequences described in ref 21, and with the same protein
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sample that was used for measurements of ηxy and ηz cross-
correlated relaxation rates. Per residue 15N R1, 15N R2, and
{1H}-15N NOE values at 600 and 800 MHz were simulta-
neously subjected to a model-free analysis as previously
described (35) using Mathematica (36), with model selection
using AIC (37). For model-free analyses, a disadvantage of
AIC compared to hypothesis testing using R values is that
AIC always discriminates between models, whereas hypoth-
esis testing can reveal whether different models are indis-
tinguishable (38). For the model-free analysis, protein
tumbling was assumed to be isotropic, with an overall
correlation time of 4.17 ns, determined from the R2/R1 ratio.

RESULTS

15N and 1HN NMR Chemical Shift and Line Width Pertur-
bations upon Dilution. Line shape perturbations for TRAF6-
RD upon dilution from 304 to 30 µM occur only in the presence
of DSS and are summarized in Figure 1. The largest main chain
amide 15N chemical shift changes (∆δ) exceed the mean by
1.5σ and are observed for residues V81, Q82, E114, and F118.
The largest changes in line width (∆∆ν1/2), exceeding the mean
line width change by 1.5σ, occur for residues V81 (Figure 1C),
Q82, T83, and F118 (Figure 1D).

Chemical shift changes in 2D 1H-15N NMR spectra upon
dilution for residues V81 and F118 from TRAF6-RD are
shown in Figure 2. It should be noted that these changes
occur only in the presence of DSS and, in the simplest
interpretation, reflect 1:1 protein-DSS binding. 15N ∆δ
values for V81 and F118 were fit to a 1:1 protein-DSS
binding equilibrium to yield KD values of 0.4 ( 0.2 and 1.0

( 0.4 mM, respectively. In addition, changes in the 1H
chemical shift from the methyl groups of DSS upon protein
dilution were also fit to a 1:1 protein-DSS binding equi-
librium to yield a similar KD of 0.2 ( 0.1 mM. Thus, for an
average KD of 0.5 mM, the fraction of free protein is ∼0.9
at a DSS concentration of 0.14 mM and a protein concentra-
tion of 0.4 mM.

15N NMR R2 Relaxation Dispersion. 15N relaxation disper-
sion experiments were used to quantify chemical exchange
processes on the micro- to millisecond time scale (Figures
3-5 and Tables 1 and 2). Residues V81, N115, L117, and
F118 show line shape changes upon dilution (and concomi-
tant increases in protein:DSS ratio), display dispersion curves
that are characteristic of the fast exchange limit, and fit with
a global kex of 3514 ( 620 s-1 (Figure 3 and Table 1). While
residue T83 also displays line shape changes upon dilution,
dispersion data for this residue were statistically better fit
with the Carver-Richards equation (39) and had fitted
parameters for chemical exchange similar to those for
residues G86 and H87; these residues participate with T83
in an extensive hydrogen bonding network. Thus, residues
T83, G86, and H87 were globally fit with the Carver-Richards
equation with global pa and kex values of 0.989 ( 0.004 and
532 ( 165 s-1, respectively (Figure 4 and Table 2). Residues
I98, R99, and D100 at the C-terminal end of the short R-helix
in TRAF6-RD also display exchange with kex values of 1121
( 123, 4690 ( 680, and 3569 ( 834 s-1, respectively (Figure
5 and Table 1). The relaxation dispersion profile for residue
K104 was fit with the Carver-Richards equation with a ∆ωN

of 1213 ( 138 rad s-1 at 800 MHz (∼2 ppm) and with pa

and kex values of 0.98 ( 0.01 and 255 ( 264 s-1, respectively
(Figure 5). Finally, residues E110 and L112 display relax-

FIGURE 1: (A) Main chain amide 15N chemical shift changes [∆δ
) |δ(protein:DSS ) 0.2) - δ(protein:DSS ) 2.2)|] for TRAF6-
RD upon DSS binding. (B) Main chain amide 15N line width
changes [∆∆ν1/2 ) ∆ν1/2(protein:DSS ) 2.2) - ∆ν1/2(protein:DSS
) 0.2)] for TRAF6-RD upon dilution. (C) Concentration depen-
dence of line widths for TRAF6-RD V81 in the presence of 0.14
mM DSS. (D) Concentration dependence of line widths for TRAF6-
RD F118 in the presence of 0.14 mM DSS.

FIGURE 2: Main chain amide 15N chemical shift changes for TRAF6-
RD upon dilution, in the presence of 0.14 mM DSS.

FIGURE 3: 15N R2 relaxation dispersion for TRAF6-RD, with
multiple field data for each residue globally fit to chemical exchange
between two sites, and kex fit globally for all residues.
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ation dispersion with kex values of 2312 ( 629 and 6137 (
2239 s-1, respectively (Table 1).

15N NMR Cross-Correlated Relaxation and Model-Free
Analysis. Chemical/conformational exchange phenomena
were further verified using 15N cross-correlated relaxation
measurements (Table 3). Residues 81-83, 86, 98, and 104/

118 display Rex terms that exceed the mean Rex by 1σ.
However, the calculated Rex values for residues Q82 and I98
do not exceed 1σ within error. A model-free analysis was
also performed using 15N R1, 15N R2, and {1HN}-15N NOE
data collected at 600 and 800 MHz, with the chief purpose
of identifying residues undergoing chemical exchange.
Residues 81-83, 86, 87, 98, 99, 104/118, 110, and 114
require Rex

600 terms ranging from ∼1 to 3 s-1 to fit their
relaxation data (Table 4). Although model 4 (S2, τe, Rex) was
chosen by AIC for residue 98, the S2 value was unrealistic
(0.07 ( 0.06), considering it is flanked by two residues with
S2 values of ∼0.83 and is found in a region of relatively
well-defined structure. Thus, the model with the next lowest
AIC value was chosen [model 3 (S2, Rex)].

DISCUSSION

Characterization of TRAF6-RD Self-Association and DSS
Binding Using Chemical Shift Mapping. In this study, we
utilized an array of 15N NMR spectroscopic approaches to

FIGURE 4: 15N R2 relaxation dispersion for TRAF6-RD, with
multiple field data for each residue globally fit to chemical exchange
between two sites, and parameters kex and pa fit globally for all
residues.

FIGURE 5: 15N R2 relaxation dispersion for TRAF6-RD, with
multiple field data for each residue globally fit to chemical exchange
between two sites, and individual residues analyzed separately.

Table 1: Chemical Exchange Parameters for 15N CPMG R2 Dispersion
of TRAF6-RD

residuea papb∆ω2 (rad2 s-2)b R2,0 (s-1)b R2,0 (s-1)c

V81 7190 ( 2154 12.4 ( 0.3 10.2 ( 0.2
I98 4434 ( 414 12.3 ( 0.1 10.9 ( 0.1
R99 18325 ( 4715 9.9 ( 0.4 8.1 ( 0.2
D100 6367 ( 2090 9.8 ( 0.2 7.8 ( 0.1
E110 10984 ( 3466 10.3 ( 0.4 9.4 ( 0.2
L112 39361 ( 30030 9 ( 2 9 ( 1
N115 5396 ( 2647 16.3 ( 0.4 15.0 ( 0.3
L117 5761 ( 1845 9.6 ( 0.2 8.4 ( 0.1
F118 10143 ( 2526 10.9 ( 0.3 9.2 ( 0.2

a Residues 81, 115, 117, and 118 were fit simultaneously (kex ) 3514
( 620 s-1), and residues 98-100, 110, and 112 were fit individually
(for kex values, see Results). b Data collected at 800 MHz. c Data
collected at 600 MHz.

Table 2: Chemical Exchange Parameters for 15N CPMG R2 Dispersion
of TRAF6-RD

residuea ∆ω (rad s-1)b R2,0 (s-1)b R2,0 (s-1)c

T83 1378 ( 167 12.8 ( 0.4 10.8 ( 0.2
G86 2375 ( 481 10.0 ( 0.9 8.9 ( 0.5
H87 2941 ( 420 10.7 ( 0.8 9.0 ( 0.4

a Simultaneous fits of the data yield a kex of 523 ( 165 s-1 and a pa

of 0.990 ( 0.004. b Data collected at 800 MHz. c Data collected at 600
MHz.

Table 3: Chemical Exchange Parameters from 15N Cross-Correlated
Relaxation Rates

residue Rex
600 (s-1) residue Rex

600 (s-1)

V81 3.0 ( 0.3 G86 2.5 ( 0.6
Q82 2.0 ( 0.3 I98 1.9 ( 0.8
T83 3.1 ( 0.4 K104/F118a 2.9 ( 0.2

a K104 and F118 were overlapped for these experiments.

Table 4: Chemical Exchange Parameters from 15N Model-Free Analysis

residue Rex
600 (s-1)a residue Rex

600 (s-1)a

V81 1.1 ( 0.1 I98 1.6 ( 0.1
Q82 0.7 ( 0.2 R99 0.8 ( 0.1
T83 1.6 ( 0.1 K104/F118b 1.6 ( 0.1
G86 2.1 ( 0.2 E114 0.7 ( 0.2
H87 3.1 ( 0.1

a Only Rex values of >0.6 s-1 are reported. b K104 and F118 were
overlapped for these experiments.
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assess intra- and intermolecular chemical exchange processes
for the main chain of the TRAF6 RING domain. For line
shape changes upon protein dilution in the presence of DSS,
large 15N ∆δ and ∆∆ν1/2 values are indicative of structural
changes accompanying self-association. However, chemical
shift changes upon 10-fold dilution of ∼0.5 mM TRAF6-
RD are not observed in the absence of DSS. This result
indicates that TRAF6-RD is monomeric in solution but
associates with DSS, a common chemical shift reference
standard (40) that is an anionic detergent. Interestingly, line
width increases for residues V81 and F118 in the 15N
dimension are observed with increasing protein concentration
and the concomitant increase in protein:ligand ratio (Figure
1C,D). For fast chemical exchange, line widths are expected
to decrease for a 1:1 protein-ligand interaction with an
increase in protein:ligand ratio, whereas the opposite effect
is observed for TRAF6-RD-DSS binding. Therefore, it is
likely that the underlying equilibrium is more complex than
1:1 protein-DSS binding.

Characterization of TRAF6-RD Chemical Exchange Pro-
cesses Using Relaxation Dispersion, Model-Free Analysis,
and Cross-Correlated Relaxation Measurements. A key issue
in the interpretation of relaxation dispersion measurements
is the correct attribution of chemical exchange to intra- or
intermolecular processes. For example, intramolecular in-
stability for a ubiquitin-associated domain was characterized
in terms of a folding-unfolding equilibrium (41). Dispersion
experiments conducted at multiple ligand concentrations have
been used successfully to separate intra- and intermolecular
exchange processes for titration of the regulatory subunit of
protein kinase A with cAMP (42), and titration of the
phosphorylated kinase inducible activation domain of CREB
with the KIX domain from CREB binding protein (43). The
kinetics of the monomer-dimer equilibrium for the dimeric
four-helix bundle R2D have been quantified using 13C
relaxation dispersion spectroscopy (44), and monomer-dimer
exchange for the protein GB1A34F was characterized recently
using 15N relaxation dispersion in combination with analysis
of 2D 1H-15N NMR spectral changes upon dilution (45).

For the relaxation dispersion of TRAF6-RD, residues V81,
N115, L117, and F118 were observed to undergo fast
chemical exchange (Figure 3 and Table 1). Although only
the product papb∆ωN

2 can be determined from curve fitting,
if we assume pa ) 0.9 and pb ) 0.1 (corresponding to the
fractions of free and DSS bound protein with a KD of 0.5
mM and TRAF6 and DSS concentrations of 0.4 and 0.14
mM, respectively), the fitted values of papb∆ωN

2 at 800 MHz
give rise to maximum ∆ωN values ranging from ∼180 to
250 rad s-1 (from ∼0.5 to 0.7 ppm). In the presence of DSS,
these residues undergo 15N chemical shift changes upon
dilution, raising the possibility that the kinetics associated
with DSS-protein binding may be the source of chemical
exchange. However, these maximum ∆ωN values are ∼10-
fold too small if structural changes in the protein accompany
DSS binding. In addition, the increase in protein line widths
with an increase in protein:DSS ratio (line width decreases
are expected) is not consistent with 1:1 protein-DSS binding.
These observations suggest that the interaction between
protein and DSS is more complicated than 1:1 binding. Given
that TRAF6 is a cytoplasmic signaling adaptor protein, DSS

binding is not likely to be biologically significant, and a more
detailed characterization of DSS binding kinetics is not
warranted.

Residues I98, R99, and D100 are found near the C-
terminus of the main R-helix in TRAF6-RD. These residues
do not exhibit significant chemical shift changes upon
dilution. Therefore, it is likely that the observed relaxation
dispersion is due to intramolecular chemical exchange. We
hypothesize that these residues are undergoing constrained
helical fraying, potentially due to the fact that main chain
hydrogen bonds near helical termini are not fulfilled. Motions
for R-helices that are not constrained at their N- or C-termini
typically occur on the nano- to picosecond time scale (46).
For TRAF6-RD, the N- and C-termini of the main R-helix
are constrained, in the sense that the polypeptide chain
participates in additional tertiary structural interactions
beyond the termini, and these may serve to slow the typical
pico- to nanosecond time scale of motion for unconstrained
termini of R-helices to the micro- to millisecond time scale.
If we assume that the distribution of structures observed in
the NMR ensemble (2JMD) at or near the ends of the main
R-helix is a reasonable representation of conformational
states between which transitions can occur, the 15N ∆ω
values predicted by SHIFTS are 1.48, 1.03, and 1.95 ppm
for residues 98-100, respectively; these residues are found
at the C-terminal end of the R-helix (relaxation dispersion
was not detected at the N-terminal end of the helix). In
comparison, residues I94 and I95 are located in the middle
of the helix and have buried side chains, and the predicted
widths of the chemical shift distributions are 0.63 and 0.64
ppm, respectively. Additionally, these residues do not exhibit
relaxation dispersion. Residues K96 and S97 are also near
the middle of the helix and do not show relaxation dispersion
but display larger widths for their predicted chemical shift
distributions of 1.01 and 2.38 ppm, respectively. However,
the larger widths for these residues arise mainly from
contributions to the 15N amide chemical shift due to the
conformation of exposed side chains and are likely to be
averaged to smaller values by fast time scale side chain
fluctuations. In addition, the width of the predicted 15N
chemical shift distribution for residue F89 has a smaller value
of 0.71 ppm. This residue packs within the hydrophobic core
against residue I94 and does not display relaxation dispersion.

It should be noted that on the basis of the SHIFTS
predictions, constrained helical fraying can potentially give
rise to relaxation dispersion for residues at the N-terminal
end of the R-helix, but this was not observed. A more
fundamental analysis of the time scale and nature of chemical
exchange processes potentially associated with constrained
helical fraying can be obtained using molecular dynamics
simulations, combined with quantum mechanical or empirical
chemical shift calculations (26). However, these simulations
are beyond the scope of this study, and the time scale
necessary to observe micro- to millisecond time scale
fluctuations is computationally intractable.

Finally, we note that for residues 98-100, the widths of
their chemical shift distributions exceed the maximum ∆ω
values from the relaxation dispersion experiments by ∼4-
fold (0.3-0.5 ppm). This observation suggests that a two-
state transition is not appropriate if the underlying chemical
exchange process is helix-fraying. Additionally, it is possible
that the exchange processes observed at the C-terminal end
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of the R-helix reflect conformational transitions of His103,
as observed in relaxation dispersion studies of the protein
plastocyanin (47). The main chain amide resonance for this
residue is not observed in 2D 1H-15N NMR spectra,
presumably due to line broadening, and the adjacent residue
K104 undergoes conformational exchange (Figure 5).

For residues T83, G86, and H87, our straightforward
structure-based analysis does not provide meaningful insights
into the underlying chemical exchange process. These
residues participate in an extensive hydrogen bond network
involving H-bond donors and acceptors from both the side
chain and main chain. The relaxation dispersion may be the
result of chemical exchange processes resulting from zinc
binding, given that the side chain from H87 is believed to
coordinate Zn2+. However, Zn2+ binding to the BRCA1
RING domain occurs with high affinity (48), and metal
exchange for the RING domain from CNOT4 occurs with
slow kinetics (49) consistent with the relaxation dispersion
experiments. The kinetics of Zn2+ binding for TRAF6-RD
would need to be quantified to identify the origin of chemical
exchange for residues T83, G86, and H87. Regardless of
the source of chemical exchange, intra- or intermolecular
modulation of the H-bond network in which residues T83,
G86, and H87 participate is a likely source for their observed
relaxation dispersion.

The remaining residues that display relaxation dispersion
(K104, E110, and L112) are found proximal to loop L2
(residues 105-108) that is involved in coordinating zinc.
Residue K104 is found in an isolated �-bridge, and residues
E110 and L112 are not involved in regular secondary
structure, as determined using DSSP (50). These residues
do not display chemical shift changes upon dilution, and it
is not obvious how their motions may be coupled to zinc
binding; thus, the relaxation dispersion results may simply
reflect intramolecular main chain dynamics.

In this study, 15N R1, 15N R2, {1HN}-15N NOE, and ηxy

NMR relaxation measurements were used to qualitatively
identify residues undergoing chemical exchange. All residues
(except Q82) that display Rex terms, as established from
cross-correlated relaxation rate measurements, also display
15N relaxation dispersion profiles indicative of chemical
exchange. Residues V81, Q82, T83, and F118 display
significant line shape perturbations upon dilution and con-
comitant changes in the protein:DSS ratio, and the Rex values
for these residues may reflect DSS binding, as discussed
below in further detail for the model-free analysis. The
observation of significant Rex values for residues T83, G86,
and H87 is consistent with the results from the relaxation
dispersion experiments.

We previously conducted a model-free analysis for
TRAF6-RD using data collected at 600 MHz (10). In this
study, our goal was to identify residues requiring Rex terms
to fit their relaxation data, and we have the advantage that
data collected at 600 and 800 MHz were simultaneously
analyzed, thereby improving model selection, and taking the
field dependence of Rex into account. Herein, we have
assumed quadratic field dependence for the model-free
analysis, whereas for slow and intermediate exchange, this
field dependence is not necessarily quadratic (51). From the
relaxation dispersion analyses, all residues except T83, G86,
H87, and K104 were fit with the relaxation dispersion
equation for fast exchange only. Residues T83, G86, H87,

and K104 were fit with the Carver-Richards equation, and
the values of kex/∆ω and R range from 0.2 to 0.5 and from
0.1 to 0.4, respectively, indicating that these residues are in
the slow exchange regime. For the model-free analysis, and
analysis of cross-correlated relaxation rates, chemical ex-
change due to DSS binding can potentially contribute to the
observed Rex terms for residues 81-83 and 118 (Table 4).
For example, we estimate the magnitude of observable Rex

terms to be ∼1 and 2 Hz at 600 and 800 MHz, respectively,
given the experimental conditions used to acquire 15N R2,
and assuming a rate of exchange of 2000 s-1, with a pa of
0.9 and a ∆ω of 0.5 ppm. Thus, with the exception of residue
Q82, these qualitative results agree with those from the
relaxation dispersion experiments. However, we must con-
sider that rotational diffusion anisotropy can potentially
contribute to Rex terms determined from cross-correlated
relaxation measurements and model-free analysis (22, 52).
In this study, anisotropic rotational diffusion does not
substantially contribute to R2 for residues 81-83 and 118.
For example, for a protein with an isotropic overall correla-
tion time of ∼4 ns, an axially symmetric rotational diffusion
anisotropy of >2 is necessary for a maximum contribution
of ∼2 s-1 to R2, whereas monomeric TRAF6-RD is es-
sentially spherical in shape, and monomeric using the
solution conditions employed for relaxation measurements.

Biological Implications for Lack of TRAF6-RD Self-
Association. Currently, it is not clear if E3 RING homo- or
heteroassociation serves a general biological purpose (18).
It has been observed that RING self-association creates
supramolecular structures in vitro and these serve as poly-
valent binding surfaces to provide a platform for multiple
partner proteins (53). However, it is not certain if supramo-
lecular structures are necessary for the activity of TRAF
proteins, whose main function is to serve as cytoplasmic
signaling adaptor proteins. For example, the C-terminal
region of TRAF6, which does not contain the RING domain,
is known to self-associate as a trimer (54), and this property
is necessary for receptor binding (55). That is, the TNF
receptor family is believed to be an example for the general
theme of receptor activation through oligomerization, as the
TNF receptor must associate as a trimer for activity (56).
However, several RING domains are known to associate as
homodimers or heterodimers (17, 19, 57, 58), and this
property may be critical for biological function. For example,
it has been suggested that molecular architectures of E3
ligases are tuned to orient and align E2 enzymes and
substrates for efficient ubiquitin transfer, but it is not clear
what role RING domain dimerization plays in this function
(17). Although it is reasonable to expect that the regions
surrounding RING domains are critical for dimerization, the
isolated RING domain from Hdm2 was shown to form a
homodimer at low concentrations and interact tightly with a
RING domain from the homologue HdmX (58). It is
interesting to note that the TRAF6 RING domain and
surrounding regions are most similar in sequence to the
corresponding region in the dimerization domain of RAG1,
whichcontainsaRINGdomainandaC2H2zincfinger (12,59).
In the RAG1 dimer structure, the RING domains are not in
physical contact, separated by ∼15 Å.

The lack of self-association of the RING domain from
TRAF6 and the fact that the intact protein is a trimer suggest
that the RING domains may not be closely associated in the
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intact protein. With respect to functional significance, others
have noted that a possible role for RING domains is to serve
as protein-protein interaction modules involved in binding
RING domains from different proteins (58). Therefore,
maintaining the RING domains physically separated in intact
TRAF6 may help fulfill this purpose.

Biological Implications of TRAF6-RD Slow Time Scale
Helical Motions. The structure of the complex between the
RING domain from c-Cbl and UbcH7 is an archetypal
E2-E3 interaction and was used to develop a rough model
of TRAF6-RD associated with its cognate E2 Ubc13 (Figure
6). Residues V81, T83, N115, L117, and F118 are involved
in DSS binding, and the kinetics of this interaction are
manifest as micro- to millisecond time scale chemical
exchange and line shape perturbations upon changing the
protein:DSS ratio. Interestingly, while the isolated RING
domain from TRAF6 does not self-associate, these residues
occur at the typical RING dimer interface, and this surface
is different from that involved in the TRAF6-Ubc13
interaction. Of the residues involved in typical E2-E3
interactions, residues I98, R99, and D100 display micro- to
millisecond time scale motions. While there are many
enthalpic and entropic factors that determine the affinity of
protein-protein and protein-ligand interactions, modulation
of slow time scale motions observed for residues 98-100
(increases or decreases in flexibility) may be a general
mechanism allowing precise adjustment of the affinities of
E2-E3 interactions in achieving optimal substrate polyubiq-
uitination. Specifically, quenching of these motions upon E2
binding may contribute unfavorably to the entropy of binding,
and this may be an important mechanism for maintaining
weak E2-E3 interactions, with fast kinetics, to allow for
rapid transfer of ubiquitin to protein substrates bound to the
E3 ligase. From a computational perspective, a recent 50 ns
molecular dynamics study for receptor-ligand interactions
led to the generalization that receptor flexibility contributes
a large proportion of the compensating entropy/enthalpy
terms of binding free energy (60). Quenching of chemical
exchange has been observed experimentally through relax-
ation dispersion measurements for pheromone binding to
major urinary protein (61). Ultimately, further experimental
verification and longer time scale simulations will be
necessary to test whether this generalization is applicable
for slower time scale motions in E2-E3 ubiquitination
systems.
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