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Summary

Although functional diversity in polyubiquitin chain
signaling has been ascribed to the ability of dif-
ferently linked chains to bind in a distinctive manner
to effector proteins, structural models of such in-
teractions have been lacking. Here, we use NMR to
unveil the structural basis of selective recognition of
Lys48-linked di- and tetraubiquitin chains by the
UBA2 domain of hHR23A. Although the interaction of
UBA2 with Lys48-linked diubiquitin involves the same
hydrophobic surface on each ubiquitin unit as that
utilized in monoubiquitin:UBA complexes, our results
show how the “closed” conformation of Lys48-linked
diubiquitin is crucial for high-affinity binding. More-
over, recognition of Lys48-linked diubiquitin involves
a unique epitope on UBA, which allows the formation
of a sandwich-like diubiqutin:UBA complex. Studies
of the UBA-tetraubiquitin interaction suggest that this
mode of UBA binding to diubiquitin is relevant for
longer chains.

Introduction

In an elegant example of how eukaryotic cells use a
single protein for the regulation of diverse cellular
events, ubiquitin (Ub) is engaged as a signaling mole-
cule in the form of different polyubiquitin (polyUb)
chains. PolyUb chains are formed by making isopep-
tide bonds between the C-terminal Gly76 of one Ub and
one of seven Lys residues of the next Ub in the chain.
Substrate proteins that have been covalently modified
by these chains (or monoUb) are then committed to
various pathways, depending in part on the specific
Gly-Lys linkage in the polyUb signal (Pickart and Fush-
man, 2004). For example, whereas Lys48-linked polyUb
chains target substrates for proteasomal degradation,
Lys63-linked polyUb chains are involved in nonproteo-
lytic regulatory roles such as DNA repair. Despite the
discovery of an increasing number of cellular processes
regulated by (poly)ubiquitination, the molecular basis of
diversity and specificity in polyUb-mediated signaling
remains poorly understood.

Many proteins that recognize Ub signals are charac-
terized by a modular composition that combines Ub
binding motifs with other domains that mediate specific
*Correspondence: fushman@umd.edu
functions. A number of such Ub binding motifs have
been identified, including the UBA (Ub associated),
CUE (coupling of Ub conjugation to endoplasmic retic-
ulum degradation), UIM (Ub interacting motif), UEV (Ub
conjugating enzyme E2 variant), and NZF (Npl4 Zinc fin-
ger) domains (Bertolaet et al., 2001; Hicke and Dunn,
2003; Schnell and Hicke, 2003; Swanson et al., 2003).
Several recent studies have been focused on the in-
teractions of these domains with monoUb (Kang et al.,
2003; Mueller et al., 2004; Prag et al., 2003; Ryu et al.,
2003; Wang et al., 2003a, 2003b). In all cases, binding
occurs through the association of a hydrophobic patch
of Ub (comprising Leu8, Ile44, and Val70) with a corre-
sponding hydrophobic surface on the binding partner.
In vivo, however, it is likely that many effector proteins
recognize polyUb chains, rather than monoUb, as their
primary targets. As yet we have little understanding of
how specificity is developed in such polyUb interac-
tions.

The functional diversity of polyUb chains has been
ascribed to the ability of differently linked polyUb
chains to bind in a distinctive manner to effector pro-
teins. In such a model, linkage-dependent differences
in chain conformation are likely to play an important
role. Indeed, we found that Lys48-linked di-Ub (Ub2)
and tetra-Ub (Ub4) predominantly adopt a closed con-
formation in solution in which the functionally important
surface hydrophobic residues of Ub (Leu8, Ile44, and
Val70) are sequestered at the interdomain interface
(Varadan et al., 2002). The interface is dynamic in solu-
tion, however, such that these residues should be ac-
cessible for direct interaction with recognition factors.
In contrast, Lys63-linked Ub2 chains adopt an extended
conformation with no persistent contact between the
hydrophobic surfaces (Varadan et al., 2004). It is crucial
to understand how these alternative conformations are
differentially recognized. For example, does linkage-
specific recognition arise from differential display of the
hydrophobic surfaces or from the presence of novel
linkage-specific surfaces?

hHR23a (human homolog of yeast Rad23a) is a mem-
ber of the Ubl-UBA family of proteins, which have been
implicated in the modulation of polyUb:proteasome in-
teractions (Chen et al., 2001; Raasi and Pickart, 2003;
Schauber et al., 1998; Verma et al., 2004). Consistent
with this role, hHR23a, which has two UBA domains,
preferentially binds Lys48-linked polyUb chains (Raasi
and Pickart, 2003) that constitute the principal signal
for proteasomal degradation. The minimal UBA2 do-
main displays a similar preference for Lys48-linked
chains (Raasi and Pickart, 2003), making it a good
model for understanding the molecular basis of this
property.

hHR23A binds Lys48-linked chains in a length-
dependent manner (Raasi et al., 2004). The enhanced
binding of longer chains could arise either from an in-
crease in the number of UBA binding sites (“one-UBA-
per-Ub” model) or from the recognition of conforma-
tional features unique to longer chains. We showed
previously that the extended conformation of Lys63-



Molecular Cell
688
linked Ub2 allows each Ub domain to interact with one s
thHR23A-UBA2 molecule in a mode similar to the

monoUb:UBA interaction (Varadan et al., 2004). In con- (
ttrast, Lys48-linked chains up to Ub4 bind a single UBA

molecule (Raasi et al., 2004). Thus, a one-UBA-per-Ub i
smodel explains neither the increase in binding affinity

with chain length nor the linkage selectivity of binding. t
fBecause Lys48-linked polyUb chains adopt compact

conformations rather than behaving like “beads on a 2
string” (Cook et al., 1992, 1994; Tenno et al., 2004; Vara-
dan et al., 2002), the selective recognition of these U

(chains might involve unique surfaces created by the
linked Ub units. d

gUnderstanding the linkage-selective recognition of
polyUb chains requires direct structural investigations. t

fHere, we have undertaken such a study using the UBA2
domain of hHR23A. Although the interaction of UBA2 u

iwith Lys48-linked Ub2 involves the same hydrophobic
surface on each Ub as that utilized in monoUb:UBA u

acomplexes, our results show how the closed conforma-
tion of Lys48-linked Ub2 is crucial for high-affinity bind- t

ning. Moreover, recognition of Lys48-linked Ub2 involves
a unique epitope on UBA. Studies of the UBA:Ub4 in- (

tteraction suggest that the mode of UBA binding to Ub2

is relevant for longer chains. t
S
cResults and Discussion
a
tUBA2 Binding to Lys48-Linked Ub2 Involves
Uthe Hydrophobic Patch of Each Ub Unit
iPrior solution structural studies have shown how the
iisolated UBA1 and UBA2 domains of hHR23a interact
bwith monoUb (Mueller and Feigon, 2003; Mueller et al.,
t2004). The interaction is largely hydrophobic, as ex-

pected, with possible reinforcement from electrostatic
linteractions between charged residues located at the
eperiphery of the hydrophobic patches. However, mod-
tels based on the monoUb interaction cannot explain
thow UBA2 develops selectivity for Lys48-linked polyUb
wchains.
STo identify Ub sites involved in UBA2 binding to
sLys48-linked Ub2, we analyzed changes in the 1H-15N

HSQC spectra of segmentally 15N-labeled Ub2 (Varadan
et al., 2002) upon addition of unlabeled UBA2. The ob- N

wserved chemical shift perturbations (CSPs) increased
with UBA2 concentration and saturated at a UBA2:Ub2 C

tmolar ratio of 1:1 for the proximal Ub, and in the range
of 2:1 to 5:1 for the distal Ub. In addition, significant s

ssignal attenuation was observed in several amides. The
perturbations (Figures 1A and 1B) are clustered in well- d

tdefined regions that are similar for both Ub domains
and are essentially the same as in monoUb:UBA com- c

Uplexes (Mueller et al., 2004; Ryu et al., 2003) (see Figure
S1 in the Supplemental Data available with this article s

nonline). The largest perturbations in each Ub domain
occurred in and around the hydrophobic patch con- b

ssisting of Ile8, Leu44, and Val70. Strong perturbations
were also seen in Ile13 and Thr14 (located on the side b

Iof the β2-strand facing the α-helix); these perturba-
tions, also present in complexes of UBA2 with monoUb o

b(Figure S1) and Lys63-linked Ub2 (Varadan et al., 2004),
probably reflect rearrangements in the protein core. Al-

ithough the data show that UBA2 targets essentially the
ame Ub surface in Lys48-linked Ub2 as in monoUb,
he presence of significant signal attenuations in Ub2

asterisks and shading, Figures 1A and 1B), in contrast
o minor attenuations in monoUb (not shown), indicates
ntermediate or slow exchange on the NMR chemical
hift time scale (Table 1). This feature is consistent with
ighter binding to Ub2. Indeed, UBA2 binds at least 10-
old more tightly to Ub2 than to monoUb (Raasi et al.,
004; Varadan et al., 2004) (see also below).
Most of the perturbed residues coincide with the

b:Ub interface in the closed conformation of free Ub2

Figure 1C), which is the predominant conformation un-
er these conditions (Varadan et al., 2002). This sug-
ests that the UBA binding event is accompanied by a
ransition in the Ub2 conformation that opens the inter-
ace and makes the hydrophobic surfaces of the Ub
nits available for interaction with UBA2. Although it

s formally possible that UBA2 binding to a different,
nknown site in Ub2 destabilizes the Ub:Ub interface
nd shifts the equilibrium toward an open conforma-
ion, several features of our data contradict this sce-
ario. First, the similar perturbations seen in monoUb

Figure S1) and Ub2 (Figure 1) indicate that no addi-
ional Ub residues are involved in the Ub2:UBA2 in-
eraction compared to the monoUb:UBA2 interaction.
econd, the directions of the signal shifts (in the 1H-15N
oordinates) in each Ub domain upon addition of UBA2
re also different from those associated with the transi-
ion between the closed and open conformations of
b2 (Varadan et al., 2002). The observed perturbations

n Ub2 are therefore not caused by an opening of the
nterface due to indirect binding. Finally, NOE data (see
elow) demonstrate that there are direct contacts be-
ween UBA2 and each of the two Ub domains.

The hydrophobic Ub:Ub interface is present in Lys48-
inked Ub4 as well as in Ub2 (Tenno et al., 2004; Varadan
t al., 2002). We also mapped CSPs and signal attenua-
ions in all four Ub units in Lys48-linked Ub4 upon addi-
ion of UBA2. As in the case of Ub2, these perturbations
ere clustered around Leu8, Ile44, and Val70 (Figure
2), suggesting that UBA binding to Ub4 occurs via the
ame hydrophobic surface of Ub.

MR Titration Reveals Differential Interactions
ith the Two Ub Domains
areful investigation of individual resonances shows

hat the addition of UBA2 induces a differential re-
ponse in the two Ub domains. In the following discus-
ion, the Ub unit that carries the free Gly76 residue is
efined as the proximal Ub (this unit would be attached

o a substrate), whereas the distal unit is that which
arries the free Lys48 side chain. Starting at a
BA2:Ub2 ratio as low as 0.4 (Figure 1D and data not
hown), almost all residues in the proximal Ub with sig-
ificant CSPs (�δ > 0.1 ppm) display slow-exchange
ehavior (Figure 1B, Table 1), with the appearance of a
econd signal corresponding to the bound state. This
ehavior is indicative of a low off rate in the complex.

n several cases, including Lys48, Gln49, and Val70, the
riginal (unbound) resonances disappeared completely
y the end of the titration.
In contrast, residues in the distal Ub were in fast to

ntermediate exchange and displayed a lag phase in
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Figure 1. CSP Mapping of the Sites in Ub2 Involved in UBA2 Binding

(A and B) CSPs, �δ, are shown in the (A) distal and (B) proximal Ub at saturation ([UBA2]:[Ub2] = 5). Asterisks denote residues showing signal
attenuation characteristic of intermediate exchange. Gray bars in (B) mark residues in slow exchange.
(C) Surface representation of Ub2, with the distal and proximal domains colored marine and light blue, respectively, and the perturbed sites
painted red (distal Ub) and yellow (proximal). The two domains are also shown separated to highlight the location of perturbed sites at the
Ub:Ub interface.
(D) Distal and proximal Ubs respond differently during titration of UBA2. Shown are regions of the 15N-1H HSQC spectra corresponding to
Thr14 for the distal (top row) and proximal (bottom row) Ub in Ub2 at the [UBA2]:[Ub2] molar ratios indicated on the top. The behavior of
Thr14 signals in the proximal Ub corresponds to a slow exchange regime.
(E) Representative binding curves for the indicated residues in the distal Ub. The Kd values obtained from the fit (see the Experimental
Procedures) were 237, 74, and 170 �M for the distal Ub and 6, 5, and 2 �M for the proximal Ub (based on data for Ile13, Phe45, and
Leu69, respectively).
The drawings of protein structures in this paper were generated using MolMol (Koradi et al., 1996) and PyMol (DeLano, 2002).
the titration curves (Figure 1E). Here, a single set of res-
onances is observed for all amides. Signals do not be-
gin to shift until significantly later in the titration, at
[UBA]:[Ub2] R 1.0 for most residues (see also Figure
1D). Interestingly, Val70, Leu71, Leu73, and Gly76 are
the only residues in the distal Ub that are perturbed
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Table 1. Summary of UBA2 Binding to Ub2 and monoUb Molecules Studied Here

Constructa

Name <�δ>b, ppm Kc
d , �M Exchange Regimed

Wild-type

Ub2{15N-P} 0.18 18 ± 7 (prox.) slow

Ub2{15N-D} 0.14 140 ± 79 (dist.); fast/intermediate; Lag phase up
8 ± 7 (prox.) to [UBA2]/[Ub2] w1

monoUb 0.15 400 ± 100 fast

Mutant (V70A)

monoUb-V70A 0.04 >2000 fast

Ub2{15N-P}mutP 0.17 slow/intermediate

Ub2{15N-P}mutPD 0.11 256 ± 140 fast

Ub2{15N-D}mutD 0.09 430 ± 8 fast, no lag phase

Ub2{15N-D}mutPD 0.05 425 ± 40 fast, no lag phase

a “D” and “P” indicate the positions of the distal and proximal Ub in the chain. The 15N labeled (hence observed) Ub unit is indicated by
shading, and the Ub-V70A unit (if present) is marked by an “X.”
b CSP averaged over residues 7–9, 44–49, and 68–72.
c Mean ± standard deviation over multiple residues.
d Based on the observed alterations in NMR signal positions and intensities, the following classification is used throughout this paper. The
resonances that shift during titration but show little or no attenuation are considered in fast exchange on the NMR time scale; those that
experience significant attenuation (R50%) and a noticeable shift are in the intermediate exchange, whereas the presence of both strong
attenuation of the original (practically unshifted) resonance and the appearance of a second (bound) peak with an increasing intensity upon
titration was assigned to slow exchange regime.
(attenuated) at [UBA]:[Ub2] = 0.4, i.e., concomitant with a
vthe perturbations in the proximal Ub. At the end of the

titration ([UBA2]:[Ub2] = 5), signal attenuations of more t
tthan 50% were observed in multiple sites in the distal

Ub (Figure 1A), suggesting the onset of an intermedi- m
fate exchange.

The lag phase observed in the titration curves for the
sdistal Ub indicates that the two Ubs experience distinc-

tive interactions with UBA2, with proximal Ub forming c
ia higher-affinity binding site for UBA2 (see below). This

behavior is in striking contrast with UBA2 binding to a
2Lys63-linked Ub2. Here, both Ub units bind UBA2 inde-

pendently and in a mode similar to monoUb (Varadan p
(et al., 2004). These differences emphasize the role of

chain conformation in linkage-selective UBA interac- 2
Ctions.
r
aMapping the Ub2 Binding Site on UBA2

Perturbations in UBA2 were monitored in a series of
t1H-15N HSQC spectra as unlabeled Ub2 was titrated
(into 15N-UBA2 in small increments up to [Ub2]:[UBA2] =
i5. CSP (Figure 2) and signal attenuation were both ob-
gserved; the CSPs saturated at [Ub2]:[UBA2] >1.5. In
iparticular, significant attenuation was detected in

Leu327, Leu330, Gly331, and Phe342-Glu345. In addi-
tion, the simultaneous presence of two peaks was ob- S

Tserved at intermediate titration steps for resonances

belonging to Ala329; Phe332 (loop 1); Gln339 (helix 2);
nd Asn347, Ala352, and Asn353 (helix 3). Such beha-
ior is indicative of association-dissociation events in
he intermediate to slow exchange regime on the NMR
ime scale. The information derived from these experi-
ents complements the picture of the binding derived

rom labeled Ub2.
The CSP map of UBA2 (Figure 2B) is in many re-

pects similar to that observed for the UBA2:monoUb
omplex (Figure 2A), with major perturbations present

n the Leu-Gly-Phe loop (loop 1) and helix 3. However,
mides of Gln339, Ala340, Ala343, and Cys344 in helix
and Lys346 (loop 2) are uniquely perturbed (�δ R 0.2
pm) in the interaction with Ub2 compared to monoUb

Figures 2D–2F) or Lys63-linked Ub2 (Varadan et al.,
004). Our NOE data (see below) indicate that these
SPs are a result of direct binding to Lys48-linked Ub2

ather than an indirect consequence of a structural re-
rrangement in the UBA2 core.
Chemical shift perturbations in UBA2 were also moni-

ored upon titration with Ub4. The CSP map of UBA2
Figure 2C), upon addition of equimolar Ub4, is virtually
dentical to that observed in titrations with Ub2, sug-
esting that the same epitopes of UBA2 mediate its

nteraction with Ub2 and Ub4.

toichiometry of the UBA2:Ub2 Complex
he longitudinal 15N relaxation time (T ) is a sensitive
1

indicator of the overall tumbling rate of the observed
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Figure 2. CSP Mapping of the UBA2 Epitope Involved in Binding monoUb and Lys48-Linked Ub Chains

CSPs in UBA2 upon addition of saturating amounts of (A) monoUb, (B) Ub2, and (C) Ub4. On the right are surface maps of the perturbed
residues (magenta) in the presence of (D) monoUb and (E) Ub2, and a ribbon representation (F) of the UBA2 structure colored according to
(E). In (C), residues 342–345 (triangles) in UBA-helix 2 and loop L2 could not be reliably detected due to signal broadening (intermediate
exchange) upon addition of Ub4. UBA2 binding to Lys63-linked Ub2 results in a CSP pattern similar to that in (A) (Varadan et al., 2004).
molecule, which is directly related to its size (Figure 3).
We took advantage of this relationship to query the mo-
lecular mass of the UBA2:Ub2 complex at different
points in our titrations. Early in the titration ([UBA2]:
[Ub2] = 0.5–1.0), when only the proximal Ub shows
chemical shift perturbations, T1 values (averaged over
residues belonging to Ub core) were 801 ± 43 ms and
 T1 value measured in Ub2 saturated with UBA2

Figure 3. Molecular Mass of UBA2:Ub2 Com-
plexes Determined by 15N T1 Measurements

The calibration curve was obtained assum-
ing isotropic overall tumbling of the proteins
in solution. The NH backbone dynamics
were characterized by the squared order
parameter of 0.83 and local correlation time
of 10 ps. We assumed a protein specific
density of 0.76 cm3/g and included a hydra-
tion shell that causes about 50% increase in
the overall tumbling time. Vertical dashed
lines indicate the expected molecular mass
values for Ub, Ub2, and Ub4 complexes with
UBA2, as indicated. The horizontal lines
(with error bars on the right) represent the
average values of 15N T1 measured for
Lys48-linked Ub2:UBA complexes at the in-
dicated molar ratios. Data for complexes of
UBA2 with monoUb and Lys63-linked Ub2

are also shown. The circles depict experi-
mental data for monoUb, Ub2 (Varadan et al.,
2002), Ub4, and GB3 (Hall and Fushman,
2003) used here to build the calibration
curve. The error bars represent standard deviations over multiple residues
and also converted from those reported in Tenno et al. (2004) for a differe
805 ± 35 ms (mean ± standard deviation) for the distal
and the proximal domains in Ub2, respectively. This cor-
responds to a molecular mass of 20–23 kDa, consistent
with expectation (23 kDa) for a 1:1 Ub2:UBA2 complex
(Figure 3). By comparison, T1 was 695 ± 32 ms for free
Ub2 (17 kDa) under the same conditions. The average
in a given protein. The T1 data for Ub4 are from our measurements
nt temperature and spectrometer frequency.
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([UBA2]:[Ub2] = 5) was 1095 ± 41 ms (distal Ub) and t
d1118 ± 89 ms (proximal Ub), consistent with the ex-

pected value of w1060 ms for a 2:1 UBA2:Ub2 complex c
a(29 kDa). These data suggest that the stoichiometry of

the UBA2:Ub2 complex changes from 1:1 at low s
aUBA2:Ub2 ratios, when the complex includes a single

UBA2 molecule primarily bound to the proximal Ub, to G
sa 2:1 stoichiometry when UBA2 is in excess and a sec-

ond UBA2 domain perhaps occupies the binding site p
3on the distal Ub. Previous biophysical studies, con-

ducted at low UBA domain and chain concentrations, i
tindicated a 1:1 stoichiometry (Raasi et al., 2004), con-

sistent with the result obtained here under similar con- a
pditions.
U
AAffinity of the UBA2:Ub2 Complex
dTitration data for the distal domain were analyzed as-
rsuming that Lys48-linked Ub2 contains two indepen-
mdent UBA2 binding sites with different affinities (see the

Experimental Procedures section). Representative fit-
tted curves are shown in Figure 1E. Calculated values
Tof Kd, averaged over eight residues, were 140 ± 79 �M
i(mean ± standard deviation) for the distal Ub and 8 ± 7
s�M for the proximal Ub (Table 1). The affinity of the
eproximal Ub was independently estimated by analyz-
ming resonances that are in slow exchange using the ra-
etio of the signals representing the free and bound pro-
mtein. Assuming the formation of a 1:1 complex at
c[UBA2]:[Ub2] % 1, a Kd value of 18 ± 7 �M, averaged
3over seven residues, was estimated for the proximal
gUb:UBA2 interaction. Although the standard deviations
iare large, these values serve to indicate that there is a
msignificant difference in Kd values for the two Ub do-
Umains and that the proximal domain binds more tightly.

Computer simulations also indicate the Kd for the proxi-
mal Ub must be at least 5- to 10-fold tighter than Kd for D
the distal domain in order to cause the lag observed in W
Figure 1E. b

T
wNuclear Overhauser Effects Reveal Direct

UBA2:Ub2 Contacts t
AThe CSP maps obtained from our titration studies iden-

tify binding surfaces on UBA2 and Ub2, but they do not w
(permit pairwise identification of interacting residues in

the complex. To detect intermolecular nuclear Over- (
shauser effects (NOEs) transmitted from (aliphatic) side

chain hydrogens in Ub2 to amides in UBA2, we per- c
(formed 15N-edited NOESY experiments in which unla-

beled Ub2 was added to fully perdeuterated, 15N-labeled c
oUBA2 at a 1:1 molar ratio. Note that a 1:1 complex is

formed under this condition (Figure 3). A control NOESY d
iexperiment, performed with UBA2 alone before adding

Ub2, confirmed that signals discussed below were not
Uintra-UBA NOEs resulting from incomplete deuteration.

We observed NOE signals between methyl groups in t
sUb2 (Table S2) and amides of Leu336, Ile338, and

Gln339 (helix 2); Asn349, Leu350, Ala351, Ala352, and s
dAsn353 (helix 3); and Asp362 and Glu363 (C-terminus)

of UBA2 (Figure 4). As expected, all of these residues i
tshow chemical shift perturbations in the presence of

Ub2 (Figure 2). b
cTo determine which Ub domain was responsible for

the observed NOEs, we used a segmental perdeutera- U
ion strategy. When Ub2 is perdeuterated solely on the
istal Ub, only NOEs originating from the proximal Ub
an be detected. In this experiment, all side chain-to-
mide NOEs to UBA2-helix 2 listed above were ob-
erved, but NOEs to UBA2-helix 3 (to Asn349, Leu350,
nd Ala351) and the C terminus of UBA2 (Asp362 and
lu363) were absent. Therefore the proximal Ub is the
ource of the NOEs to UBA2-helix 2. When Ub2 was
erdeuterated on the proximal Ub, NOEs to UBA2-helix
were observed (Asn349, Ala351, Ala352, and Asn353),

ndicating close contacts between these residues and
he distal Ub. The NOEs were assigned by performing
TOCSY experiment to observe the side chains of the
rotonated Ub domain in the perdeuterated Ub2 +
BA2 samples. Interestingly, NOEs to Ala352 and
sn353 originate from both the proximal (Ala46) and
istal Ub (Val70 and Leu73), suggesting that these two

esidues of UBA2-helix 3 interact with both Ub do-
ains.
The NOEs provide evidence for direct physical in-

eractions between UBA2 and both Ub domains of Ub2.
he proximal and distal Ub domains give rise to NOEs

n different regions of UBA2, indicating that distinct
ites on UBA2 contact each Ub domain. This finding
xcludes a model in which UBA2 binds either the proxi-
al or the distal Ub, making identical interactions in

ither case. Instead, the data indicate an unanticipated
ode of UBA2:Ub2 interaction, such that UBA2-helix 2

ontacts the proximal Ub, and residues in UBA2-helix
contact both the proximal Ub and the C-terminal re-

ion of the distal Ub. Thus, UBA binds Lys48-linked Ub2

n a “Ub-UBA-Ub” sandwich complex, distinct from the
ode of binding observed to monoUb or Lys63-linked
b2.

ocked Model of the UBA2:Ub2 Complex
e modeled the structure of the UBA2:Ub2 complex

ased on our titration and NOE data using the program
RIDOCK (see the Experimental Procedures section),
hich allowed simultaneous docking of all three in-

eracting partners (UBA2, proximal Ub, and distal Ub).
similar approach (HADDOCK; Dominguez et al., 2003)
as used previously to model UBA:monoUb complexes

Mueller et al., 2004) and the solution structure of Ub2

van Dijk et al., 2005). Titration-dependent CSPs in
olvent-exposed sites were used to define interdomain
ontact regions using ambiguous interaction restraints
Table S1); these restraints are ambiguous in that they
ontain no information about pairwise interactions. The
bserved interdomain NOEs (Table S2) were used to
efine unambiguous distance restraints for the dock-

ng process.
Figure 5A shows the lowest-energy structure of the
BA2:Ub2 complex obtained from this procedure (see

he Experimental Procedures section). A number of the
ide chains identified in the NOE experiments are also
hown. The key feature of the complex, already pre-
icted by qualitative consideration of the NOEs (above),

s that the UBA2 domain is sandwiched between the
wo Ub units. In effect, UBA2 is embraced by hydropho-
ic surfaces on both Ub domains. UBA2-helix 2 forms
ontacts with the hydrophobic surface of the proximal
b, whereas UBA2-helix 3 is wedged in a pocket
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Figure 4. A Subset of Intermolecular NOE
Signals Demonstrating Direct Interactions
between UBA2 and Lys48-Linked Ub2

Shown are representative regions of the 15N-
edited NOESY spectra (200 ms mixing time)
corresponding to NOE signals originating on
the methyl hydrogens in Ub2 and detected
for the backbone amides in 15N-2H-UBA2.
The data correspond to (A) fully protonated
Ub2, (B) only proximal Ub protonated (distal
Ub perdeuterated), and (C) only distal Ub
protonated. UBA2 residues and the helices
they belong to are indicated. A slight hori-
zontal shift in the peak positions between
the spectra reflects variations in the
Ub2:UBA2 molar ratio between the samples.
These shifted peak positions were verified
by comparison with the 1H-15N HSQC maps
recorded for the same samples.
formed by the Gly-Lys linker and residues 70–73 of the
distal Ub, along with the hydrophobic surface of the
proximal domain.

The total buried surface area in the UBA2:Ub2 com-
plex is 2880 Å2, of which 733 and 579 Å2, respectively,
are the proximal and distal Ub areas in contact with
UBA2 (calculated using the program NACCESS [Hub-
bard and Thornton, 1993]). The more extensive contact
with the proximal domain is in agreement with the ob-
served binding preference for this domain. However,
the proximal domain’s contact area with UBA2 is ap-
proximately the same as in the monoUb:UBA2 complex
(716 Å2, our calculation from the docked model of
Mueller et al. [2004]), indicating that the proximal Ub
interaction alone cannot account for the more favorable
binding of Ub2 compared to monoUb. Instead, simulta-
neous hydrophobic contacts with both Ub domains
(Figures 5B and 5C) are required for the preferential in-
teraction with Ub2 (and longer chains). Consistent with
the stronger interaction of UBA2 with chains, a signifi-
cantly greater portion, 37%, of the total accessible
UBA2 surface is involved in contacts with Ub2, com-
pared to 22% in the monoUb:UBA2 complex.

Although UBA2 has to compete with intrachain
Ub:Ub interactions when binding to Lys48-linked
chains (Pickart and Fushman, 2004; Varadan et al.,
2004), the total buried surface area of the UBA2:Ub2

complex (2880 Å2) is almost twice that of the Ub:Ub
interface in free Ub2 (1497 Å2 as seen in the crystal
structure [1AAR.pdb] and 1760 Å2 in the NMR model
[2BJF.pdb]). These figures suggest that selectivity for
Lys48-linked chains depends on the ability to offset the
entropic costs of opening the Ub:Ub interface and im-
mobilizing the ligand. UBA2 binds 5- to 10-fold more
weakly to Lys63-linked Ub2 even though the binding of
one UBA2 domain to each Ub unit of this chain (in a 2:1
complex) should bury a total of w3000 Å2, comparable
to what is seen here for the (1:1) Lys48-Ub2:UBA2 com-
plex. Thus, it is likely that a principal basis for discrimi-
nation against the Lys63-linked chain is the entropic
cost of immobilizing a second UBA domain.
Verification of the UBA:Ub2 Model by Paramagnetic
Spin Labeling
We used site-specific spin labeling to independently
verify the docked model of the UBA2:Ub2 complex. A
paramagnetic spin label (SL) was linked to UBA2-
Cys344 (its sole Cys residue) as detailed in Fushman et
al. (2004), and the paramagnetic relaxation rate en-
hancement was measured for the proximal and distal
Ub domains at [UBA2-SL]:[15N-Ub2] = 2. Attenuations
in signal intensities observed in the HSQC spectra con-
firmed the formation of the complex and identified resi-
dues in Ub2 that are in close proximity to the spin label.
In a complementary experiment, we attached the spin
label to Cys48 on the distal Ub and monitored the effect
on UBA2 at [15N-UBA2]:[Ub2-SL] = 2. This experiment
identified residues of UBA2 that are spatially close to
Cys48 of the distal Ub. Mapping the data onto the
docked structure (Figure 5D) shows that the patterns of
attenuations are in excellent agreement with prediction
from the docked model of the UBA2:Ub2 complex.

Specific Mode of UBA2:Ub Binding
Our results reveal an unanticipated mode of UBA bind-
ing. Specifically, UBA2 contacts the proximal Ub via
helices 2 and 3—the “back side” compared to the same
domain’s interaction with monoUb and Lys63-linked
Ub2. Moreover, the orientation of the UBA2 domain rela-
tive to the distal Ub is different from the UBA2:monoUb
and CUE:monoUb complexes (Figures 6C and 6E). The
distinctive mode of UBA2 binding to the two Ub units
reflects first, an altered geometry and second, the pres-
ence of an extended hydrophobic pocket formed by the
conjunction of the proximal Ub’s hydrophobic patch
and the distal Ub’s C-terminal region (including Val70).
The importance of the latter feature is indicated by the
onset of CSPs in residues 70–73 and 75 of the distal
Ub at early stages in the titration, as discussed above.
Importantly, a separate UBA2:Ub2 docking calculation,
driven only by CSP-derived constraints (no NOEs) that
do not impose interactions between UBA2-helix 2 and
the proximal Ub, returned a model similar to that shown
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Figure 5. Docked Model of the Structure of the 1:1 UBA2:Ub2 Complex

The structure was obtained with a combination of CSPs (ambiguous restraints) and NOEs (unambiguous restraints) as described in the
Experimental Procedures. (A) Ribbon diagram of the complex; Ub domains are in green, UBA2 is in wheat. Side chains of several residues
involved in NOE contacts and in the Lys48-Gly76 linkage (cyan) are shown in stick. Also shown are UBA2-Arg326 and Leu330 making contact
with Gly47 and Lys48 of the distal Ub. The isopeptide bond is indicated by a dashed line. (B and C) Surface representations of the Ub2 part
of the complex with the binding pocket residues painted purple. The UBA domain is shown as a ribbon. The orientation in (C) is rotated by
60° around the (horizontal) interdomain axis relative to (A) and (B). (D) Experimental verification of the UBA2:Ub2 complex structure by site-
specific paramagnetic spin labeling. Colored blue are sites that showed relaxation rate enhancement (signal attenuation) when a spin label,
1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)methanesulfonate, was attached to the sole cysteine of UBA2 (Cys344). UBA2 residues that
showed signal attenuation when SL was attached to Cys48 of the distal Ub are colored red. The location of the SL attachment sites in these
two experiments is indicated by the blue and red spheres, respectively. No significant changes in peak positions in the HSQC spectra
occurred as a result of spin labeling of the binding partner, indicating no interference of the SL with the UBA2-Ub2 interaction.
in Figure 5 (Figure S3). The model of the UBA2:Ub2 m
ocomplex shares some similarities with the Vps9p-

CUE:Ub complex ([Prag et al., 2003]; not shown in Fig- 3
iure 6). In that complex, formation of a domain-swapped

CUE dimer enabled surfaces formed by all three helices T
ito interact with monoUb. Akin to the pattern of lattice

contacts observed in the CUE:Ub crystal, UBA2 uses (
both front and back UBA surfaces to bind Ub2, al-
though without a requirement for domain swapping. m

cUBA2 binds to the same hydrophobic patch of Ub
(Leu8-Ile44-Val70) in monoUb and Lys48-linked polyUb t

schains. However, the binding epitope of UBA2 (Figures
2B, 2E, and 5) is strikingly different from that seen in the L

aUBA-monoUb and CUE2-monoUb interactions (Kang et
al., 2003; Mueller et al., 2004). Docked and homology- p

tbased models both predict that the hHR23A-UBA1 and
UBA2 domains interact with monoUb via helices 1 and p

a3 (Mueller et al., 2004). To verify this model experimen-
tally, we performed a NOESY experiment (similar to that b

bdone with UBA2:Ub ) using 15N-2H UBA2 and unlabeled
2
onoUb. We detected NOEs between methyl protons
f Ub and amide protons of residues in UBA-helix 1 (Ala
23) and helix 3 (Ala351, Ala352, and Asn353), indicat-

ng that both helices are in direct contact with monoUb.
hese results are consistent with the Ub-induced CSPs

n UBA2 (Figure 2A) and with our spin-labeling data
not shown).

A recent structure of a high-affinity Dsk2-UBA:
onoUb complex (Ohno et al., 2005) showed that a

onserved methionine in loop 1 stabilizes that complex
hrough electrostatic and hydrophobic contacts. The
ide chain of the corresponding residue of UBA2,
eu330, and the side chain of Arg326 pack tightly
gainst, and make hydrophobic contact with, the ali-
hatic side chains of Gly47 and Lys48, respectively, in
he distal Ub (Figure 5A). In addition, analysis using the
rotein-protein interaction server (www.biochem.ucl.
c.uk/bsm/PP/server) indicates a possible hydrogen
ond between guanidinium group of Arg326 and the
ackbone carbonyl oxygen of Gly47. Gly47 of the proxi-

http://www.biochem.ucl.ac.uk/bsm/PP/server
http://www.biochem.ucl.ac.uk/bsm/PP/server
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Figure 6. Recognition of Lys48-Linked Ub2

Involves a Unique Epitope on UBA2

A comparison of the orientation of the UBA2
domain on the surface of the distal (A) and
proximal (B) Ub units in Ub2 with the pub-
lished structures of monoUb complexes with
(C) UBA2 and (D) UBA1 domains from
hHR23A (Mueller et al., 2004) and (E) CUE
domain from Cue2 (Kang et al., 2003). Ub is
shown in green, and the UBA (or CUE) do-
mains are in wheat.
mal Ub is also in contact with UBA2: it is positioned
between the side chains of Asn353 and Phe354 of
UBA-helix 3. However, inspection of the complex sug-
gests that its stabilization is achieved primarily through
hydrophobic contacts. This inference is supported by
the results of Ub mutagenesis (below). Previous struc-
tures and models of UBA:monoUb complexes have
shown that Ub-Ile44 plays a major role in this hy-
drophobic packing; this is also true in complexes of
monoUb with other binding domains (Kang et al., 2003;
Mueller et al., 2004; Ohno et al., 2005; Prag et al., 2003).
Ub-Ile44 is important for the binding of Lys48-linked
chains to UBA2 as well ([Raasi et al., 2004]; see also
below), but a different constituent of the hydrophobic
patch, Val70, seems to play a unique role. To our knowl-
edge, Val70 has not previously been implicated as an
important mediator of UBA:Ub interactions.

Insights from Ub Mutagenesis
When titrating Ub2 with UBA2, Val70 was the first resi-
due to be perturbed in each Ub domain. This feature
suggests that this side chain makes a critical contribu-
tion to binding. To test this model, we generated Ub2

carrying V70A mutations in the proximal unit (Ub2{15N-
P}mutP), the distal unit (Ub2{15N-D}mutD), or both units
(Ub2{15N-P}mutPD and Ub2{15N-D}mutPD). The two
mutPD constructs differ in which Ub is 15N-labeled (Ta-
ble 1). The interpretation of these data is complicated
by the involvement of Val70 in two processes: forming
the interdomain interface of Ub2 and binding UBA2.
CSP analysis of the mutant dimers in the absence of
UBA2 indicated that a single V70A mutation weakened
the interface, whereas two mutations nearly disrupted
it (max(�δ) < 0.04 ppm for the double mutant, versus
max(�δ) up to 0.17 ppm for wild-type, data not shown).
As a further control, we titrated monoUb-V70A with
UBA2. Although the mutation substantially weakened
UBA2 binding, the interaction was still detectable (Ta-
ble 1).

When the proximal Ub was both mutated and labeled
(Ub2{15N-P}mutP), titration of UBA2 revealed binding in
the slow to intermediate exchange regime with satura-
tion at [UBA]:[Ub2] > 2. In contrast, UBA2 binding to the
proximal Ub of wild-type Ub involves slow exchange
2
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(above). This kinetic difference shows that despite the f
lack of strongly altered CSP behavior relative to wild- h
type Ub2 (Table 1), UBA2’s interaction with the proximal b
Ub is weakened by the V70A mutation in this domain.
Adding a second V70A mutation (distal Ub) resulted in S
a still weaker interaction with the proximal Ub and a T
shift to fast exchange, indicating a further weakening s
of UBA2 interaction with the proximal Ub (Ub2{15N- u
P}mutPD, Table 1). These results show that the presence a
of Val70 on the distal Ub helps maintain UBA2’s interac- (
tion with the (mutated) proximal Ub in the Ub2{15N- t
P}mutP dimer. The fact that binding to Ub2{15N-P}mutPD (
is stronger than to monoUb-V70A (Table 1, Figure S4) r
suggests that UBA2 still binds Ub2 in the sandwich-like f
manner despite the disrupted Ub:Ub interface of the F
double mutant. This mode of binding should be feasible t
given that there are other interactions between UBA2 a
and other regions (including the Gly-Lys linker) on each S
Ub’s surface. s

When the distal domain was mutated and labeled U
(Ub2{15N-D}mutD), there was a disappearance of the lag p
phase seen during the titration of this domain in wild- f
type Ub2, plus a shift to the fast exchange regime (Table t
1). Because this lag reflects the interaction with the p
other Ub, its disappearance shows that the distal V70A U
mutation decreases the strength of UBA2’s interaction U
with the proximal Ub. The same conclusion follows p
from comparing the data for the proximal-labeled p
single and double mutants (Ub2{15N-P}mutP versus e
Ub2{15N-P}mutPD, above). Thus, consistent with the d
“binding pocket” model, Val70 in the distal Ub is impor-
tant for UBA2 binding to the proximal Ub. C

Fitting the titration data for the Ub2-V70A double mu- T
tants yields an average microscopic Kd of 0.26 ± 0.14 m
mM for the proximal and 0.43 ± 0.04 mM for the distal a
Ub. These values are comparable to those for UBA2

s
binding to the wild-type monoUb (0.4 mM) and to

o
Lys63-linked Ub2 (0.18–0.28 mM) (Varadan et al., 2004).

t
They may be compared to values of 8–18 �M and 0.140

cmM, respectively, for the same domains of wild-type
tUb2 (Table 1). Therefore the V70 side chain plays a ma-
sjor role in the UBA2:Ub2 interaction. A similar trend was
tobserved in less extensive experiments with Ub2 carry-

ing the L8A + I44A mutations in the proximal domain
t(data not shown). As in the case with V70A, UBA2 bind-
ming to the mutated Ub was weaker than binding to wild-
mtype Ub2, although tighter than to monoUb (wild-type
lor L8A + I44A mutant). Consistent with a decrease in
cthe affinity of UBA2 for the mutated proximal subunit,
ttitration curves for the distal domain lacked a lag
Uphase.
iThe mutational results support the formation of a 1:1
fUBA2:Ub2 complex even when both Ubs are mutated.
tOur 1H T2 data (Table S4) are consistent with this stoi-
dchiometry for the Ub2 mutants, in contrast with a 2:1
UUBA2:Ub2 complex seen previously with Lys-63-linked
iUb2 (Varadan et al., 2004). Although it is difficult to sep-
tarate the effect of these mutations on the formation of

the Ub:Ub interface from the effect on the actual UBA-
pUb interaction, these results bring out an important fea-
iture of the Lys48-linked Ub2-UBA2 interaction: the
oweakening of the Ub2 interface does not switch the
Lmode of binding to “one UBA per Ub”. Thus, a determi-

nant of the Lys48-Ub interaction that distinguishes it a
2
rom the Lys63-Ub2 interaction is still present when key
ydrophobic contacts are abolished. In this context,
elow we consider the role of the Gly76-Lys48 linkage.

ignificance of the Gly76:Lys48 Linkage
wo features suggest that the isopeptide linker repre-
ents a significant binding determinant for UBA2 (Fig-
re 5). First, CSPs are observed in the isopeptide amide
nd in residues close to the linkage in the distal Ub
Val70, Leu71, Leu73, and Gly76; Figure 1A). Second,
here are also NOE signals from this region to UBA2
Figure 4, Table S2). It is nevertheless unlikely that di-
ect recognition of the linker region is solely responsible
or the high-affinity interaction for several reasons.
irst, although significant perturbations are observed in
he linker region in our titrations, strong perturbations
re also observed at other hydrophobic Ub residues.
econd, the Ub2 mutants used in this study still pos-
ess the Gly76-Lys48 linker, but the mutations reduce
BA2 binding affinity. Finally, a Gly-Lys linker is also
resent in Lys63-linked Ub2, which binds UBA2 in a dif-

erent, monoUb-like mode. The higher affinity interac-
ion of UBA2 with Lys48-linked Ub2 results from the
roper spatial and orientational positioning of the two
b domains. This allows simultaneous interaction of
BA2 with the hydrophobic surface on (primarily the
roximal) Ub and the linker region, including the iso-
eptide linkage and Val70-Leu73 on the distal Ub. This
xtended hydrophobic pocket “embraces” the UBA2
omain.

onclusions
he principal aims of this study were to elucidate the
ode of UBA2 binding to Lys48-linked polyUb chains

nd to investigate the structural basis for the linkage
pecificity of this interaction. Consistent with the previ-
us SPR data, our 15N relaxation experiments suggest
hat UBA2 binds Lys48-linked Ub2 chains in a 1:1 stoi-
hiometry at low UBA2:Ub2 ratios. Therefore the key to
he increased binding affinity of UBA2 to Ub2 is not a
imple increase in the number of binding sites available
o the UBA domain.

The structure of the 1:1 UBA2:Ub2 complex reveals
hat UBA2 binds to Lys48-linked Ub2 in a different
ode from what is seen in the interaction of UBA do-
ains, including UBA2 itself, with monoUb and Lys63-

inked Ub2. The proximal Ub in Lys48-linked Ub2 asso-
iates with UBA2 more tightly than the distal Ub does,
hrough contacts with residues in helices 2 and 3 of the
BA domain. In addition, residues in UBA2-helix 3 and

ts C-terminal region bind Ub2 through a binding pocket
ormed by the isopeptide linkage and residues 70–73 of
he distal Ub, along with residues 44–46 on the proximal
omain. Thus, the selectivity of UBA2 for Lys48-linked
b2 over other linkages arises from the proper position-

ng of the two Ub domains that allows these interac-
ions to occur.

We have shown that mutations in Ub’s hydrophobic
atch disrupt the formation of the interdomain interface

n Ub2, shifting the conformational equilibria to more
pen states. Nonetheless, the presence of the Gly76-
ys48 linker allows the two mutant Ub domains to
dopt a conformation that promotes the same 1:1
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mode of binding discussed above. At the limit of the
open conformation is the Lys63-linked Ub2 chain,
which adopts an extended conformation with no inter-
domain contacts. In this case, the positioning of the
Gly76-Lys63 linker with regard to the hydrophobic
patch on the proximal Ub precludes the formation of
the UBA2 binding pocket observed here. Accordingly,
the Ub units in this chain independently bind two UBA2
domains via their hydrophobic surfaces in a monoUb:
UBA binding mode (Varadan et al., 2004).

Our data indicate that the same epitopes of UBA2
and Ub are involved in UBA2 binding to Ub2 and Ub4.
It is thus likely that Lys48-linked Ub4 and longer chains
bind the UBA2 domain in a similar manner, taking ad-
vantage of the unique conformational attributes of
these chains in order to sequester the UBA domain.
This mode of binding is expected to be relevant to
hHR23a’s role in proteasome proteolysis, because se-
lective interaction with Lys48-linked chains (over other
linkages) is retained in full-length hHR23a with two UBA
domains (Raasi et al., 2004; Raasi and Pickart, 2003).
Future studies focused on polyUb binding to full-length
hHR23a (and other proteins that contain multiple Ub-
interacting domains) will provide insights into the regu-
latory advantages that might be offered by this struc-
tural organization.

Many UBA domains, as well as other types of Ub
binding domains, appear to bind strongly to Lys48-
linked polyUb chains. However, hHR23a-UBA2 and its
orthologous yeast Rad23-UBA2 domain are unusual in
showing strong selectivity for this linkage over other
linkages (among 30 UBA domains surveyed; S.R. and
C.P., unpublished data). Therefore it is likely that some
features of the present complex are unique. Further
studies of binding domain:polyUb complexes, espe-
cially those which show distinctive linkage specificities
(Kanayama et al., 2004), will aid greatly in understand-
ing how linkage-specific polyUb binding elements can
be used to diversify ubiquitin-mediated signaling with-
out sacrifice of specificity.

Experimental Procedures

Protein Expression, Labeling, and polyUb Chain Synthesis
Unlabeled and uniformly isotope-labeled recombinant UBA2 and
Ub were expressed and purified as described in (Varadan et al.,
2004). The UBA2 construct used in this study contains a full-length
UBA2 domain from hHR23a (SWS P54725), residues 315–363, with
an N-terminal extension (GSAAA) resulting from the fusion junction
(Varadan et al., 2004). Segmentally isotope-labeled Ub2 (Table 1)
and Ub4 chains were synthesized as described in Varadan et al.
(2002). NMR samples were prepared in a 20 mM phosphate buffer
(pH6.8), 7% D2O, 0.02% NaN3.

NMR Titrations
All NMR titrations were performed at 24°C as a series of 1H-15N
HSQC spectra recorded on UBA2, Ub, Ub2, or Ub4 as small aliquots
(~10 �L) of a concentrated solution of the binding partner (Ub2 or
UBA) were added to solution. The starting concentration for the
protein under observation was 0.8–1.0 mM, and the titration contin-
ued until saturation in CSPs (up to 5-fold molar excess of Ub2 or
UBA). TROSY experiments were used for titrations with Ub4. Com-
bined amide CSP was calculated as �δ = [(�δN/5)2 + (�δH)2]1/2,
where �δH and �δN are shifts in 1H and 15N signals, respectively.
The 1H and 15N relaxation measurements were performed using
standard methods (e.g., Hall and Fushman [2003]). The initial NMR
signal assignment for UBA2 was from BioMagResBank (accession
number 4757) and from Mueller et al. (2004).

Determination of Kd Values from Titration Curve Fitting
The CSPs observed in Ub2 upon UBA2 titration were analyzed as-
suming that Ub2 contains two independent binding sites with dif-
ferent, although invariant, affinities. At any point in the titration, the
CSP in the distal Ub can be represented as �δ = �δmax · [L]/([L] +
Kd

D), where �δmax is the difference in the chemical shift between
the free and fully bound states for a given amide and [L] is the
molar concentration of the free ligand. The latter must satisfy the
following equation:

[L]3 + (2[Pt] − [Lt] + Kd
D + Kd

P)·[L]2 + {([Pt]−[Lt])(Kd
D + Kd

P) + Kd
D*Kd

P}·
[L]−[Lt]*Kd

D*Kd
P = 0,

where [Pt] and [Lt] are the total molar concentrations of the protein
(Ub2) and the ligand (UBA), and Kd

D and Kd
P are the microscopic

dissociation constants for the distal and proximal Ub, respectively.
The data fitting included Kd

D, Kd
P, and �δmax as adjustable param-

eters.

Determination of Kd Values for Signals in Slow Exchange
The affinity of the proximal Ub:UBA2 interaction was also deter-
mined directly from the ratio, R = SF/SB, of signals (crosspeak vol-
umes) corresponding to free (SF) and bound (SB) states for those
residues in the proximal Ub that show slow exchange. Assuming
that a single UBA molecule is bound per Ub2 at [UBA2]:[Ub2] % 1,
the dissociation constant was calculated as Kd

P = R · F · {[Lt] −
[Pt](1 + R)−1} for several points in the titration and subsequently
averaged over the values thus obtained. The factor F here repre-
sents the fraction of free Ub2 molecules that are in the open (bind-
ing competent) conformation: F z 0.15 at pH 6.8 (Varadan et al.,
2002).

Ub2:UBA2 Docking
The model of the UBA2:Ub2 complex was obtained from protein
docking simulations using computer program TRIDOCK that allows
a simultaneous docking of three interacting partners (UBA2 plus
proximal and distal Ubs) using an approach similar to HADDOCK
(Dominguez et al., 2003). The atomic coordinates for Ub and the
UBA2 domain were from PDB entries 1D3Z and 1DV0, respectively.
The ambiguous interaction restraints (AIRs, Table S1) for the dock-
ing were defined as follows: residues with �δ > 0.07 ppm (the
average �δ value) and with relative side chain accessibility above
50% were defined as “active.” Residues neighboring active resi-
dues and having relative solvent accessibility above 50% were de-
fined as “passive.” The docking procedure defines AIRs between
each active residue of one protein and both active and passive
residues of the other two proteins. Flexible segments were defined
as stretches of active and passive residues plus one sequential
neighbor.

NOEs listed in Table S2 were used to define unambiguous in-
teraction restraints (used as loose constraints, 6 ± 1 Å) for the
docking. In addition, distance constraints between Gly76 (distal
Ub) and Lys48 (proximal) were included to form the isopeptide
bond, as specified in van Dijk et al. (2005).

2000 structures were generated in the first step of rigid-body
energy minimization. The 200 lowest energy solutions from this
step were subjected to semiflexible annealing steps (that allow
atoms at the interface to move) and subsequently to explicit water
refinement. The resulting structures were sorted according to inter-
molecular energy and clustered using a 1.5 Å cutoff criterion. This
resulted in an ensemble of 145 structures with the average RMSD
of 1.6 ± 0.6 Å for all backbone atoms and 1.6 ± 0.6 Å for the back-
bone atoms at the interface. The statistics are presented in Tables
S1–S4.

Supplemental Data

Supplemental Data include four figures and four tables and are
available with this article online at http://www.molecule.org/cgi/
content/full/18/6/687/DC1/.

http://www.molecule.org/cgi/content/full/18/6/687/DC1/
http://www.molecule.org/cgi/content/full/18/6/687/DC1/
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