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Abstract
Post-translational modification of proteins with ubiquitin is mediated by dynamic multi-enzyme
machinery (E1, E2, E3). E3 ubiquitin ligases play a key role acting as both scaffolds to bring
reactants together and activators to catalyze ubiquitin (Ub) transfer from E2~Ub conjugates to
substrates. Our recent studies provided insights into the mechanism of the activation event;
binding of an E3 to an E2~Ub conjugate was found to affect the motions of E2~Ub and
allosterically stimulate Ub transfer. This proposed mechanism implies that the dynamics of the
conjugate, which has been shown to occupy a wide range of E2~Ub orientations, will be altered
significantly upon binding of E3. To directly assess the effect of E3 binding on E2~Ub dynamics,
we undertook an in-depth comparative analysis of 15N NMR relaxation of UbcH5c~Ub in the
absence and presence of the E3 ligase, E4B. Challenges encountered in deciphering inter-domain
motions for this ternary complex are discussed along with the limitations of the current
approaches. Notably, although a reduction in inter-domain dynamics of UbcH5c~Ub is observed
upon binding to E4B, Ub retains an extensive degree of flexibility. These results provide strong
support for our dynamic model of a significant orientational bias of Ub towards a more closed
conformation in the E3/E2~Ub complex.

Post-translational modification of proteins by addition of one or more ubiquitin molecules is
a key mechanism used to target proteins for degradation in the proteasome, as well as
mediate intracellular signaling. The process of adding ubiquitin to a substrate requires the
sequential activity of E1, E2, and E3 enzymes. The E1 activating enzyme uses ATP to drive
formation of a covalent bond to the C-terminus of ubiquitin (Ub). The Ub molecule is then
transferred to the E2 conjugating enzyme, which carries the activated Ub to the E3 ligating
enzyme. In the case of RING and U-box type E3 ubiquitin ligases, the E3 acts as a scaffold
to bring together the substrate and the E2~Ub conjugate for transfer of the Ub to the
substrate (1). While these basic steps are known, many questions remain unanswered
regarding the mechanism of Ub transfer to the substrate.

The current model of E3 function involves not only co-localization of E2~Ub and substrate,
but also a mysterious “activation” of the E2~Ub conjugate. This activation event is reflected
in the vastly increased rate of E2~Ub hydrolysis upon interaction of the E2 with the U-box
(or RING) domain of E3 ligases, relative to the rate of E2~Ub hydrolysis free in solution
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(2). Models to explain E2~Ub activation have been proposed in which binding to the E3
induces a transition from a highly dynamic state to a “closed” Ub orientation (3-6). Recent
x-ray crystal structures revealed Ub in the closed conformation (7, 8), but NMR studies have
shown that binding of the conjugate to the E3 causes an alteration in the distribution of inter-
domain orientations (9). In our NMR-based model, Ub prefers “closed” conformations, but
is not held in a fixed orientation.

While our previous studies support a slowing of Ub motions in the ternary (E4BU/
UbcH5c~Ub) complex, they did not establish unambiguously that binding of the E3 causes a
shift in inter-domain flexibility that would be required for preferential occupancy of closed
conformations. Here we describe an in-depth heteronuclear NMR relaxation analysis to
monitor the changes in inter-domain flexibility of UbcH5c~Ub induced by the binding of the
U-box domain of E4B, to obtain a more complete and quantitative analysis of the effects of
E3 binding to the E2~Ub conjugate.

Heteronuclear NMR relaxation is a powerful method to directly characterize molecular
motions. The most commonly used approach for the study of proteins involves
measuring 15N relaxation parameters to define the tensor describing rotational diffusion. A
‘model-free7#x2019; analysis is often applied that partitions overall tumbling of the
molecule from internal motions, therefore allowing insights into relative flexibility of
specific residues of regions of the protein. The majority of NMR relaxation analyses have
been carried out on globular single domain proteins, but in the last few years a number of
more complex systems have been studied. In two domain systems, an apparent diffusion
tensor can be directly extracted from NMR relaxation data. However, the tensor represents a
combination of global tumbling and any inter-domain motion (10). A limited number of
two-domain systems have been studied (11-14), but to our knowledge there is no study
reported for a three component system. Here we present the results for, and discuss the
challenges to, using extended model-free and other approaches to quantify changes in Ub
flexibility upon binding of an E2~Ub conjugate to an E3.

Materials and Methods
Protein expression and purification

Plasmid constructs, expression, and purification of E1, Ub, UbcH5c S22R/C85S (E2),
E4BU, and production of UbcH5c-O-Ub were previously described (9). All proteins were
expressed in BL21 DE3 E. coli in either rich LB media or minimal media with 15NH4Cl as
the sole nitrogen source. Proteins were stored in a 25 mM sodium phosphate pH 7.0, 150
mM NaCl buffer.

Ub hydrolysis rates
Samples of 200 μM UbcH5c-O-Ub were incubated in a range of buffer and pH conditions
with 150 mM NaCl at 20 and 25 °C, with or without E4BU added to a ratio of E3:E2 at 1:1
or 3:1 as noted. To monitor differences in the rates of hydrolysis, small aliquots were
incubated for up to 10 days. Samples were extracted for analysis by SDS-PAGE at regular
intervals

NMR data collection
Data were collected at 20 °C on Bruker Avance III spectrometers operating at 1H
frequencies of 600, 800 or 900 MHz. Heteronuclear 15N-R1, -R2 and NOE parameters were
measured using standard pulse sequences provided by the manufacturer [hsqct1etf3gpsi3d.2
(R1), hsqct2etf3gpsi3d (R2), and hsqcnoef3gpsi (NOE)] (10). Protein solutions contained
200 μM 15N-enriched UbcH5c-O-Ub in either the pH 7 buffer described above or 30 mM
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sodium citrate at pH 5.75, 150 mM NaCl, and 8% D2O, in the absence or presence of 600
μM unlabeled E4BU. Data for the WT E4BU/UbcH5c-O-Ub complex were collected on a
set of samples prepared from a common stock, with each sample mixed just prior to use. A
new sample was used every 1.5 days.

The recovery delays for 15N-R1 experiments were 7.5 s, 9 s and 12 s (600, 800 and 900
MHz, respectively). Time delays for the R1 measurements were 0.1, 0.4, 0.8, 1.2, 1.8, 2.5,
and 4 s at 600 MHz, and 0.1, 0.4, 0.8, 1.2, 2, 3, and 5 s at 800 and 900 MHz. Time delays for
R2 measurements were 17, 35, 52, 69, 104, and 173 ms. A three second recovery delay and
three second saturation period was used for measuring the {1H}-15N NOE. The data were
processed in Topspin (Bruker) and analyzed in Sparky (15). The NOE was calculated as the
ratio of intensities Isat/Iref, and the NOE error was calculated as (NOE err/NOE)2= [(Iref err/
Iref)2+(Isat err/Isat)2], where the error of each intensity measurement is the rmsd noise of
each plane.

NMR data analysis
15N-1H chemical shift assignments at pH 5.75 were transferred from those made at pH 7
reported previously (6). Diffusion tensors for each domain were determined using all
available data for each condition. Residues with NOE < 0.7 or for which fewer than three
parameters could be measured were removed from analysis, as well as residues with R2/R1
ratios greater than two standard deviations above the mean for that domain. The remaining
residues were each fit to a local isotropic correlation time (τiso) using relax (16, 17). These
values were then input into the quadric diffusion program (AG Palmer, based on Lee 1997
(18)) to fit global diffusion tensors using a structural model oriented to the inertial mass
tensor. The best fit was determined to be isotropic for all domains using an F-statistic.
Further model-free analysis with the relax and freemodel programs are described in the
Results.

NMR data simulations
Predicted relaxation parameters were calculated with both HYDRONMR (19) and relax.
Structural models were based on PDB ID 1FXT, 2GMI, 2KJH, 2OXQ, and 3A33 (3, 20-23).
HYDRONMR was used largely to predict the expected overall molecular tumbling
parameters of the structural models at multiple fields. The relax function ‘create_ri’ was
used to back-calculate 15N NMR relaxation parameters for the final results of extended
model-free analysis.

Results
The U-box E3 ligase E4B was selected for this analysis because of its unusual ability to
function as a monomer (24, 25); the E4B U-box domain alone is sufficient to bind and
activate the UbH5c~Ub conjugate, which greatly facilitates the analysis. Unfortunately, the
UbcH5c~Ub conjugate when in the presence of an E3 ligase has a very short lifetime on the
time scale of NMR relaxation measurements. To alleviate this problem, we turned to an
E2~Ub analog (UbcH5c-O-Ub), in which the E2 Cys residue that conjugates Ub is mutated
to Ser (C85S). Changing to an ester conjugate from a thioester conjugate drastically reduces
the intrinsic reactivity of the bond linking the E2 to Ub. A second mutation (S22R) was
incorporated in UbcH5c to inhibit binding to the “backside” of the E2, which has been
shown to cause large increases in NMR linewidths (26). UbcH5c-C85S,S22R readily forms
UbcH5c-O-Ub conjugates and was used in the previously reported study of the dynamics of
UbcH5c~Ub (6).
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Optimization of conditions to maximize the lifetime of UbcH5c~Ub in the E4BU ternary
complex

Initial attempts to characterize the ternary E4BU/UbcH5c-O-Ub complex were inhibited by
the short lifetime of the conjugate, even in this ester analog, and its relatively low affinity
for E4BU (Kd~ 100 μM (9)). The free UbcH5c-O-Ub conjugate generated by direct mixing
of E1, E2, Ub, and ATP has been shown to be stable against hydrolysis over several days.
However, upon addition of E4BU to UbcH5c-O-Ub, there is a dramatic increase in Ub
hydrolysis with the lifetime reduced to hours (9), which is insufficient for detailed relaxation
studies. We hypothesized that the reaction is likely base-catalyzed and would be slowed by
reducing the pH. A test of the stability of the conjugate at a range of pH values showed that
the conjugate lifetime was lengthened considerably under acidic conditions. The conjugate
showed signs of aggregation at pH < 5.5 when concentrated to ~200 μM as required for the
NMR studies, so further analyses were performed at pH 5.75. With the goal of further
increasing the lifetime of the ternary complex, we also tested the effect of buffer identity and
temperature on the rate of Ub hydrolysis and found a significant slowing of the rate in citrate
buffer at 20 °C (Figure 1A). We note that these changes in solution conditions had a
significant effect on the chemical shifts of UbcH5c-O-Ub with chemical shift perturbations
up to ~0.2 ppm. However, as described below the overall tumbling of the particle and
binding of E4BU were not altered.

High concentrations of E3 expedite Ub hydrolysis, so a third factor to optimize was the
concentration of E3 in the ternary complex (Figure 1B). At a UbcH5c-O-Ub concentration
of 200 μM, the chemical shift changes in the conjugate appeared to be complete with a 3-
fold excess of unlabeled E4BU as no further changes were observed upon addition of more
E4BU. Additionally, the UbcH5c-O-Ub residues most affected by E4BU are those in the
expected binding interface (Figure S1). Based on the experimental estimate for the Kd of
~100 μM, this condition corresponds to a fractional saturation of ~80% of the conjugate.
This ratio was selected to minimize hydrolysis of the conjugate over the course of the
experiment, and by adjusting the experimental conditions we were able to stabilize the
E4BU/UbcH5c-O-Ub ternary complex to the point where it remained essentially intact for
1.5 days. These experimental conditions provide a conservative model for the fully saturated
system as any observed differences from the free conjugate will be less than if the
measurements were made under conditions of 100% saturation.

UbcH5c-O-Ub is flexible with and without E4BU—NMR relaxation parameters are
sensitive to a wide range of molecular motions from vibrations of the N-H bond vector, to
global rotational diffusion, to conformational exchange (10). NMR relaxation analysis
therefore enables detection of fast picosecond motions, rotational tumbling, and larger-scale
μs-ms domain movements in proteins. The overall motion of the molecule is characterized
by a tensor describing rotational diffusion. For spherical, globular molecules, the diffusion
tensor is symmetric and the overall motion can be represented by a global rotational
correlation time τc, which directly reflects the size and shape of the tumbling particle. In
systems with two flexibly tethered domains, the rotational diffusion of a domain will reflect
a combination of overall tumbling and inter-domain motion. Thus, analysis of the data for
each domain provides an “apparent” correlation time. The motion can be difficult to model
if substantial changes in shape arise in the molecule as a consequence of large changes in
inter-domain orientation (27). In such a situation, analysis of the apparent diffusion of each
domain enables differentiation of two domains as rigidly or flexibly attached, but the
difference in correlation times cannot be directly related to the extent of the inter-domain of
flexibility.

Soss et al. Page 4

Biochemistry. Author manuscript; available in PMC 2014 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To investigate the effect of E3 binding on the inter-domain dynamics of an E2~Ub
conjugate, 15N NMR relaxation parameters were collected for UbcH5c-O-Ub without and
with E4BU. These included 15N-R1 and NOE parameters at 600 and 900 MHz and 15N-R2
parameters at 600 MHz. Plots of the relaxation parameters reveal clear differences between
the E2 and Ub components of the conjugate, indicating that they tumble independently
(Figure S2). UbcH5c contains 147 residues and Ub only 76, thus if they are not rigidly
oriented we can expect Ub to tumble faster and exhibit relaxation properties consistent with
that faster motion. Inspection of the data revealed consistent trends in all of the data sets,
except for the R2 values obtained for Ub in the ternary complex. These R2 values were far
smaller than anticipated and nearly matched values for free Ub. Since the chemical shifts of
free Ub are the same as Ub in the conjugate and cannot be distinguished for the most part,
we concluded that a small amount of free Ub must be present in solution. Free Ub has a
substantially slower rate of transverse relaxation, so even a small of amount of free protein
will completely dominate the decay curve in the measurement of the R2. The reason there is
no effect from the free Ub on R1 measurements is that due to the way in which the
parameter is measured the decay curve from the larger particle will remain dominant.

Apparent domain-specific diffusion tensors can still be calculated in the absence of the R2
data from 15N R1 and NOE values measured at multiple fields (10) and given the problems
with R2 this approach was used here. First, we established that the data were best fit to
isotropic diffusion; the more complicated axially symmetric models of Ub diffusion
previously reported (9) were determined to be statistically no better than the isotropic model.
Consequently, the motion of the domains can be expressed in terms of τc (Table 1). The
UbcH5c-O-Ub conjugate has previously been shown to exist as two flexibly linked domains
(6). Because they are tethered together, both domains tumble more slowly than the isolated
E2 and Ub molecules, and since the tether is flexible the larger E2 domain tumbles more
slowly than Ub (6).

The apparent correlation times for the UbcH5c and Ub domains of the free conjugate are
17.7 and 13 ns, respectively, in agreement with the τc calculated from R2/R1 values reported
previously for the conjugate under different buffer and temperature conditions (16.9 ns, 12.4
ns respectively) (6). The presence of E4BU results in slower tumbling of both domains
consistent with formation of a ternary complex, as reflected in increased apparent τc values
of 22 ns for UbcH5c and 14.3 ns for Ub (Table 1). Notably, the correlation time for Ub is
still significantly smaller than that of E2, indicating that Ub remains flexibly linked to
UbcH5c in the ternary E4BU/UbcH5c-O-Ub complex.

To obtain deeper insights into the data, we used HYDRONMR to predict relaxation
parameters for a range of static E2~Ub and ternary complex structural models. While static
models will not accurately predict results for flexibly-tethered systems, they can yield useful
insights into the possible distributions of extended and compact states. The models used here
were derived from published structures of U-box/E2 and E2-Ub complexes with different
relative orientations of Ub (see Methods). Global correlation times were calculated and
compared to experimental results for the isolated proteins, the conjugate, and the ternary
complexes. Predicted correlation times ranged from 16-21 ns depending on the orientation
for E2~Ub conjugates and 27-33 ns for the ternary complex. For UbcH5c in the conjugate,
the experimental value is near the low end of the predicted range, indicating that either a
compact static conformation is preferred or the system is dynamic with variable inter-
domain orientations. [The term inter-domain is used here because when bound together, the
E2 and Ub become two domains of a single E2~Ub molecule so technically they are
domains.] In the ternary complex, UbcH5c tumbles faster than predicted even from the most
compact structural model, an effect that can be attributed to E2~Ub flexibility. The
experimental data for Ub follow a similar trend except that the tumbling in both the
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conjugate and the ternary complex is faster than predicted for any of the static binary
complexes. As for UbcH5c, this finding is attributed to E2~Ub flexibility.

Model-free analysis with WT E4BU—Domain-based analysis of apparent rotational
diffusion does not specifically parse overall tumbling of the molecule from inter-domain
motion. This distinction is necessary for our goal of understanding how the relative
flexibility of Ub with respect to UbcH5c is altered by binding to E4BU. We therefore turned
to model-free analysis of the NMR relaxation data to investigate relative Ub flexibility in the
ternary complex. A number of strategies were tried for fitting the data, starting with the
basic model-free approach with a simple two state model of closed and open conformation.
While these analyses returned reasonable isotropic correlation times and order parameters,
the overall fit to the data was poor. In the end, we found that the extended model-free
formalism, which allows separation of fast and slow motions, provided the best fit to the
data for this system. This strategy has been used to successfully describe and quantify inter-
domain flexibility for other systems (28–30). Our approach involved fitting the relaxation
data to a multi-component motional model that includes an overall rotational correlation
time τc plus residue-specific order parameters S2 composed of S2f and τf for the fast
internal motions of bond vectors, and S2s and τs to represent the slow inter-domain motion.
While this analysis can be quite powerful, there are many assumptions about the timescales
of motion that can become problematic for detailed mechanistic studies of complex systems,
as will be discussed below.

The first step for extended model-free analysis is to define the global τc of the complex. In
cases where one domain dominates and is much larger than the second, the global tumbling
of the complex is essentially the same as the apparent tumbling of the larger domain (14).
Here, UbcH5c is only roughly twice the mass of Ub, so we did not expect global tumbling of
the conjugate to be necessarily dominated by the E2 and therefore global tumbling would be
significantly slower than the apparent diffusion tensor of the domain. To test this possibility,
we searched for the best global τc value using two different programs to fit our data to the
extended model-free formalism: freemodel and relax (14, 16, 17). In both cases, a rough grid
search was performed to fit the data with a global τc ranging from the apparent τc of
UbcH5c up to ~2-times larger than this value. The quality of each fit was assessed by an
overall χ2 measure of error, and comparing average χ2 per residue (Figure 2). Remarkably,
for both programs the best fit of the data for the isolated conjugate and the ternary complex
occurs when the global τc is set to the apparent τc of UbcH5c (17.7 ns for the conjugate and
22 ns for the ternary complex). Testing lower τc values resulted in unrealistically high
values of S2, while higher τc values resulted in poorer fits and very low S2 values. We
therefore conclude that even though the E2 is only twice the mass of Ub, and rotational
diffusion scales with the hydrated radius of the particle, the global tumbling of the complex
is best fit by the isotropic τc of the E2 domain.

Once the global τc was set, we could analyze the internal dynamic parameters of the
extended model-free formalism. This involved fitting S2 and S2f as variables, which allows
the S2s values to be derived from the other two. For UbcH5c, the average S2 values are
relatively high for both the conjugate and ternary complexes (Figure 3 and Table 2).
Average S2s values are also quite high (0.92 and 0.91, respectively), indicating little if any
inter-domain motion is observed for UbcH5c. The high values of S2s and absence of inter-
domain motion are expected in this case, since the best fit for the global τc was obtained
when it coincided with the apparent τc of this domain.

The results for Ub were very different. The order parameters are lower in general and there
is a dramatic shift between the conjugate and the ternary complex, with S2 increasing from
0.65 to 0.85 when E4BU is bound. This change was also reflected in S2s, which increases
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from 0.78 in the conjugate to 0.85 in the ternary complex. Thus, the data for Ub report a
significant loss of inter-domain motion upon binding of UbcH5c-O-Ub to E4BU.

Although the trends from this analysis are clear, the overall tendency toward high values of
the order parameters for Ub appears inconsistent with the τc values that indicate Ub retains
substantial inter-domain flexibility in the ternary complex. To determine if the discrepancies
are due to the lack of accurate R2 data for Ub in the ternary complex (see above), we
compared the analysis of the data for the conjugate using only the 15N R1 and NOE data
with the analysis that includes 15N R2 values (Figure 4). In making this comparison, we find
very little difference in the order parameters for the E2 domain. In contrast, the order
parameters for Ub returned from the analysis when no R2 data are used are much higher than
those obtained when R2 is included. It therefore appears that the extended model-free
analysis requires R2 values to generate reliable order parameters in cases of slow inter-
domain motion. Among the standard R1, R2 and NOE parameters, only R2 reports on
motional frequencies in the range of the J(0) term of the spectral density function. Although,
R1 correctly reports on the apparent rotational tumbling and the dependency on J(0) cannot
directly explain the relatively high order parameters observed for Ub, the R2 parameter does
appear to be required to quantify the slow inter-domain motions of flexibly tethered
domains.

Analysis of inter-domain dynamics using a mutant E4BU reveals that binding
to an E3 induces a change in the flexibility of the conjugate—To overcome the
inability to obtain accurate R2 values for the ternary complex, we turned to a mutant of
E4BU, R1143A, which we have previously shown is much less effective at activating
E2~Ub to discharge its Ub even though it has the same binding affinity for UbcH5c as WT
E4BU (9). Notably, UbcH5c-O-Ub in a ternary complex with the mutant E4BU at a ratio of
3:1 is nearly as stable as the free UbcH5c-O-Ub conjugate (Figure 5A). Thus, use of E4BU
R1143A allowed a full set of relaxation experiments to be performed on a single sample. To
validate that the mutant is a viable model for the WT protein, we previously showed that
titrations of UbcH5c with the R1143A E4BU yield the same pattern of chemical shift
perturbations as the WT (9). The similarity extends to motions of WT and mutant E4BU in
that the relaxation parameters measured at 600 MHz for the ternary complex with R1143A,
other than the Ub R2 values, were remarkably consistent with the data obtained for the WT
complex (Figure 5B-D, Table 1). The resulting τc values derived from these data are also
consistent with the values found for the WT complex. This indicates that the motional
properties of E2 and Ub in the ternary complex are not affected by the mutation in E4BU,
and that use of the R1143A

With accurate R2 values in hand, the relaxation data were fit to the extended model-free
formalism as above (Figure 6, Table 2). To confirm the validity of the results obtained, the
program relax was used to back-calculate 15N R1, R2 and NOE values for the model-free
values. Overall, the simulated data agree well with experimental data (e.g. 15N R1 at 600
MHz is predicted to be 1.06 s−1 and was measured as 1.04 s−1 for UbcH5c residues in the
conjugate, Table S1). The greatest difference was low values of the calculated NOE values
for the E2 in the conjugate relative to the average observed value (0.65 vs 0.81). We have
not found a specific explanation for this discrepancy, but attribute it to the limitations of
applying the extended model-free formalism to describe the motions in this complex system.

The order parameters obtained for UbcH5c residues in the R1143A ternary complex, reflect
a well-folded domain with no substantial inter-domain motion contributing to relaxation.
The average S2s value of ~0.9 was similar to that seen for the conjugate and WT ternary
complexes. Looking more deeply into the results, we found that the S2f values were
somewhat higher than expected (0.88-0.95), but if these were fixed to the average expected
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for globular proteins (~0.85) (31), the average S2s value rose to ~1. As noted above, such
high values of S2s and absence of inter-domain motion are expected for UbcH5c because the
best fit for the global τc of the conjugate coincides with the apparent τc of this domain.

In contrast, there are clear differences in the inter-domain motion of Ub between the free
conjugate and the ternary complex. The average S2 of 0.65 for the free conjugate indicates
significant inter-domain flexibility. The value increases to 0.79 upon addition of E4BU
R1143A, which corresponds to a reduction in inter-domain flexibility. The values of S2f are
reasonably high (0.83-0.95), resulting in average S2s values of 0.78 for Ub in free conjugate
and 0.85 in the ternary complex. If S2f values are fixed to the 0.85 value expected for a
globular protein, the S2s values become 0.76 and 0.93, respectively. The high S2s value for
the ternary complex implies little inter-domain motion, but we note this is inconsistent with
the differences in UbcH5c and Ub relaxation parameters and correlation times (Table 1).
Given the number of significant approximations implicit in applying the extended model-
free formalism to this system, higher than expected values for S2s are not particularly
surprising. The key point is that regardless of corrections needed to improve the fitting, a
significant increase is observed in the S2s value of Ub upon binding of E4BU to UbcH5c-O-
Ub. This increase in S2s corresponds to a reduction (but not complete loss) in the degree of
inter-domain motion of Ub in the conjugate upon formation of the ternary complex.

Discussion
NMR relaxation analysis of free UbcH5c-O-Ub and in complex with E4BU demonstrates a
reduction in Ub inter-domain flexibility upon binding of the conjugate to E4BU. The raw
relaxation data alone for the ternary complex reveal a significant difference in the apparent
correlation times of UbcH5c and Ub, directly demonstrating that the conjugate retains a
significant degree of flexibility. Hence, the observation of Ub in a closed conformation in x-
ray crystal structures provides only a partial description of the dynamic E3/E2~Ub complex.
Our NMR relaxation analysis provides direct proof that E3 binding reduces the inter-domain
motions of the E2~Ub conjugate, but does not result in a single static species. These findings
provide strong support for the dynamic model of E2~Ub activation that is based on a
combination of mutagenesis and NMR studies in which binding to the E3 ligase results in a
shift in the conformational distribution of the flexible conjugate towards higher occupancy
of closed states (Figure 7) (9). Furthermore, we show here that the E4BU mutant R1143A
forms a complex with UbcH5c-O~Ub that is indistinguishable in its dynamical properties
from the ternary complex formed with WT-E4BU, yet it is unable to activate E2~Ub. These
findings reveal that the shift in population towards closed states upon binding to the E3 is
necessary but not sufficient to activate the E2~Ub conjugate.

Beyond the challenges of investigating this unstable and dynamic complex, a number of
technical hurdles were encountered in applying relaxation-based analysis to this system.
Describing inter-domain motion using NMR relaxation data requires an accurate global
correlation time (τc). For flexibly tethered domains, this is complicated by the fact that the
correlation time of the particle may be time-dependent and is often on a similar timescale to
the inter-domain motion. One solution to this problem has been to focus simply on the
apparent correlation time of each domain. However, a study with varied linker lengths found
that even with an unstructured linker of 24 residues, two identical domains have different
diffusion tensors (13). For both UbcH5c-O-Ub and E4BU/UbcH5c-O-Ub, we found that the
correlation time for Ub was consistently smaller than that of the E2 indicating the presence
of substantial inter-domain flexibility even when bound to the E3. Binding to E4BU slows
tumbling of both the E2 and Ub, as the whole particle is now larger, therefore we expect
increases in τc for both domains. Analysis of rotational diffusion complemented with
simulations can reliably establish if flexibility exists between domains, but it appears that for
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more complicated systems, the ormalisms have not been sufficiently developed to quantify
changes in a system as complex as E4BU/UbcH5c-O-Ub.

The approach we used to address this challenge was to obtain a global correlation time for
the tethered domains and extract inter-domain motions. When one domain is much larger
than the other, the global τc will be approximately equal to the apparent τc of the larger
domain. This assumption appears to be valid in cases where the larger domain is several
times larger than the second (14). In our work, a rough grid search showed that this
assumption can be valid even for cases where the two domains are more similar in size
(UbcH5c is approximately twice the mass of Ub). The timescale of inter-domain motion
may provide an explanation for this observation.

A critical assumption in the extended model-free analysis is that there are no coupled
motions. As described earlier, inter-domain motion with a significant change in shape may
result in time-dependant rotational diffusion, so the measured global τc is then a time-
averaged value. This study and previous work show that Ub can exist in a wide range of
positions relative to the E2 and therefore is likely to exhibit time-dependent rotational
diffusion. In addition, all model-free analyses rely on the assumption that the timescales of
internal (τe or τs) and global (τc) motions are very different (28). Unfortunately, inter-
domain motion is often on a timescale similar to that of global diffusion (nsec), and there is
no rigorous theoretical treatment available (32). In such cases, extended model-free analysis
inherently includes incorrect assumptions about coupled motions, and therefore, as we have
seen in our study, the parameters extracted from the analysis reflecting the motions in this
flexibly tethered system are not quantitatively accurate. Importantly, despite the limitations,
the conclusions drawn about changes in inter-domain motion from comparative analyses as
we have performed here will still be accurate.

A possible alternative to extended model-free is to utilize a basic model-free approach that
assumes inter-conversion between two states (ITS), in which flexibility is described as an
exchange between ‘open’ and ‘closed’ states (27, 32). Fast exchange would result in a
population-weighted diffusion tensor, while slow exchange results in the slower domain
reflecting global motion and inter-conversion is related to the difference in diffusion tensors
(27). Good candidates for this analysis have no large change in shape unlike our system. A
related formalism has been developed to account for the changes in global diffusion incurred
during large conformational changes, but straightforward analysis is still limited to a two-
state system (27). Unfortunately, more complicated systems such as the E3/E2~Ub complex
with a continuum of different inter-domain orientations are not well fit by a two-state model.

In this work we have explored multiple methods to characterize inter-domain flexibility in a
ternary complex. Identifying a suitable fitting algorithm proved to be a major hurdle, and
while no fully accurate model is available, we have used the model that provides the best fit
to the data. Assuming other types of conformational exchange do not exist, it should be
possible to calculate the best fit parameters for each domain as a unit. Currently, both the
relax and model-free programs fit S2, S2f, and τs for each residue. While this approach
allows outliers to be found, the average value derived from residue-specific fitting does not
necessarily provide an optimal fit for the domain as whole. A better strategy would be to
perform domain-based minimization to search for a best fit for all residues simultaneously.

Interpretation of any formalism for analysis of relaxation data obtained for a system as
complex as ours is not straightforward. Alone, the available relaxation data for UbcH5c~Ub
reveal that the isolated E2~Ub samples a larger range of conformations than when E3 is
present. This description can be refined based on previously published chemical shift and
PRE analyses (Pruneda et al. 2012). Those data clearly indicate that in the ternary complex,
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Ub occupies a significant amount of time in ‘closed’ orientations. Combining all of the
information allows us to model the system as shown in Figure 7 with Ub remaining flexibly
attached to the E2 but shifting in the ternary complex to a distribution with a larger
population of ‘closed’ orientations. We note that single molecule studies have the potential
to provide a more detailed description of the specific motion of Ub in this system, for
example by distinguishing a continuum of inter-domain orientations from population of a
finite number of discrete states and providing a means to measure the lifetimes of Ub in any
observable discreet states.

Conclusion
Changes in inter-domain motion of the nature we investigated here are difficult to examine
with currently available experimental methods. As analyses of such systems are becoming
more common, the need for additional data analysis formalisms will grow. Progress towards
this objective is urgently required to enable model development for systems such as E2~Ub
and the many modular proteins with multiple flexibly tethered domains. Our findings have
significant implications for studies directed to elucidating the general mechanism of
activation of E2~Ub conjugates. In particular, our results suggest that the static views
derived from crystal structures may not capture the fundamentally dynamic character of
ubiquitin in ternary complexes. Clearly, further investigations are required to test the
competing models and obtain a complete picture of how binding to E3 catalyzes the
reactivity of the E2~Ub conjugate.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ub hydrolysis rates are affected by A) buffer and temperature B) addition of E4BU.
Complexes were 1:1 in panel A, and as noted in B.
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Figure 2.
Best fit of global correlation time is the apparent value for UbcH5c (E2). The average Χ2

error per residue is plotted for extended model-free fitting to a range of correlation times
beginning at the correlation time of UbcH5c for that complex. Searching higher correlation
times clearly results in poorer fits.

Soss et al. Page 14

Biochemistry. Author manuscript; available in PMC 2014 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Ub appears to become less flexible in the presence of E4BU. The determined extended
model-free values for S2 are plotted for the conjugate E2-Ub with τc at 17.7 ns and the
ternary complex with τc at 22 ns.
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Figure 4.
15N R2 values are critical for observing inter-domain flexibility in UbcH5c-O-Ub.
Relaxation data were fit to an extended model-free formalism with and without R2 values
and the resulting S2 values are shown.
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Figure 5.
The allosteric mutant E4BU R1143A stabilizes Ub hydrolysis, but does not affect tumbling
of the domain. (A) The ternary complex with E4BU R1143A is nearly as stable as the
conjugate alone. (B-D) 15N NMR relaxation parameters are on average unchanged for each
domain of the UbcH5c-O-Ub conjugate when bound to WT or R1143A E4BU. Shown are
the differences between parameters measured for the WT and mutant ternary complexes at
600 MHz. The 15N R2 values for Ub could not be accurately obtained for the WT complex.
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Figure 6.
Ub is less flexible in the presence of E4BU. The determined extended model-free values for
S2 are plotted for the conjugate E2-Ub with τc at 17.7 ns and the mutant ternary complex
with τc at 21.8 ns.
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Figure 7.
Model of the change in population of inter-domain orientations of Ub in the E3/E2~Ub
complex. Our data is consistent with a model of Ub flexibility allowing a large range of
relative orientations in E2~Ub (left). Upon binding to a RING/U-box domain Ub is
restricted somewhat such that it is not rigid but distribution of conformations is more
populated in the ‘closed’ state (right).
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Table 1

Apparent correlation times (τc) for UbcH5c-O-Ub free and in complex with E4BU.

UbcH5c τc (ns) Ub τc (ns)

UbcH5c-O-Ub 17.7 +/− 0.1 13.0 +/− 0.1

UbcH5c-O-Ub/E4BU 22.0 +/− 0.2 14.3 +/− 0.2

UbcH5c-O-Ub/E4BU 21.8 +/− 0.2 14.8 +/− 0.1

R1143A
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