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Ubiquitination involves the covalent attachment of the ubiquitin (Ub) C-
terminus to the lysine side chain of a substrate protein by an isopeptide
bond. The modification can comprise a single Ub moiety or a chain of Ub
molecules joined by isopeptide bonds between the C-terminus of one Ub
with one of the seven lysine residues in the next Ub. Modification of
substrate proteins with Lys63-linked poly-Ub plays a key nondegradative
signaling role in many biological processes, including DNA repair and
nuclear factor-xB activation, whereas substrates modified by Lys48-linked
chains are targeted to the proteasome for degradation. The distinct signaling
properties of alternatively linked Ub chains presumably stem from
structural differences that can be distinguished by effector proteins. We
have determined the crystal structure of Lys63 tetra-Ub at a resolution of
1.96 A and performed small-angle X-ray scattering experiments and
molecular dynamics simulations to probe the conformation of Lys63 tetra-
Ub in solution. The chain adopts a highly extended conformation in the
crystal, in contrast with the compact globular fold of Lys48 tetra-Ub. Small-
angle X-ray scattering experiments show that the Lys63 tetra-Ub chain is
dynamic in solution, adopting an ensemble of conformations that are more
compact than the extended form in the crystal. The results of these studies
provide a basis for understanding the differences in the behavior and
recognition of Lys63 poly-Ub chains.

© 2009 Elsevier Ltd. All rights reserved.

Keywords: ubiquitin; X-ray crystallography; small-angle X-ray scattering;
Lys63 tetraubiquitin

Protein modification by covalent conjugation of
one or more ubiquitin (Ub) molecules, referred to as
ubiquitination (or ubiquitylation), has been shown
to play important regulatory roles in many cellular
processes, including protein degradation, transcrip-
tion, cell-cycle progression, viral infection, and the
immune response.!? This conjugation involves a
cascade of enzymatic steps that results in the
covalent attachment of the C-terminal glycine
residue of Ub to the e-NH, of a lysine side chain in
a substrate protein.” Ub itself can also be ub1qu1t1—
nated at any of its seven lysine residues® or at its
amino-terminus,’ giving rise to different poly-Ub
chains.

*Corresponding author. E-mail address:
cwolberg@jhmi.edu.

Abbreviations used: Ub, ubiquitin; SAXS, small-angle
X-ray scattering; MD, molecular dynamics; UBL, Ub-like.

Poly-Ub chains of different linkage types, as
distinguished by the lysine residue to which each
successive Ub C-terminus is attached, have distinct
biological functions. The best understood among
these are the Lys48-linked Ub chains, which target
proteins for degradation by the 26S proteasome.®
Lys63-linked Ub chains, on the other hand, play
nondegradatlve roles in different signaling
pathways notably nuclear factor-xB transcrlptlon
activation® and the DNA damage response.”'” Other
types, of chain linkages have also been identified in
cells,"! mcludmg branched and mixed-linkage
chains."*"* Although the cellular roles of these

“atypical” Ub chains are yet to be studied in detail,
they have been implicated in a few biological
processes.'* For example, Lys33/Lys29 mixed
chains have been shown to regulate AMPK-related
kinase activation, while Lys29-linked poly-Ubs have
been shown to play a role in lysosomal degradation
of proteins.'>'®

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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The distinct roles played by different poly-Ub
chains indicate that effector molecules can distin-
guish among chains of differing linkage types. For
example, the NZF domain of TAB2 binds specifical-
ly to Lys63-linked chains,'” the ataxin-3 UIM repeat
preferentially binds to Lys48-linked chains,'® and
the UBAN motif of NEMO recognizes linear head-
to-tail Ub chains.'” A thorough understanding of the
molecular details of Ub-mediated signaling there-
fore requires elucidation of the structures of differ-
ent poly-Ub chains and their complexes with
cognate partners.

The crystal structure of Lys48-linked tetra-Ub
determined at neutral pH showed that it adopts a
compact globular conformation.”’ This conforma-
tion could not be adopted by Lys63-linked tetra-Ub
as judged by the relation between the Lys63 side
chains and the Ub C-termini. Indeed, NMR
studies””* and an X-ray crystal structure'” of
Lys63-linked di-Ub show an open structure with
limited contacts between Ub monomers, as com-
pared with the closed conformation of Lys48-linked
di-Ub.

In order to gain insight into the structure and
topology adopted by longer Lys63-linked poly-Ub
chains, we determined the 1.96 A resolution crystal
structure of Lys63-linked tetra-Ub. The crystals
contain one tetra-Ub chain per asymmetric unit
and show a highly extended linear arrangement of
Ub monomers. The extended arrangement showed
no intersubunit interaction, in agreement with NMR
results. The extended conformation of the Lys63
tetra-Ub in the crystal suggests that the chain would
likely adopt other conformations in solution. To
further explore this conformational flexibility of the
Lys63-linked tetra-Ub chains in solution, we carried
out small-angle X-ray scattering (SAXS) measure-
ments of Lys63 tetra-Ub and used molecular
dynamics (MD) simulations to deduce the ensemble
of structures adopted by this tetra-Ub in solution.
We found that Lys63 tetra-Ub adopts conformations
in solution that are more compact than the extended
form seen in the crystal yet do not exhibit any
specific intersubunit interactions. These studies
provide a detailed understanding of the structure
and dynamics of Lys63 tetra-Ub and of how these
chains could be recognized in the cell.

Experimental details

Lys63-linked tetra-Ub chain was synthesized
using two Ub mutants (K48R-K63R and Ub-D77)
following Pickart and Raasi.” All the enzymes
required for this synthesis, viz., E1 (human), Ubc13/
MMS2 (yeast), and Yuhl (yeast), were also
expressed and purified as recombinant proteins in
Escherichia coli. After the chain of required length
was synthesized, it was subjected to a final step of
purification using size-exclusion chromatography in
Superdex 75 prep-grade 26/60 column. The protein
was then dialyzed in 10 mM Tris—-HCI buffer,
pH 7.6, containing 25 mM NaCl overnight at 4 °C.

It was then concentrated using Vivaspin concentra-
tors and stored at —80 °C in small aliquots.

Crystals of Lys63 tetra-Ub screen were initially
obtained at 20 °C in hanging-drop setups from
sparse matrix screening with buffer 1 from Wizard I
(Emerald Biosciences). The condition was then
optimized to get fewer and better crystals. The
best crystals were obtained using 4%-6% PEG
(polyethylene glycol) 3000, 100 mM Na-acetate,
pH 4.6-5.0, and 100 pM Zn acetate. However, all
the crystals were found to diffract poorly (best,
3.5 A) and showed very high mosaicity levels and B-
factor values after data processing. The diffraction
improved substantially upon dehydration of the
crystals by stepwise increase of PEG 3000 to 25%
over a period of 4-5 days, and a 1.96 A data set was
collected from frozen crystals at 100 K at Advanced
Photon Source (Argonne, IL) at the fixed-wave-
length beamline 14-BMC.

The data were processed in space group P2,3
using the program HKL2000.>* The structure was
solved by molecular replacement using the program
MOLREP® from CCP4 Suite.”® The initial model
was subjected to iterative building and refinement
cycles using COOT?” and REFMACS5.?® All the side
chains were built first, followed by the completion of
the chain. Isopeptide bonds were created toward the
end with addition of water molecules.

SAXS data were collected at the SIBYLS beamline
(beamline 12.3.1) at the Advanced Light Source of the
Lawrence Berkeley National Laboratory. Data were
collected from the sample at concentrations of 3, 6,
and 9 mg/ml, and no concentration dependence was
observed. The sample buffer contained 10 mM Tris—
HCI, pH 7.6, 50 mM NaCl, and 0.5 mM ethylenedia-
minetetraacetic acid at 10 °C. Two exposures (at 5 s
and 0.5 s) were merged to create a final scattering
profile. P(r) functions were determined from the
scattering profiles using GNOM.* Scattering profiles
were calculated from crystal structures using
CRYSOL.*® The MES (Minimal Ensemble Search)

Table 1. Data collection and refinement statistics of K63
Ub, crystals

Data collection statistics

Space group pP2,3 R

Cell dimensions a=b=c=106.95 A
Resolution (A) 50-1.96 (2.01-1.96)

anerge (0/0) 8.1 (90)
Completeness (%) 99.6 (100)
Redundancy 429 (43.1)
I/o(l) 54 (6)
Refinement
R/ Rgree (%) 19/24
No. of atoms
Protein 2538
Zn** 6
Water 209
rm.s.d. values
Bond (A) 0.023
Angles (°) 1.885

Values in the parentheses denote the highest-resolution shell.
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program was run as described previously,”' with
three independent runs per radius of gyration
ranging from 20 to 60 A at 1 A steps.

Crystal structure of Lys63 tetra-Ub

Crystals of Lys63 tetra-Ub formed in space group
P2,3 and contain one chain per asymmetric unit.
Crystals obtained after initial rounds of optimiza-
tion typically diffracted to 3.5-4.0 A resolution.
However, the diffraction improved significantly
upon gradual dehydration of the crystals with
stepwise increases of the precipitant concentration,
yielding crystals diffracting to 1.96 A resolution. The
structure was solved by molecular replacement
using the structure of monomeric Ub™ as the search
model. Data collection and refinement statistics are
presented in Table 1.

The crystal structure shows a linear arrangement
of the Lys63-linked Ub monomers (Fig. 1a and b)
that is starkly different from the compact globular
fold adopted by Lys48-linked tetra-Ub (Fig. 1c).
Instead, the monomers in the Lys63-linked chain are
joined by well-ordered linkages but do not contact
one another. The absence of interactions between the
individual Ub monomers of the Lys63 tetra-Ub
agrees with the previously reported NMR results,
where no stable intersubunit interaction could be
observed in Lys63-linked di- and tetra-Ub chains,*'**
and with the extended structure of crystallized
di-Ub." The extended conformation of the tetra-Ub
chain and the absence of intra-chain contacts that
could stabilize the observed conformation suggested
that Ly63-linked tetra-Ub in solution would likely be
flexible and adopt other conformations in addition to
that seen in the crystal.

We also note that the globular regions of each of
the four Ub monomers in the Lys63 tetra-Ub chain
alternate between two conformations that differ in
the loop region comprising residues 6 through 12.
Inclusion of this region during superposition of the
globular region of the Ub monomers (residues 1
through 70) increases the r.m.s.d. from ~0.4 A to
~0.85 A. The reason for this difference remains
unclear and could not be attributed to the differ-
ences in crystal packing environments of each
monomer.

Fig. 1. Crystal structure of Lys63-linked tetra-Ub. (a)
Ribbon diagram and (b) surface representation of Lys63
tetra-Ub crystal structure showing the highly extended
chain conformation. The proximal Ub is shown in cyan,
while the distal one is shown in yellow. In (b), the
hydrophobic patches of individual Ub monomers consist-
ing of residues Leu8, Ile44, and Val70, which are important
for interacting with cognate proteins, are shown in red. (c)
Crystal structure of Lys48 tetra-Ub (Protein Data Bank ID
260V).> The structure of Lys48 is highly compact and
globular. The hydrophobic patches from Ub monomer can
be seen to interact with one another, partially burying the
interaction surface. The coloring scheme has been kept
identical with that for Lys63 tetra-Ub.

Recognition surface of Lys63-linked Ub

Ub has a conserved hydrophobic patch compris-
ing residues Leu§, Ile44, and Val70 that has been
shown to be important for function.”® These
residues mediate the interaction of Ub with E2
enzymes”* and with Ub binding domains (reviewed
by Hicke et al.”®). The importance of these hydro-
phobic residues in the Lys48-linked Ub chain
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recognition has been studied in detail.’*® In
addition, the hydrophobic patch has also been
implicated in Lys63-linked chain interactions® and
is shown to participate in the linear di-Ub recogni-
tion by NEMO.*’ In contrast with Lys48 tetra-Ub, in
which the hydrophobic patches from two adjacent
monomers coalesce to form a single surface (Fig.
1c), the hydrophobic patches in the crystal structure
of Lys63 tetra-Ub are exposed in all four Ub
monomers (Fig. 1b). We also note that the hydro-
phobic patches of Lys63 monomers do not lie on the
same surface of the molecule but are rotated
roughly 90° relative to one another in successive
monomers. This particular arrangement is probably
favored in the crystal, where the molecules are
conformationally “locked” in one particular orien-
tation due to crystal packing. However, we note
that one of the solution structures presented by
Varadan et al.** also shows this orthogonal posi-
tioning of the Ub hydrophobic surface in successive
monomers along with alternate arrangements.
Given the presumed flexibility in the linkages that
join the Ub moieties in the Lys63 chain, the
individual monomers would probably be free to
undergo rotational movements that would change
the relative orientation of these patches.

Despite the strong tendency of Ub to associate via
the hydrophobic patches, we were surprised to find
that these patches do not take part in crystal packing
of the Lys63 tetra-Ub chains. Instead, the crystal
contacts are formed by the interaction of a Ub
monomer in one chain with the isopeptide linkage of
another chain in the crystal (Fig. 2). This crystal
packing interaction could potentially reflect a mode
of interaction between poly-Ub chains or Ub-like
(UBL) domains and Lys63-linked chains. Several
proteins, including IKKa and IKKR, have been
found to contain UBL domains. These UBL domains
could possibly interact with Lys63 chains in a

manner similar to that seen in the crystal. However,
to our knowledge, no such interaction has been
reported to exist in the literature.

SAXS studies of Lys63 tetra-Ub in solution

Since the extended conformation of the Lys63
tetra-Ub is clearly influenced by lattice contacts, we
used SAXS combined with MD simulations to
explore the structure of this tetra-Ub in solution.
SAXS is a powerful tool to study the conformation of
macromolecules in solution, particularly when a
high-resolution crystal structure is available.*' We
measured the X-ray scattering profile of Lys63 tetra-
Ub in solution (Fig. 3a) and derived the pair
distribution function, P(r), from the scattering
profile to determine the distribution of interatomic
vectors in the tetra-Ub chain (Fig. 3b). As shown in
Fig. 3a, the measured X-ray scattering profile does
not fit the theoretically calculated profiles from the
crystal structures of either Lys63 tetra-Ub (this
study) or Lys48 tetra-Ub.”” This indicates that
Lys63 tetra-Ub adopts a distinct conformation in
solution that is more compact than that seen in the
crystal.

The interatomic vectors calculated in the pair
distribution function (Fig. 3b) show that the maxi-
mum dimension (Dpygy) is 118+2 A and the radius of
gyration (R,) is 32.3 A in Lys63 tetra-Ub in solution,
which are considerably smaller than the Dy
(154 A) and Ry (44 A) values calculated from the
crystal structure. These apparent reductions of Dy,
and radius of gyration indicate that Lys63-linked
tetra-Ub is more compact in solution than it is in the
crystal. At the same time, the peaks in the
experimental P(r) also show that Lys63 tetra-Ub
adopts a much more extended structure than the
crystal structure of Lys48 tetra-Ub (Fig. 3a and b).
Interestingly, the second maximum in P(r) of ~41 A

Fig. 2. Crystal packing interac-
tions of Lys63-linked tetra-Ub
showing two Ub monomers from
two chains (surface representation
in green and yellow) interacting at
the isopeptide linkage of a third
chain (cartoon representation). The
isopeptide bonds between Lys63 of
proximal Ub (in red) and Gly76 of
distal Ub (in blue) are represented
with sticks.
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Fig. 3. SAXS of Lys63 tetra-Ub in solution. (a) A comparison of the experimental scattering profile (black) with
theoretically calculated profiles from the crystal structures of Lys63 tetra-Ub (green), Lys48 tetra-Ub (red), and the
minimal ensemble (orange). The minimal ensemble (orange) of Lys63 tetra-Ub was identified using the MES program,
which best fits the experimental data (black). (b) The experimental electron pair distribution function [P(r)] (in black). The
curve reveals a long maximum dimension with smeared third and fourth Ub-Ub peaks, suggesting an ensemble of
distances on this length scale. In contrast, the theoretically calculated P(r) for Lys48 tetramer (red) shows one broad peak,
indicating that all Ub-Ub distances are similar, while the P(r) calculated Lys63 structure (in green) shows four major
peaks that correspond to all major Ub-Ub distances. (c) Searching for the minimal ensemble using the MES program.®!
The radius of gyration (Rz) of each model is plotted against the x” agreement to the experimental data. All the
conformations (13,200) from which MES models were extracted are shown as gray circles. A single best model was
identified (cyan), while the three conformations making up the MES model (orange squares) improve the NG agreement by

11% (orange line versus minimum of envelope formed by single conformations). The parameters for the two crystal

structures are also shown (green and red circles).

corresponding to the average distance between any
two consecutive Ub monomers within the Lys63
poly-Ub chain closely matches the calculated value
from the crystal structure (Fig. 3b). However, the
third maximum, which corresponds to the distance
between first and third Ub monomers or that
between the second and fourth monomers, Dis
considerably shorter in the observed profile (63 A)
as compared with the one calculated from the crystal
structure. The combination of a large Dp.x but
minor third and fourth maxima suggested that the
Lys63 Ub chains most likely exist as an ensemble of
conformations at larger-length scales.

Further analysis of the solution conformation of
Lys63 tetra-Ub was done using the program MES.*!
This program finely samples the conformational
space of the macromolecule using MD simulations
at high temperatures, where only covalent bonds
and van der Waals interactions are taken into
consideration. A genetic algorithm then identifies
the minimal ensemble from all these conformations
that best fits the data. The result shows that no single
conformation from the MD simulations adequately
explains the data. Instead, an optimal fit could be
obtained with an ensemble of a minimum of three
conformations (Figs. 3c and 4). Inclusion of more
conformations in the ensemble did not lead to any
significant improvement in the fit, as measured by
x 2 values (data not shown). The first two dominant
conformations (represented by 69% and 17% in the
ensemble) (Fig. 4a and b) preserve the overall
linearity observed in the crystal structure but are
notably more compact than the conformation in the
crystal. The ensemble also contains a minor popu-

lation (13% in the ensemble) (Fig. 4c) that is highly
compact as compared with the crystal structure.

Although the resolution of SAXS data cannot be
used to determine the intersubunit orientations
accurately, we note that, in all of these MES
conformations, the conserved hydrophobic interac-
tion surfaces (colored red) of the Ub monomers do
not interact with one another and are either
completely or partially exposed. This probably
suggests that Lys63 chains are likely to be found in
solution conformations that leave the hydrophobic
patches exposed and would therefore be readily
accessible for interaction with cognate proteins.

In summary, our results show that Lys63-linked
poly-Ub forms a relatively open conformation, in
agreement with the existing biochemical and biophy-
sical data. The elongated structures of the Lys63 tetra-
Ub, stabilized by a crisscrossed arrangement of chains
within the crystal lattice, do not belong to any closed
symmetry group. Thus, addition of more Ub mono-
mers to either the proximal end or the distal end of the
chain can occur without requiring any rearrangement
of the structure. Although the highly extended crystal
structure of Lys63 tetra-Ub agrees w1th predicted
models based on the di-Ub structure,'” the longer
chain is notably more collapsed in solution. Never-
theless, none of the representative solution conforma-
tions or the crystal structure buries the conserved
hydrophobic patch of any of the Ub monomers. This
indicates that these patches remain available for
interactions with other proteins.

The requirement of an ensemble instead of a single
conformation to explain the SAXS data points
toward the fact that Lys63 Ub chains with four or



1122

Lys63-Linked Tetra-Ub Structure and Conformation

Fig. 4. Ensemble conformations of Lys63 tetra-Ub in solution obtained with MES. Three conformations of Lys63 tetra-
Ub (a—c) that make up the MES model are shown along with their respective percentages. Three hydrophobic residues
(L8, 144, and V70) on the surface of the Ubs, those that are responsible for their interactions with cognate proteins, are

depicted in red.

more monomers do not form a single well-defined
structure in solution. Instead, tetra-Ub and presum-
ably longer Lys63 chains exist in a dynamic equilib-
rium of many conformations. Upon binding to a
cognate protein, these chains would probably adopt
one specific topology depending on the binding
partner. This fluidity in the structure of Lys63 poly-

Ub may be important for its biology, where these
chains are recognized by proteins with potentially
different structures in different signaling pathways.
Moreover, the conformational space sampled by the
free Lys63 poly-Ub can be restricted upon attach-
ment to substrate proteins, each of which could have
a unique influence on the Lys63 poly-Ub chain
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behavior. All these considered together point
toward a highly plastic nature of Lys63-linked
poly-Ub-mediated signaling mechanisms, which
could account for the diverse roles played by this
type of poly-Ub modification in multiple signaling
pathways.

Accession number
Coordinates and structure factors have been

deposited in the Protein Data Bank with accession
number 3HM3.

Acknowledgements

This work was supported by the Howard Hughes
Medical Institute (A.B.D and C.W.) and the National
Cancer Institute (SBDR grant no. CA92584; G.H.).
We thank Michal Hammel from the Lawrence
Berkeley National Laboratory for helping with the
implementation of MES.

References

1. Haglund, K. & Dikic, I. (2005). Ubiquitylation and cell
signaling. EMBO ]. 24, 3353-3359.

2. Mukhopadhyay, D. & Riezman, H. (2007). Proteasome-
independent functions of ubiquitin in endocytosis and
signaling. Science, 315, 201-205.

3. Hershko, A. & Ciechanover, A. (1998). The ubiquitin
system. Annu. Rev. Biochem. 67, 425-479.

4. Pickart, C. M. & Fushman, D. (2004). Polyubiquitin
chains: polymeric protein signals. Curr. Opin. Chem.
Biol. 8, 610-616.

5. Kirisako, T., Kamei, K., Murata, S., Kato, M., Fukumoto,
H., Kanie, M. et al. (2006). A ubiquitin ligase complex
assembles linear polyubiquitin chains. EMBO ]. 25,
4877-4887.

6. Pickart, C. M. & Cohen, R. E. (2004). Proteasomes and
their kin: proteases in the machine age. Nat. Rev. Mol.
Cell Biol. 5, 177-187.

7. Sun, L. & Chen, Z. J. (2004). The novel functions of
ubiquitination in signaling. Curr. Opin. Cell Biol. 16,
119-126.

8. Chen, Z. ]J. (2005). Ubiquitin signalling in the NEF-
kappaB pathway. Nat. Cell Biol. 7, 758-765.

9. Hofmann, R. M. & Pickart, C. M. (1999). Noncanonical
MMS2-encoded ubiquitin-conjugating enzyme func-
tions in assembly of novel polyubiquitin chains for
DNA repair. Cell, 96, 645-653.

10. Stelter, P. & Ulrich, H. D. (2003). Control of spontaneous
and damage-induced mutagenesis by SUMO and
ubiquitin conjugation. Nature, 425, 188-191.

11. Xu, P., Duong, D. M., Seyfried, N. T., Cheng, D., Xie,
Y., Robert, J. et al. (2009). Quantitative proteomics
reveals the function of unconventional ubiquitin
chains in proteasomal degradation. Cell, 137, 133-145.

12. Kim, H. T., Kim, K. P., Lledias, F., Kisselev, A. F.,
Scaglione, K. M., Skowyra, D. et al. (2007). Certain
pairs of ubiquitin-conjugating enzymes (E2s) and
ubiquitin-protein ligases (E3s) synthesize nondegrad-
able forked ubiquitin chains containing all possible
isopeptide linkages. J. Biol. Chem. 282, 17375-17386.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Li, W. & Ye, Y. (2008). Polyubiquitin chains: functions,
structures, and mechanisms. Cell. Mol. Life Sci. 65,
2397-2406.

Ikeda, F. & Dikic, I. (2008). Atypical ubiquitin chains:
new molecular signals. ‘Protein Modifications: Beyond
the Usual Suspects” Review Series. EMBO Rep. 9,
536-542.

Al-Hakim, A. K., Zagorska, A., Chapman, L., Deak,
M., Peggie, M. & Alessi, D. R. (2008). Control of
AMPK-related kinases by USP9X and atypical Lys
(29)/Lys(33)-linked polyubiquitin chains. Biochem. ].
411, 249-260.

Chastagner, P., Israél, A. & Brou, C. (2006). Itch/ AIP4
mediates Deltex degradation through the formation of
K29-linked polyubiquitin chains. EMBO Rep. 7,
1147-1153.

Komander, D., Reyes-Turcu, F., Licchesi, J]. D. F,,
Odenwaelder, P., Wilkinson, K. D. & Barford, D.
(2009). Molecular discrimination of structurally equiv-
alent Lys 63-linked and linear polyubiquitin chains.
EMBO Rep. 10, 466—473.

Sims, J. J. & Cohen, R. E. (2009). Linkage-specific
avidity defines the lysine 63-linked polyubiquitin-
binding preference of rap80. Mol. Cell, 33, 775-783.
Tokunaga, F., Sakata, S., Saeki, Y., Satomi, Y.,
Kirisako, T., Kamei, K. et al. (2009). Involvement of
linear polyubiquitylation of NEMO in NF-kappaB
activation. Nat. Cell Biol. 11, 123-132.

Eddins, M. J., Varadan, R., Fushman, D., Pickart, C. M.
& Wolberger, C. (2007). Crystal structure and solution
NMR studies of Lys48-linked tetraubiquitin at neutral
pH. J. Mol. Biol. 367, 204-211.

Tenno, T., Fujiwara, K., Tochio, H., Iwai, K., Morita,
E. H., Hayashi, H. ef al. (2004). Structural basis for
distinct roles of Lys63- and Lys48-linked polyubiqui-
tin chains. Genes Cells, 9, 865-875.

Varadan, R., Assfalg, M., Haririnia, A., Raasi, S.,
Pickart, C. & Fushman, D. (2004). Solution conforma-
tion of Lys63-linked di-ubiquitin chain provides clues
to functional diversity of polyubiquitin signaling.
J. Biol. Chem. 279, 7055-7063.

Pickart, C. M. & Raasi, S. (2005). Controlled synthesis
of polyubiquitin chains. Methods Enzymol. 399, 21-36.
Otwinowski, Z. & Minor, W. (1997). Processing of X-
ray diffraction data collected in oscillation mode.
Methods Enzymol. 276, 307-326.

Vagin, A. & Teplyakov, A. (1997). MOLREP: an
automated program for molecular replacement.
J. Appl. Crystallogr. 30, 1022-1025.

CCP4. (1994). The CCP4 Suite: programs for protein
crystallography. Acta Crystallogr, Sect. D: Biol.
Crystallogr. D50, 760-763.

Emsley, P. & Cowtan, K. (2004). Coot: model-building
tools for molecular graphics. Acta Crystallogr., Sect. D:
Biol. Crystallogr. 60, 2126-2132.

Murshudov, G. N., Vagin, A. A. & Dodson, E. ].
(1997). Refinement of macromolecular structures by
the maximum-likelihood method. Acta Crystallogr.,
Sect. D: Biol. Crystallogr. 53, 240-255.

Konarev, P., Volkov, V., Sokolova, A., Koch, M. &
Svergun, D. (2003). PRIMUS: a Windows PC-based
system for small-angle scattering data analysis.
J. Appl. Crystallogr. 36, 1277-1282.

Svergun, D., Baraberato, C. & Koch, M. (1995).
CRYSOL—a program to evaluate X-ray solution
scattering of biological macromolecules from atomic
coordinates. J. Appl. Crystallogr. 28, 768-773.

Pelican, M., Hura, G. L. & Hammel, M. (2009).
Structure and flexibility within proteins as identified



1124

Lys63-Linked Tetra-Ub Structure and Conformation

32.

33.

34.

35.

36.

37.

through small angle X-ray scattering. Gen. Physiol.
Biophys. 28, 174-189.

Vijay-Kumar, S., Bugg, C. E. & Cook, W. J. (1987).
Structure of ubiquitin refined at 1.8 A resolution.
J. Mol. Biol. 194, 531-544.

Thrower, J. S., Hoffman, L., Rechsteiner, M. & Pickart,
C. M. (2000). Recognition of the polyubiquitin
proteolytic signal. EMBO J. 19, 94-102.

Eddins, M. J., Carlile, C. M., Gomez, K. M., Pickart,
C. M. & Wolberger, C. (2006). Mms2-Ubcl3 cova-
lently bound to ubiquitin reveals the structural basis
of linkage-specific polyubiquitin chain formation.
Nat. Struct. Mol. Biol. 13, 915-920.

Hicke, L., Schubert, H. L. & Hill, C. P. (2005). Ubiquitin-
binding domains. Nat. Rev. Mol. Cell Biol. 6, 610-621.
Beal, R., Deveraux, Q., Xia, G., Rechsteiner, M. &
Pickart, C. (1996). Surface hydrophobic residues of
multiubiquitin chains essential for proteolytic target-
ing. Proc. Natl Acad. Sci. USA, 93, 861-866.

Beal, R. E., Toscano-Cantaffa, D., Young, P., Rechsteiner,

38.

39.

40.

41.

M. & Pickart, C. M. (1998). The hydrophobic
effect contributes to polyubiquitin chain recognition.
Biochemistry, 37, 2925-2934.

Raasi, S., Orlov, I, Fleming, K. G. & Pickart, C. M.
(2004). Binding of polyubiquitin chains to ubiquitin-
associated (UBA) domains of HHR23A. ]J. Mol. Biol.
341, 1367-1379.

Ea, C., Deng, L., Xia, Z., Pineda, G. & Chen, Z. ]J.
(2006). Activation of IKK by TNFalpha requires site-
specific ubiquitination of RIP1 and polyubiquitin
binding by NEMO. Mol. Cell, 22, 245-257.

Rahighi, S., Ikeda, F., Kawasaki, M., Akutsu, M.,
Suzuki, N., Kato, R. et al. (2009). Specific recognition of
linear ubiquitin chains by NEMO is important for
NF-kappaB activation. Cell, 136, 1098-1109.

Putnam, C. D., Hammel, M., Hura, G. L. & Tainer, J. A.
(2007). X-ray solution scattering (SAXS) combined
with crystallography and computation: defining ac-
curate macromolecular structures, conformations and
assemblies in solution. Q. Rev. Biophys. 40, 191-285.



	The Structure and Conformation of �Lys63-Linked Tetraubiquitin
	section1
	Experimental details
	Crystal structure of Lys63 tetra-Ub
	Recognition surface of Lys63-linked Ub
	SAXS studies of Lys63 tetra-Ub in solution

	Accession number

	Acknowledgements
	References




