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ABSTRACT: Lys63-linked polyubiquitin (poly-Ub) chains appear to play a nondegradative signaling and/or
recruitment role in a variety of key eukaryotic cellular processes, including NF-κB signal transduction
and DNA repair. A protein heterodimer composed of a catalytically active ubiquitin-conjugating enzyme
(Ubc13) and its homologue (Mms2 or Uev1a) forms a catalytic scaffold upon which a noncovalently
associated acceptor Ub and thiolester-linked donor Ub are oriented such that Lys63-linked poly-Ub chain
synthesis is facilitated. In this study, we have used1H-15N nuclear magnetic resonance spectroscopy, in
combination with isothermal titration calorimetry, to determine the thermodynamics and kinetics of the
interactions between various components of the Lys63-linked poly-Ub conjugation machinery. Mms2 and
Uev1a interactin Vitro with acceptor Ub to form 1/1 complexes with macroscopic dissociation constants
of 98 ( 15 and 213( 14 µM, respectively, and appear to bind Ub in a similar fashion. Interestingly, the
Mms2‚Ubc13 heterodimer associates with acceptor Ub in a 1/1 complex and binds with a dissociation
constant of 28( 6 µM, significantly stronger than the binding of Mms2 alone. Furthermore, a dissociation
constant of 49( 7 nM was determined for the interaction between Mms2 and Ubc13 using isothermal
titration calorimetry. In connection with previous structural studies for this system, the thermodynamics
and kinetics of acceptor Ub binding to the Mms2‚Ubc13 heterodimer described in detail in this study will
allow for a more thorough rationalization of the mechanism of formation of Lys63-linked poly-Ub chains.

Protein ubiquitination is a key post-translational modifica-
tion event for a variety of intracellular proteins involved in
numerous degradative and regulatory pathways, including
cell cycle control (1), NF-κB-dependent signal transduction
(2, 3), DNA repair (4, 5), ribosome biogenesis (6), and
endocytosis of cell surface proteins (7). The cellular protein
ubiquitination machinery is responsible for the covalent
formation of an isopeptide bond between the C-terminal
carboxy group of ubiquitin (Ub)1 and theε-amino group of
a solvent-exposed Lys on a target substrate. Covalent
attachment of Ub to target substrates is accomplished by a
series of three enzymes which may form high-energy
thiolester linkages between an active site cysteine residue
and the C-terminal carboxy group of Ub (8, 9). Ub is initially
activated by a highly conserved Ub activating enzyme (E1)
that forms a thiolester adduct in an ATP- and Mg2+-

dependent manner. This is followed by transfer of the Ub
molecule to the active site cysteine of a Ub conjugating
enzyme (E2)Via a transthiolesterification reaction. Substrate
specificity is thought to be mediated by at least two families
of Ub protein ligases (E3), which in combination with the
E2 enzymes are responsible for the formation of an isopeptide
bond between Ub and a Lys residue on the surface of the
target.

Whereas a monoubiquitination event serves as a signal
for certain cellular fates (10), in most cases, one observes
formation of poly-Ub chains on the target substrate through
repetitive conjugation of Ub molecules to each other (11).
The Ub molecules are linked to each other through an
isopeptide bond formed between the C-terminal carboxy
group of an incoming, or donor, Ub and one of seven lysine
residues on the surface of a substrate-attached, or acceptor,
Ub. As a result, a variety of poly-Ub chains defined by the
Lys residue linking sequential Ub molecules exist, and these
chains likely adopt unique topologies, and therefore poten-
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tially different functional roles (12-17). Poly-Ub chains
linked through Lys48 are the best understood; this chain
configuration typically targets proteins for degradationVia
the 26S proteasome and therefore serves an obviously crucial
role in the regulation of cellular protein levels (8). The
alternative covalent tethering of Lys63-linked Ub chains to a
target substrate, on the other hand, serves not as a proteolytic
tag for the target but instead as a recruitment and/or signaling
marker. The importance of Lys63-linked chains is underscored
by their role in both NF-κB (3, 18) signaling and error-free
postreplicative DNA repair processes (5, 19-22).

The catalytic mechanisms through which specific poly-
Ub chain linkages are assembled and delivered to substrates
are poorly understood. Surprisingly, some of the first insights
into these processes have come not from well-characterized
systems involving the assembly of Lys48 poly-Ub chains but
from the study of noncanonical Lys63 poly-Ub linkages.
Lys63-linked poly-Ub chains are assembled through a con-
served heterodimer of E2 proteins composed of a catalytically
active Ubc13 subunit and an inactive E2-like subunit, or Ub
conjugating enzyme variant (Uev) (23). Uev proteins share
significant sequence and structural similarities with E2s (24,
25), yet lack the requisite active site cysteine required for
thiolester formation. Structurally, it appears as though the
Mms2‚Ubc13 heterodimer serves as a binding scaffold for
two Ub molecules: a primarily Mms2-associated “acceptor”
Ub and a thiolester-linked “donor” Ub on Ubc13 (24-27).
A model of the tetrameric complex, based on NMR chemical
shift mapping, reveals that this orientation not only favors
the formation of Lys63-linked chains through the proximal
positioning of Lys63 on the acceptor Ub and C-terminus of
the donor Ub tethered to the Ubc13 active site but also
precludes the formation of Lys48-linked chains, as this residue
is buried in the acceptor Ub‚Mms2 interface (26, 27).
Therefore, structural studies have allowed us to define a
structural rationale for the assembly of specific poly-Ub chain
linkages. However, a complete picture for this mechanism
necessarily involves unraveling the thermodynamics and
kinetics of the underlying protein-protein interactions.

In this study, we examined the thermodynamics and
kinetics of the interactions within the Uev‚Ubc13‚Ub2

tetramer using a combination of nuclear magnetic resonance
(NMR) chemical shift titration and isothermal titration
calorimetry (ITC) experiments. This approach has allowed
for estimation of the affinity, stoichiometry, specificity, and
kinetics of binding between the acceptor Ub and (i) Mms2,
(ii) Mms2‚Ubc13, or (iii) Uev1a, as well as between the E2-
Uev heterodimer components (Mms2 and Ubc13). The
results are crucial for understanding the thermodynamic and
kinetic aspects of complex assembly, understanding binding
differences between Uev proteins, and confirming the validity
of the previously determined model for the tetrameric
complex (26). Combined with our previous work, a more
complete mechanism for poly-Ub chain formation has been
determined, and may serve as a more general mechanism
for different poly-Ub chain linkages.

EXPERIMENTAL PROCEDURES

Protein Expression. Cloning, expression, and purification
of 15N-labeled and unlabeled hMms2, hUbc13, Ub, and E1
were performed as described previously (26, 27). Human

Uev1a was purified as a GST fusion protein and subsequently
cleaved from GST in a manner identical to that previously
described for Mms2 (27), with the exception that cleavage
of the GST moiety proceeded for 4 h, and protease inhibitors
(Calbiotech, set II cocktail) were then immediately added.
It should be noted that for hMms2, hUev1a, and hUbc13
proteins, cleavage of the GST moiety leaves a five-residue
linker attached to the N-terminus of the recombinant protein.
SDS-PAGE analysis, bicinchoninic acid (BCA) protein
assays, and amino acid analyses were employed to confirm
the concentration and purity of the samples prior to and
during the titration experiments.

NMR Samples.All NMR sample volumes were ap-
proximately 500µL (90% H2O and 10% D2O) prior to
titration, and included 50 mM HEPES (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 10 mM DTT, and 1 mM 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS, internal1H chemical shift
standard). The pH of the samples was adjusted to 7.5.

NMR Spectroscopy.All NMR spectra were obtained using
a Varian Unity INOVA 600 MHz spectrometer operating at
30 °C. The two-dimensional (2D)1H-15N HSQC NMR
spectra were acquired using the sensitivity-enhanced gradient
pulse scheme developed by Kay and co-workers (28, 29).
The 1H and 15N sweep widths were 8000 and 2200 Hz,
respectively. A minimum of 64 transients per point in the
indirect (15N) dimension were collected for each spectrum.
Spectral processing was accomplished with NMRPipe (30).
NMRview (31) was employed in the assignment of all 2D
1H-15N HSQC NMR cross-peaks.

Titration of [15N]Mms2 with Ub. To an NMR sample
containing 500µM [15N]Mms2 were successively added 15
µL aliquots of 6.5 mM Ub for a total of nine titration points.
For all titrations carried out in this study, following acquisi-
tion of a 2D1H-15N HSQC NMR spectrum for each titration
point, up to 5µL of the NMR sample was set aside for use
in duplicate amino acid analyses, giving [Ub]/[[15N]Mms2]
ratios of 0, 0.33, 0.65, 0.98, 1.31, 1.65, 1.98, 2.32, 2.67, and
3.01 for the respective titration points. While this technique
did result in significant volume increases, changes in
concentration for both titrant and analyte were taken into
account in the final analysis for all titrations presented herein.
The pH of the sample was routinely checked, and maintained
at 7.5 throughout this and all titrations conducted in this
study. For all titrations, a one-dimensional (1D)1H NMR
spectrum was acquired prior to each 2D1H-15N HSQC
NMR spectrum to assess potential salt-dependent changes
in the1H pulse width. The pulse width remained unchanged
from its initial value (7.0µs) for this and all other titrations
presented herein.

Titration of [15N]UeV1a with Ub. To an NMR sample
containing 130µM [15N]Uev1a were successively added 10,
10, 15, 15, 15, 15, 20, and 20µL aliquots of 2.8 mM Ub for
a total of nine titration points. For the respective titration
points, [Ub]/[[15N]Uev1a] ratios of 0, 0.36, 0.72, 1.27, 1.82,
2.38, 2.95, 3.71, and 4.47 were obtained from amino acid
analyses.

Titration of [15N]Mms2‚Ubc13 with Ub. To an NMR
sample containing 151µM [15N]Mms2‚Ubc13 were succes-
sively added 10, 10, 5, 10, and 7.5µL aliquots of 3.6 mM
Ub for a total of five titration points, corresponding to [Ub]/
[[ 15N]Mms2‚Ubc13] ratios of 0, 0.44, 0.89, 1.11, 1.55, 1.89,
and 2.20.
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Titration of [15N]Ubc13 with Mms2.Successive aliquots
of 10, 10, 5, 10, and 7.5µL of 950 µM Mms2 were added
to an NMR sample containing 344µM [15N]Ubc13 for a
total of five titration points. [Mms2]/[[15N]Ubc13] molar
ratios of 0, 0.12, 0.23, 0.35, 0.48, 0.61, 0.79, 0.91, 1.09, and
1.27 were obtained from amino acid analyses for the
respective titration points.

Calculation of Dissociation Constants. Dissociation con-
stants were determined by following changes in backbone
amide1HN and 15N chemical shifts for Uev proteins in 2D
1H-15N HSQC NMR spectra upon addition of ligand. The
total average change in backbone amide chemical shifts for
the entire protein for each point in a titration was calculated
using the following equation (32):

where∆δ15Nj and∆δ1HNj are the chemical shift changes in
hertz for residuej, and the summation extends over all
residues (j ) 1-n) that were employed in the calculation.
The average change in total chemical shift was calculated
at the end point of the titration using each of the residues
whose chemical shifts changed significantly during titration,
and the fractional change in total chemical shift was
determined for each titration point by normalization to the
end point∆δtotal. This value was then plotted as a function
of the ligand/protein molar ratio and fit to eq 2, to yield a
macroscopic dissociation constant (KD ) koff/kon) for the
interaction between a protein (P) and ligand (L):

whereKD is the dissociation constant, [P]0 is the total protein
concentration, [L]0 is the total ligand concentration, and [PL]
is the concentration of the protein-ligand complex (33). KD

was determined from∆δtotal through a nonlinear least-squares
fit using the program Xcrvfit (available at http://canopus-
.pence.ualberta.ca/ftp/).

Line Shape Analysis for Determination of Off-Rate Con-
stants. Cross-peaks in 2D1H-15N HSQC NMR spectra
during titration of Ub into either [15N]Mms2 or [15N]Uev1a
fall into the limit of fast exchange on the NMR time scale,
and therefore appear as single resonances that move progres-
sively toward the bound chemical shifts upon addition of
Ub according to

whereδobs is the observed chemical shift of the backbone
amide cross-peak,Pf andPb are the free and bound fractions
of Mms2, respectively, andδf andδb are the chemical shifts
for the free and bound species, respectively (32). Math-
ematica (34) was used to simulate1H NMR line shapes using
the experimentally derived values of∆Vf (line width at half-
height for free protein),∆Vb (line width at half-height for
bound protein),δf, δb, andKD, adjustingkoff manually, and
using the equations describing effects of site exchange on
NMR spectra (32, 35).

Isothermal Titration Calorimetry of Mms2‚Ubc13.A VP-
ITC microcalorimeter (Microcal, Northampton, MA) was
used to analyze binding of Mms2 and Ubc13. Proteins were
dialyzed against 50 mM Tris (pH 7.5), 150 mM NaCl, and
1 mM ETDA and degassed prior to analysis. Ubc13 (7µM)
was injected into the sample cell, and Mms2 (70µM
solution) was placed into the syringe, or vice versa with the
exception that a slightly higher concentration of analyte was
used (80µM). The dialysis buffer was placed in the reference
cell. Either Mms2 or Ubc13 was titrated against dialysis
buffer to obtain the heat of dilution. The following parameters
were used in the titration: 30°C, 10 µL injections, and 4
min between injections with stirring at 305 rpm. These
titration data were fit using Microcal Origin (version 5.0) to
extract thermodynamic parameters.

RESULTS

Ub Binding to UeV Proteins. (a) Interaction of Ub with
Mms2. Examination of the thermodynamics and kinetics of
the interaction between noncovalently bound acceptor Ub
and the Ubc13‚Uev scaffold involved analysis of 2D1H-
15N HSQC NMR spectra for [15N]Mms2 in the free state
and upon successive additions of unlabeled Ub (Figure 1A).
This scheme allowed for monitoring of the NMR resonance
peaks for the [15N]Mms2 component without interference
from unlabeled Ub NMR resonance peaks. The 2D1H-15N
HSQC NMR spectrum of [15N]Mms2 alone shows ap-
proximately 120 backbone amide cross-peaks which can be
used to follow the titration with Ub in detail. Changes in
cross-peak resonance frequencies can reflect changes in the
local chemical environment, and therefore identify residues
which are potentially involved in the interaction with Ub.

Contour plots of the1H-15N HSQC NMR spectra recorded
during titration of Ub into [15N]Mms2 are shown in Figure
1A. Eighteen backbone amide1HN-15N cross-peaks, corre-
sponding to residues Glu21, Gly22, Gly25, Val26, Gly29, Thr30,
Val31, Ser32, Gly34, Thr47, Gly48, Met49, Gly52, Asn60, Tyr63,
Lys65, Val117, and Gln120, were observed to experience
significant changes in chemical shift upon addition of Ub,
indicating possible participation in the interface between
Mms2 and acceptor Ub. These residues cluster to theR1
andR2 helices, and the first threeâ-strands of Mms2. These
residues map to a concave surface on one face of the protein
(Figure 2A). These results are in good agreement with
previous chemical shift perturbation studies which delineated
the surfaces of interaction between the protein species (26).

On the basis of previous biochemical and NMR data (26,
27), the noncovalent interaction between Ub and a given Uev
is expected to be weak (KD in the micromolar range). In
accordance with this expectation, all of the backbone amide
chemical shift changes fall into the fast exchange limit on
the NMR time scale to a first approximation (see line shape
analysis below), as is often observed for weaker interactions
(36). At any given point during the titration, only a single
set of cross-peaks, whose chemical shifts are the weighted
average of the free and bound chemical shifts, are observed.
The linear trajectories for the shifting cross-peaks in the 2D
1H-15N NMR spectra for [15N]Mms2 are indicative of a 1/1
weak interaction between Ub and Mms2.

Residues that undergo backbone amide1HN or 15N chemi-
cal shift changes during the titration can be monitored to

∆δtotal )

∑
j)1

n x(∆δ15Nj)
2 + (∆δ1HNj)

2

n
(1)

[PL] ) 1/2[KD + [L] 0 + [P]0 -

x(KD + [L] 0 + [P]0)
2 - 4[L]0[P]0] (2)

δobs) (1 - Pb)δf + Pbδb (3)
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quantitate the thermodynamics and kinetics of binding
between two protein species. The fractional change in total
chemical shift was determined for each titration point, and
these values were plotted as a function of the [Ub]/[[15N]-
Mms2] ratio and fit to eq 2 with P being Mms2 and L being
Ub, yielding a macroscopic dissociation constant (KD) of 98
( 15 µM for a 1/1 binding complex [Figure 3A (()]. The
completeness of the titration is evidenced by the fact that
the chemical shifts for all 18 cross-peaks undergoing
significant changes during Ub titration cease to do so at an
approximate 3-fold excess of Ub over Mms2. Furthermore,
the dependence of backbone amide Mms2 chemical shifts
upon Ub concentration for each of the cross-peaks whose
chemical shifts change significantly upon titration is virtually
identical, consistent with a single binding event.

One-dimensional traces through the1H dimension for
numerous cross-peaks for the 2D1H-15N HSQC spectrum
of [15N]Mms2 were recorded, and a representative trace
corresponding to the backbone amide resonance of Val26 is
shown in Figure 3B (top) to display the effect of exchange
between free and Ub-bound Mms2 at various points during
the titration. For the backbone amide resonance of Val26,

the total change in chemical shift in the1H dimension is
230 Hz, and significant line broadening is observed during
the titration, but the resonance peak sharpens dramatically
when [15N]Mms2 is saturated with Ub. This broadening
phenomenon is expected because the effect of chemical
exchange on line width is dependent upon the chemical shift
difference between the free and bound states:

where∆Vex is the observed line width,Pf andPb are the free
and bound [15N]Mms2 fractions, respectively, andτex is the
exchange lifetime defined as (τfτb)/(τf + τb). Computer
simulations of the observed line shape changes were
performed using the experimentally derived values of∆Vf,
∆Vb, δf, δb, andKD and manually adjustingkoff. A koff value
of 2250 ( 500 s-1 provides a satisfactory fit with the
experimental data (Figure 3B, bottom).

(b) Interaction of Ub with UeV1a. The sequence of Uev1a,
a homologue of Mms2 involved in NF-κB signaling, is highly
identical (92%) within the core Uev domain (residues 1-145
of Mms2), but not with the N-terminal extension or 11
scattered amino acid substitutions throughout Uev1a (Figure
4A). Whereas the noncovalent interaction between Ub and
Mms2 has been well characterized (26, 27), there is scant
information regarding a potential noncovalent interaction
between Uev1a and Ub, as well as the potential differences
and/or similarities between its mode of Ub binding and that
of Mms2.

The 2D 1H-15N HSQC NMR spectrum for [15N]Uev1a
is shown in Figure 4B (red contours). The backbone amide
resonances show the line width and dispersion expected for
an E2-like protein, with the exception of a cluster of cross-
peaks found at chemical shifts typical of random coil
secondary structure. Although we have not assigned the
backbone amide chemical shifts for [15N]Uev1a, it is apparent
that upon superposition with the 2D1H-15N HSQC NMR
spectrum of [15N]Mms2 (Figure 4B, black contours) the
chemical shifts for the backbone amide cross-peaks for the
two proteins are similar. Notable exceptions are the residues
that presumably correspond to the N-terminal extension of

FIGURE 1: Contour plots of 2D1H-15N HSQC NMR spectra from the backbone amide regions of15N-labeled Mms2 (A) or Uev1a (B),
showing the effect of Ub addition. The final titration point in each spectrum is shown as multiple contours, whereas all other points are
represented by a single contour. The well-resolved cross-peaks which undergo significant changes in chemical shift during titration are
numbered according to residue, with the progress of the titration labeled with an arrow. Only those residues labeled with arrows were used
in the analysis of theKD value.

FIGURE 2: Ub binding site on the surface of Mms2. The surface of
Mms2 (blue) is presented, showing the putative acceptor Ub
interaction site. Residues affected by noncovalent interaction with
Ub, as determined by 2D1H-15N HSQC NMR chemical shift
titrations (Figure 1), are colored red. Nonidentical residues between
Mms2 and Uev1a are colored purple. Note that these nonidentical
residues occur at regions of the protein surface different from those
involved in Ub binding.

∆Vex ) PfPbτex(δf - δb)
2 (4)
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Uev1a which is likely disordered in solution, and those which
are nonidentical in the primary amino acid sequence. The
disordered conformation of the N-terminal extension for
Uev1a likely results in both the difficulty in crystallizing
the full-length species and its susceptibility to proteolysis
during purification (T. Moraes, personal communication).
Given the level of sequence identity of 92% for Mms2 and
Uev1a for the core domain residues, and the similarity for
the 2D1H-15N HSQC NMR spectra, we conclude that the
structures of Mms2 and Uev1 are likely to be similar.

2D 1H-15N HSQC NMR spectra were collected for [15N]-
Uev1a in the free state and upon successive addition of
unlabeled Ub. Contour plots of the spectra during titration
with Ub are shown in Figure 1B. Of the 135 backbone amide
cross-peaks that can be used to follow the titration of Ub
into Uev1, 18 of these cross-peaks were observed to shift in
a linear fashion upon successive additions of Ub, and fall
into the fast exchange limit on the NMR time scale. Upon
inspection of the 2D1H-15N HSQC NMR spectrum of free
[15N]Uev1a, it is clear that many of the resonances super-
impose with those in the spectrum of free [15N]Mms2 (Figure
4B), indicating that the chemical shift assignments for Uev1a
are likely to be similar to those for Mms2. Furthermore, the
trajectories for resonances in Uev1a undergoing significant
changes in chemical shift upon titration with Ub match well
those observed in Mms2, indicating that a similar binding
interface is used by each protein with respect to Ub binding
(Figure 1). To complement this result, the surface on Ub
involved in binding Uev1a, as determined from chemical shift
perturbation experiments with [15N]Ub (data not shown), is
similar to that found previously for the interaction between
[15N]Ub and Mms2 (27). Therefore, we conclude that the

weak noncovalent interaction between Ub and Uev1a likely
employs a mode of binding similar to that of Ub binding to
Mms2.

To quantitatively compare the thermodynamics and kinet-
ics of Ub binding between Mms2 and Uev1a, the average
fractional change in total chemical shift was calculated on
the basis of the 18 residues labeled in Figure 1B, plotted as
a function of the [Ub]/[[15N]Uev1a] ratio, and fit to eq 2
with P being Uev1a and L being Ub, giving aKD value of
213( 14 µM for a 1/1 complex [Figure 3A (O)]. As is the
case for Mms2, the rate and linearity for the trajectory of
movement for each of the significant cross-peaks are virtually
identical, indicating a single binding event requiring an
approximate 4.5-fold excess of Ub to saturate Uev1a.
However, the observedKD is 2.2-fold larger than that for
the interaction between Ub and Mms2, indicating a weaker
interaction despite the fact that presumably similar residues
are implicated in the binding event.

One-dimensional traces through numerous cross-peaks of
Uev1a were recorded, and computer simulations of the
experimental line shapes were performed using the experi-
mentally derived values of∆Vf, ∆Vb, δf, δb, and KD and
adjustingkoff manually. Akoff of 1800( 450 s-1 provides a
satisfactory fit with the experimental data (data not shown),
indicating a slight difference compared to that for the Ub‚
Mms2 interaction.

Interaction of Ub with the Mms2‚Ubc13 Heterodimer. The
heterodimerization of Mms2 (or Uev1a) with Ubc13 is a
prerequisite for the synthesis of Lys63-linked poly-Ub chains.
Therefore, determination of the thermodynamics and kinetics
of interaction between Ub and the Mms2‚Ubc13 heterodimer
is important in understanding the contribution that Ubc13

FIGURE 3: (A) Binding curves derived from 2D1H-15N HSQC NMR titrations of Ub into [15N]Mms2 ((), [15N]Uev1a (O), and [15N]-
Mms2‚Ubc13 (×). The average normalized changes (parts per million) are plotted as a function of the [Ub]/[15N-labeled species] ratio, with
nonlinear least-squares fits to the data shown as solid lines. The errors in the data points are smaller than the size of the corresponding
symbols. (B) 1D1H traces taken through the cross-peaks of Val26 from 2D 1H-15N HSQC NMR spectra during titration of Ub into [15N]-
Mms2 (top). The corresponding line shape simulation using akoff value of 2250 s-1 is also shown (bottom).
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makes to noncovalent acceptor Ub binding. This is of
particular interest in light of the fact that Mms2 alone makes
extensive noncovalent interactions with Ub, while Ubc13
alone has no detectable affinity for Ub molecules (27). In
employing solution NMR to analyze the interaction of Ub
with the Mms2‚Ubc13 heterodimer, we find that a compli-
cating factor is the increase in molecular mass for the
complex (42.5 kDa) relative to that of Mms2 and Ub alone
(25.5 kDa), which results in a decrease in the signal-to-noise
ratio for 2D 1H-15N HSQC NMR spectra. Furthermore,
certain backbone amide cross-peak resonances for [15N]-
Mms2 change and/or disappear upon heterodimerization, and
cannot be identified for the analysis.

Titration of Ub into the Mms2‚Ubc13 heterodimer em-
ployed an NMR sample for which only Mms2 was labeled
with 15N, thereby simplifying the spectrum. 2D1H-15N
HSQC NMR spectra were collected for the [15N]Mms2‚
Ubc13 complex free of Ub, and upon successive additions
of unlabeled Ub. Of the 105 observable backbone amide
cross-peaks, 16 were observed to shift significantly: Glu21,

Gly22, Val26, Gly29, Thr30, Val31, Ser32, Gly34, Thr47, Gly48,
Met49, Gly52, Asn60, Tyr63, Lys65, and Gln120. Each of these
peaks moved in a linear fashion upon titration with Ub, and
exhibited fast exchange on the NMR time scale. These 16
residues correspond to those involved in the interaction
between Ub and the Mms2 subunit alone (see above),
indicating that a similar mode of binding between Mms2
and Ub is employed in the heterodimer. This result is in
agreement with previous chemical perturbation experiments
(26).

To quantitate the thermodynamics and kinetics of Ub
binding to Mms2 within the heterodimer, the average
fractional change in total chemical shift was calculated on
the basis of the 16 residues described above, plotted as a
function of the [Ub]/[[15N]Mms2‚Ubc13] ratio, and fit to eq
2 with P being [15N]Mms2‚Ubc13 and L being Ub, to give
a KD of 28 ( 6 µM [Figure 3A (×)]. As is the case with
binding of Ub to Mms2 alone, the rate of the trajectory of
movement for each of the significant cross-peaks is virtually
identical, indicating a single binding event requiring an

FIGURE 4: (A) Sequence alignment of human Mms2 and Uev1a, shown with the corresponding secondary structures (24). Important residues
are labeled as described below. (B) Superposition of 2D1H-15N HSQC NMR spectra of free [15N]Mms2 (black) and [15N]Uev1a (red).
Cross-peaks in [15N]Mms2 which are affected by complex formation with Ub are numbered and denoted with an asterisk, while those
which differ between the Uevs are numbered and boxed.
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approximate 2-fold excess of Ub for saturation of Mms2.
The observedKD is 3.5-fold smaller than that for the
interaction between Ub and Mms2 alone, indicating a greater
affinity of Ub for Mms2 within the heterodimer. We therefore
conclude that Ubc13 contributes to the thermodynamics and
kinetics of Ub binding within the Mms2‚Ubc13 heterodimer
(see the Discussion).

A line shape analysis for the determination of akoff value
was not possible due to a reduced signal-to-noise ratio for
the spectra of the Ub‚[15N]Mms2‚Ubc13 heterotrimer com-
pared to that for the spectra of the Ub‚[15N]Mms2 het-
erodimer.

Thermodynamics of the Interaction between Components
of the Mms2‚Ubc13 Heterodimer.Mms2 and Ubc13 form a
stable heterodimer over a range of concentrations and
solution conditions (26, 27). An upper limit toKD for the
heterodimer of 2µM was previously determined by analytical
ultracentrifugation (24). The high-affinity limit for quantita-
tive determination of the dissociation constant by solution
NMR currently lies around 3µM (36, 37). A 2D 1H-15N
HSQC NMR titration experiment in which Ubc13 was
labeled15N and unlabeled Mms2 was used as the titrant was
performed to determine aKD for the Ubc13‚Mms2 interac-
tion. TheKD value was estimated to be 1( 1 µM. However,
because of the poor fit of the data, this value should be treated
as an upper limit. It is worth noting that the chemical shift
change maximum occurred between [Mms2]/[[15N]Ubc13]
molar ratios of 0.91 and 1.09, indicating the formation of
an equimolar complex of the two proteins at a molar ratio
of close to 1/1.

To more accurately probe the thermodynamics of the
heterodimer interaction, isothermal titration calorimetry (ITC)
was employed (Figure 5). ITC experiments were conducted
in which the reaction cell contained either Ubc13 or Mms2,
and small equivalent volume injections of the complementary
heterodimer component were progressively added. The heat
evolved upon binding is monitored as the titrant is succes-
sively injected, allowing for the calculation of thermody-
namic parameters. This analysis yielded an averageKD of
49 ( 7 nM for the interaction between heterodimer com-
ponents (∆H ) -5946( 59 cal/mol,∆S) 13.8( 2.3 cal
mol-1 °C-1).

DISCUSSION

Central issues regarding the mechanism responsible for
the formation of Lys63-linked poly-Ub chains by the Mms2‚
Ubc13 heterodimer are the structural features which enable
the heterodimer to perform its catalytic function and the
thermodynamics and kinetics of the interactions between
donor and acceptor Ub moieties and the heterodimer scaffold.
Backbone amide chemical shift perturbation analysis has
allowed the construction of a low-resolution model of the
interactions between the Mms2‚Ubc13 scaffold and two
molecules of Ub (the acceptor Ub bound noncovalently
primarily by Mms2 and a thiolester-linked donor Ub on
Ubc13), which predicts a reasonable mechanism in which
Lys63 of the acceptor Ub is placed in the proximity of both
Gly76 of the donor Ub and the active site Cys87 on Ubc13
(26). Here we report the affinity, stoichiometry, specificity,
and kinetics of interaction between various members of the
tetrameric complex, as determined using 2D1H-15N HSQC

NMR titration experiments and isothermal titration calorim-
etry. The results are important with respect to gaining an
understanding of the thermodynamics and kinetics associated
with the poly-Ub chain building mechanism.

The thermodynamics and kinetics of Ub binding to two
human Uev proteins, Mms2 and Uev1a, were examined in
detail and illustrated striking similarities and some subtle
differences between their modes of binding. As expected,
both Mms2 and Uev1a bind Ub noncovalently in a 1/1
stoichiometry, and use virtually identical residues to mediate
the binding event (Figure 1). Uev contacts with Ub involve
residues from the N-terminalR-helix, the first three stands
of theâ-sheet, and the C-terminalR-helix, which correspond
well with those residues previously determined to be
important in the Mms2-Ub interaction (26). When mapped
onto the surface of the known Mms2 structure (24), these
residues cluster to a single concave surface of the molecule
with an area appropriate for Ub binding (Figure 2A).
However, Mms2 binds Ub with a 2.2-fold higher affinity
than Uev1a, indicating that despite the use of a similar
binding surface, subtle differences in terms of the binding
interface with Ub may exist. Whereas the majority of the
amino acid differences between these two proteins cluster
to a surface on the protein opposite that responsible for Ub
binding (Figure 2B), a few key differences, including Asn57-
Ile, Val67Ile, Phe104Ser, Thr142Cys, and Asn144Ser substitutions
and the 25-residue N-terminal extension, may account for
the difference in affinity for Ub between the Uevs (Figure
4A). It is also important to consider the fact that we are
looking exclusively at changes in local environment for the

FIGURE 5: ITC thermogram for titration of Ubc13 (7µM, sample
cell) with Mms2 (70µM, syringe), with the heat evolved shown
on a per injection basis (top). ITC titration curve for the same
reaction (bottom), where the heat evolved per injection is shown
as a function of the molar ratio of Mms2 to Ubc13.
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backbone amide bond and not directly at side chain structural
interactions, which may prove to be more informative.
Furthermore, the difference between the two Uev proteins
in affinity for Ub could be minimized upon heterodimeriza-
tion with Ubc13, though there are not data to support this
possibility. Regardless, theKD values that are determined
are reasonable, and likely support the interactionin ViVo
despite the relatively weak binding that is observed. The
mechanism of chain formation would require efficient release
of Ub2 from the Ubc13‚Mms2 heterodimer, necessitating a
weak interaction. It should be noted that the interaction with
additional protein factors (i.e., E3 proteins) may also
modulate the affinity for Ub.

The results presented herein are corroborated by the fact
that another Uev, Tsg101, binds Ub noncovalently with a
KD of approximately 600µM, though the structural basis
for this interaction is distinct from that between Mms2 and
Ub (38). While Mms2 and Uev1a each serve to properly
orient Ub to achieve synthesis of Lys63-linked poly-Ub
chains, the cellular pathways in which they are involved are
different. Preliminary results have also indicated that Uev1a
and Mms2 have differentin Vitro chain building activities.2

Taken together, these results imply that the different affinities
for Ub between these proteins are important in Ub binding
and/or release and thus must account in part for differences
in poly-Ub chain building catalyzed by the two proteins.

Previous studies have demonstrated that the Ubc13 subunit
alone has no detectable affinity for Ub under conditions and
at concentrations that are appropriate for NMR (26, 27).
Furthermore, Mms2 binds Ub specifically, regardless of its
state of heterodimerization with Ubc13. We therefore sought
to examine in detail whether heterodimerization of Mms2
significantly affects the thermodynamics and kinetics of Ub
binding. It was determined that Ub is bound 3.5-fold more
tightly by the Mms2‚Ubc13 heterodimer than by the Mms2
subunit alone, and that Mms2 and Ubc13 interact in a 1/1
stoichiometry. This result is striking given that similar
residues on the surface of Mms2 within the heterodimer
appear to be involved in complex formation. On the basis
of these results, it is clear that either the interaction with
Ubc13 modulates the Mms2 binding interface or Ubc13 is
involved in directly binding the acceptor Ub molecule. The
latter conclusion seems to be more plausible on two accounts.
First, the NMR-derived model of the tetrameric complex
predicts an interaction between the loop containing Lys63 of
the acceptor Ub and a channel above the active site on Ubc13
(26). Second, a Ubc13 Asp81Ala substitution situated in this
channel attenuates the affinity of the heterodimer for Ubin
Vitro (25). Therefore, Ubc13 apparently serves three key
catalytic functions in Lys63 chain assembly: (i) the formation
of thiolester with donor Ub, (ii) the orientation of Lys63 on
the acceptor Ub toward the active site, and (iii) the
concomitant increased affinity for acceptor Ub.

Mms2 and Ubc13 can be chromatographically copurified
as a heterodimer which remains stable over a wide variety
of concentrations and buffer conditions (24, 26, 27). The
Saccharomyces cereVisiaehomologues of these proteins also
form a stable 1/1 heterodimer (20) with aKD of 0.4µM (22).
Unfortunately, the quality of the data precluded the rigorous

kinetic analysis for the Ubc13‚Mms2 heterodimer interaction
by 2D 1H-15N HSQC NMR titration experiments. However,
using [15N]Ubc13 and unlabeled Mms2, we were able to
observe a 1/1 stoichiometry for the human proteins and
estimate an upper limit of 1µM for the value ofKD. This
result is in good agreement with the previous value of 2µM
determined by analytical ultracentrifugation. To accurately
determine the affinity of interaction, ITC experiments were
performed, and yielded aKD value of 49( 7 nM for the
interaction, indicative of a tight binding event. Thein ViVo
outcome of the difference in theKD values for the yeast and
human heterodimers has not been explored. The free energies
associated with each of the interactions between Ub and the
Mms2‚Ubc13 heterodimer are summarized in Figure 6. The
∆G° for binding of Ub and Mms2 equals-5.6 kcal/mol,
whereas∆G° equals -6.3 kcal/mol for binding of the
heterodimer and acceptor Ub. On the basis of our previous
model for the Ub2‚Mms2‚Ubc13 heterodimer, we propose
that the increased affinity of acceptor Ub for Mms2 within
the heterodimer compared to the interaction between Ub and
Mms2 alone results predominantly from the direct binding
of a loop from Ub containing Lys63 to Ubc13. A ∆G° of
-10.1 kcal/mol was determined for the Ubc13‚Mms2
interaction, and the hypothetical association of Ubc13 with
the Mms2‚Ub complex would result in a∆G° of -10.9 kcal/
mol. This thermodynamic cycle implies that Ubc13 binding
to Mms2 likely precedes the interaction with the acceptor
Ub molecule, serving to increase the affinity of Mms2 (within
the heterodimer) for Ub. These results are consistent with
previous biochemical studies that have shown that thiolester
formation proceeds at different rates depending on the
heterodimerization state of the Uev proteins (27).

This study, in combination with a wealth of structural
information regarding catalysis of poly-Ub chain formation
facilitated by the Uev‚Ubc13 heterodimer, represents an
important first step in understanding the thermodynamic and
kinetic aspects associated with poly-Ub chain formation. We
are hopeful establishment of a solid structural, thermody-2 T. Moraes, personal communication (2003).

FIGURE 6: Schematic view of the relative free energies (∆G°binding
in kilocalories per mole) involved in the binding of acceptor Ub
by the Uev‚Ubc13 heterodimer. The free energies are calculated
from the NMR and ITC-derivedKD values (∆G°binding ) RT ln KD),
with the exception of the∆G°binding value for the association of
Mms2‚Ub with Ubc13 (asterisk), which was calculated on the basis
of the coupling with other free energies in the cycle: U, Ub; M,
Mms2; 13, Ubc13; and 1a, Uev1a.
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namic, and kinetic base of knowledge with respect to Lys63-
linked chain formation will lead to more general insights
into the mechanism of poly-Ub chain formation.
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