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Ubiquitin (Ub) is a small protein highly conserved among eukaryotes and involved in practically all aspects of
eukaryotic cell biology. Polymeric chains assembled from covalently-linked Ub monomers function as molec-
ular signals in the regulation of a host of cellular processes. Our previous studies have shown that the pre-
dominant state of Lys48-linked di- and tetra-Ub chains at near-physiological conditions is a closed
conformation, in which the Ub–Ub interface is formed by the hydrophobic surface residues of the adjacent
Ub units. Because these very residues are involved in (poly)Ub interactions with the majority of Ub-
binding proteins, their sequestration at the Ub–Ub interface renders the closed conformation of polyUb bind-
ing incompetent. Thus the existence of open conformation(s) and the interdomain motions opening and clos-
ing the Ub–Ub interface is critical for the recognition of Lys48-linked polyUb by its receptors. Knowledge of
the conformational properties of a polyUb signal is essential for our understanding of its specific recognition
by various Ub-receptors. Despite their functional importance, open states of Lys48-linked chains are poorly
characterized. Here we report a crystal structure of the open state of Lys48-linked di-Ub. Moreover, using
NMR, we examined interactions of the open state of this chain (at pH4.5) with a Lys48-linkage-selective re-
ceptor, the UBA2 domain of a shuttle protein hHR23a. Our results show that di-Ub binds UBA2 in the same
mode and with comparable affinity as the closed state. Our data suggest a mechanism for polyUb signal rec-
ognition, whereby Ub-binding proteins select specific conformations out of the available ensemble of polyUb
chain conformations. This article is part of a Special Issue entitled: Ubiquitin Drug Discovery and Diagnostics.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ubiquitin (Ub) is a small, 76 a.a. protein [1], highly conserved
among eukaryotes and involved in practically all aspects of eukaryotic
cell biology [2]. Polymeric chains assembled from covalently-linked
Ub monomers function as molecular signals [3] in the regulation of
a host of cellular processes, ranging from progression through the
cell cycle, to transcriptional activation, antigen processing, and vesic-
ular trafficking of proteins (reviewed e.g. in [2,4–8]). Very remark-
ably, tagging of a protein with polyubiquitin (polyUb) chains of
different linkages commits it to distinct fates in the cell (e.g. [3,7]).
Specifically, while K48-linked polyUb chains tag proteins for protea-
somal degradation [9,10], K63-linked chains are involved in a variety
of non-degradative processes [11–15], and K11-linked chains appear
to act both as regulatory and proteolytic signals [8,16,17]. Detailed
understanding of the molecular mechanisms underlying specific rec-
ognition events is required in order to comprehend the scope of Ub-
mediated signaling events and the ability of polyUb to serve as such
biquitin Drug Discovery and

es Bldg (#296), Center for Bio-
Maryland, College Park, MD
314 0386.

l rights reserved.
a versatile and at the same time specific signal. This is critical for de-
signing drugs that target Ub-mediated signaling pathways.

NMR studies have shown that while K63-linked chains adopt an
extended conformation in solution [18], the predominant state of
K48-linked di- and tetra-Ub chains (Ub2 and Ub4, respectively) at
near-physiological conditions is a “closed” conformation [19,20], in
which the interdomain interface is formed by the surface hydropho-
bic patches [21,22] (formed by residues L8, I44, and V70) of the adja-
cent Ub units (Fig. 1). Because these very residues are involved in
(poly)Ub's interactions with the majority of the Ub-binding proteins
(UBP) [23], their sequestration at the Ub–Ub interface renders the
closed conformation of polyUb binding incompetent [24]. Thus the
existence of open conformation(s) of polyUb, combined with interdo-
main motions opening the Ub–Ub interface and making the
hydrophobic-patch residues available for binding, is absolutely criti-
cal for the recognition of K48-linked polyUb by its receptors. The
structure of K48-linked Ub2 in complex with the Ub-associated
(UBA2) domain of the shuttle protein hHR23a serves as an illustration
of such an opening [25]. Moreover, the sandwich-like binding mode
observed in this complex provides a structural mechanism underlying
the K48-linkage selectivity exhibited by UBA2 and several other UBA
domains [25,26]. Recent studies have demonstrated that UBPs could
vary in their binding preferences toward a particular lysine linkage
[26,27]. Unlike the hHR23a UBA2 that forms a sandwich-like complex
[25] with K48-linked Ub2, some UBPs, for example, the UBA domain
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Fig. 1. Crystal structures of Ub and various conformations of K48-linked di- and tetraUb chains. (A) Ribbon and surface representations of Ub structure (PDB ID: 1UBQ). (B and C) Ribbon
and surface representations of the closed conformation of Ub2 (PDB ID: 1AAR). (D and E) Ribbon and surface representations of the open structure of Ub2 determined here. (F) Surface
representation of the closed conformation of Ub4 (PDB ID: 2O6V). (G) Surface representation of the open conformation of Ub4 (PDB ID: 1TBE). Following the established terminology
for Ub2 chains, the Ub unit bearing the free C-terminus is referred to as “proximal”, while the other Ub, connected to the proximal Ub via isopeptide bond, is called “distal”. In the Ub2
molecules shown here, the distal Ub is colored blue, the proximal Ub is green. In the Ub4 chains, Ub monomers 1 through 4 (starting with the distal) are colored blue, green, orange,
and light blue. In all these drawings, the hydrophobic patch residues L8, I44, and V70 are colored red; their side chains are shown in sphere representation in the ribbon drawings.
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of ubiquilin-1 (hPLIC-1) and the UIMs of S5a, bind to both Ub units in
the chain independently [28–30]; such binding could require further
opening of the chain [29,30]. Therefore, understanding of the struc-
tural range of the available conformations of Ub2 is essential for our
understanding of how this and longer chains interact with and are
specifically recognized by various Ub-chain receptors in the cell.

It seems reasonable to assume that the conformational ensemble
of K48-linked Ub2 comprises multiple conformations, both open and
closed, and in sufficiently fast exchange with each other, such that a
ligand molecule could select/bind the proper conformation, thus
shifting the conformational equilibrium in the ensemble toward the
bound state. Indeed, multiple NMR data from our laboratory revealed
that in solution K48-linked Ub2 exists in fast dynamic equilibrium (on
~10–40 ns time scale) between at least three major conformations
[31–33]: the closed one (similar to that observed in the Ub2 crystals
[34–36]), an “open” conformation (previously not observed) with
no contact between the hydrophobic patches on Ub units, and an “in-
termediate” conformation, which resembles the UBA2-bound state
[25]. Importantly, the very fact that only a single set of NMR signals
is observed in a wide range of conditions (pH from 4.5 up to 8.0)
clearly indicates that all these states are in fast exchange on the
NMR time scale. Moreover, this equilibrium is pH-dependent: the
closed state is predominantly populated at neutral pH (up to 85–
90% at pH 6.8) while the open state becomes predominant at acidic
conditions (~80% at pH 4.5) [19,32]. Our previous NMR data
[19,31,32] provided low-resolution snapshots of open conformations
of K48-linked Ub2, however, only closed conformation(s) of this chain
have been observed in crystals [34,36].

A recent study combining X-ray crystallography and NMR [20]
showed that pairs of adjacent Ub units in K48-linked Ub4 adopt a
closed conformation that is essentially identical to that of Ub2. This
identifies Ub2 as the structural element of Ub4 and longer chains. In-
terestingly, while both closed and open forms (with and without, re-
spectively, hydrophobic contacts between Ub monomers) of K48-
linked Ub4 were observed in crystals [20,37,38], only closed forms
of K48-linked Ub2 were reported thus far.

Despite the functional importance of the interface opening in K48-
linked Ub2 [24], the open states of this chain are poorly characterized.
They have not been directly observed experimentally, and the only
available structural information on the open conformations of this
chain is in the form of low-resolution models obtained from analyses
of 15N relaxation data [19,31–33]. Moreover, binding properties of the
open states of K48-linked Ub2 are not known. Thus, among the out-
standing questions to be addressed are: what is the open state of
K48-linked Ub2? Is it binding competent? Is the closed conformation
of K48-linked Ub2 required for the K48-linkage-specific (sandwich-
type) binding or can the open conformation of K48-linked Ub2 result
in the same binding mode?

To address some of these questions, here we report a crystal struc-
ture of the open state of K48-linked Ub2. Moreover, using NMR, we
examined interactions between the open state of this chain and a
K48-selective receptor, the UBA2 domain of hHR23a. We show that,



Table 1
X-ray data collection and refinement statistics.

Data collection Lys48-linked Ub2
Space group P21
Cell dimensions
a, b, c (Å) 24.05, 56.50, 46.84
α, β, γ (°) 90, 93.37, 90

Molecules/Asym. unit 1
Wavelength (Å) 0.97927
Resolution (Å) 40–1.71
Rsym (last shell) 0.073 (0.18)
I/σI 17.3 (5.4)
Completeness (%) 94.4 (72.7)
Redundancy 4.5 (3.7)

Refinement
Resolution (Å) 18.3–1.71
Rwork/Rfree (%) 18.6/23.7
Residues 149
Solvent Water: 133, glycerol: 2, HEPES: 1
Mean B-factors (Å)2 21.1
RMS deviations
Bond lengths (Å) 0.006
Bond angles (°) 1.115

Ramachandran plot
Favored 100.0%
Additional allowed 0.0%
Disallowed 0.0%
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despite being in an open state at pH 4.5, K48-linked Ub2 is capable of
binding UBPs in the same, sandwich-like mode as at neutral pH
(where the chain is predominantly in the closed state). We propose
a mechanism for polyUb signal recognition by receptors, whereby
Ub-binding proteins select a specific conformation out of the available
ensemble of chain conformations.

2. Materials and methods

2.1. Proteins

Ub variants, Ub(K48R) and Ub(D77), were expressed and purified
as described [39]. The UBA2 of hHR23a was purified as detailed in
[18]. For uniform 15N enrichment, Escherichia coli cells were grown
in self-inducing medium [40] with 15NH4Cl as the sole source of nitro-
gen. Unlabeled and segmentally 15N-labeled Ub2 chains were synthe-
sized through the E1/E2-catalyzed reaction as described elsewhere
[19,41]. Ub2 was separated from unreacted monoUb using a HiLoad
16/60 Superdex 75 prep grade gel filtration column using a 50 mM
ammonium acetate, 150 mM NaCl, 5 mM DTT, and 1 mM EDTA pH
4.5 buffer. Pure Ub2 fractions were collected and verified by SDS-
PAGE and NMR.

2.2. Crystallography

The Ub2 sample used in crystallographic studies was synthesized
using the same method as for NMR samples [19,41]. We originally
attempted to co-crystallize Ub2 with the UBA domain of ubiquilin-1
(human homologue of Dsk2), also known as hPLIC-1 [29]. However,
the UBA domain was excluded from the crystals during crystalliza-
tion, leaving us with the crystals of pure Ub2. Screening was per-
formed using complex protein solution at 20 mg/ml. Crystals were
obtained in 100 mM HEPES, pH 7.5, and 20% polyethylene glycol,
and cryoprotected in crystallization buffer and 15% ethylene glycol.
The X-ray diffraction data were collected at Argonne National Labora-
tory Advanced Photon Source and processed using HKL2000 [42]. The
structure was solved using molecular replacement, with the crystal
structure of monoUb (PDB ID: 1UBQ) as the starting model, using
MOLREP and refined using REFMAC5 [43–46]. We obtained two Ub
molecules per asymmetric unit, which we then confirmed to be
linked by an isopeptide bond by observing the difference electron
density. Data collection and refinement statistics are shown in
Table 1.

2.3. NMR

All NMR experiments were performed using standard pulse se-
quences on a Bruker 600 MHz spectrometer equippedwith a cryoprobe.
The sample temperature was 23 °C. 1H–15N correlation spectra (HSQC
and SOFAST) were acquired with the spectral widths (typically) of
7800 Hz and 2100 Hz for the 1H and 15N dimensions, respectively. A
total of 256 t1 increments were collected with 2048 complex points in
each. The spectra were processed using XWINNMR or TopSpin (Bruker
Biospin). The amide chemical shift perturbations (CSPs) were calculat-
ed using the following equation: δ ¼ δH2 þ δN2=25

� �1
2= , where ΔδH

and ΔδH are resonance shifts in 1H and 15N, respectively.
The UBA2 construct alone proved to be unstable at high concen-

trations at low pH; this made it challenging (or almost impossible)
to prepare and keep a high concentration stock of UBA2 at pH4.5 for
the titration. Therefore, titrations were performed by starting with
300 μl of 1.15 mM 15N labeled monoUb or Ub2 at pH4.5 (50 mM
NaOAc buffer) and adding 10 μl portions (up to 70 μl total) of the con-
centrated (5 mM) UBA2 stock at pH6.8 (20 mM phosphate buffer).
The change in pH upon the addition of phosphate buffer to the
NaOAc buffer was very limited, in the 0.1–0.2 pH unit range, as veri-
fied by direct measurements of separate mixtures (mimicking the
titration) of the corresponding buffers. We also separately verified
that the spectra of Ub before and after the addition of the same
amount of phosphate buffer alone (without UBA2) were almost iden-
tical. These control NMR experiments ensured that the changes in the
spectra in the course of titrations were not from the change in the
buffer. For reciprocal titrations, of 15N UBA2 with monoUb or Ub2,
both binding partners were prepared in the same buffer (50 mM
NaOAc, pH 4.5).

3. Results

3.1. Crystal structure of an open state of K48-linked Ub2

We obtained crystals of K48-linked Ub2 that diffracted at 1.71 Å
resolution. The protein crystallized in space group P21 symmetry,
with a single Ub2 molecule per asymmetric unit. Data collection and
refinement statistics are presented in Table 1. The structure of the
protein determined at these conditions is shown in Fig. 1D and E. In
contrast to the previously described crystal structures of K48–Ub2
[34,36] (Fig. 1B and C), this structure depicts an “open” conformation
of the chain, with no hydrophobic contact between the two Ubmono-
mers. However, this Ub2 conformation is almost identical to that
formed by Ub units 1 and 2 as well as 3 and 4 in another published
structure of K48-linked Ub4 [37] (PDB ID: 1TBE, Fig. 1G): these units
superimpose with the backbone RMSD of 0.33 Å (Fig. 2A). Interest-
ingly, the Ub2 structure obtained here is also almost identical to that
formed by the “middle” two units, 2 and 3, in the same Ub4 structure:
the corresponding backbone RMSD is 0.33 Å (Fig. 2B). This symmetry
between all pairs of adjacent monomers is perhaps not surprising,
since in the absence of specific hydrophobic inter-monomer contacts
neither pair is expected to be different from the others. These results
clearly indicate general relevance of the open Ub2 structure observed
here to the open conformation(s) of Ub4 and longer polyUb chains, in
that this Ub2 serves as the building element of the longer chains.

Interestingly, despite being in an open conformation with no hy-
drophobic contacts between the Ub units, the K48-linked Ub2 chain
obtained here is quite compact. The radius of gyration, Rg=16.8 Å,
computed for the structure in Fig. 1D and E only slightly exceeds
16.0 Å computed for the closed conformation (PDB ID: 1AAR, Fig. 1B
and C), both being slightly below 17.4 Å measured by small-angle
X-ray scattering at pH6.8 [47].
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3.2. Crystallographic contacts reveal multiple polar interactions between
ubiquitins

Because of the absence of intra-chain hydrophobic-patch contacts
between Ubmonomers (typically observed in K48-linked Ub2 in solu-
tion and crystals), it is natural to expect that the Ub2 conformation
obtained here is stabilized by inter-chain crystallographic contacts.
In fact, the Ub4 structure 1TBE superimposes ideally on the two
neighboring Ub2 molecules in our crystals (Fig. 2C), the backbone
RMSD is 0.34 Å. This indicates that the contacts (both intra- and
inter-chain) between Ub units observed in our crystals are the same
as in the “open” conformation of Ub4 (PDB ID: 1TBE) and likely to
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and H-bond with E24 (R72) and D58 and the backbone carbonyl of
G53 (R74) of the proximal Ub from the symmetry related chain
(Fig. 2E). On the other end, K48, E51, R54 and Y59 of that distal Ub in-
teract with a single residue D39 on that proximal Ub of the other Ub2
molecule, via salt-bridges with its side chain and H-bonds with the
backbone amide nitrogen and carbonyl oxygen (Fig. 2F). In the center
of the interface, the only interactions are H-bonds between Q49 from
the distal Ub with E24 of the proximal Ub, and between the side chain
of R42 (distal Ub) and the backbone carbonyl oxygen of D52 (proxi-
mal Ub). There are no hydrophobic contacts in the interface. This in-
terface, rich with polar contacts, is utilized by each Ub2 molecule to
interact with its neighbors to generate the crystal lattice in one direc-
tion. In addition, the proximal Ubs of the two neighboring (symmetry
related) Ub2 molecules contact each other via a single H-bond be-
tween D32 and K6 as well as van der Waals contacts between N25
and A46 and between D32 and H68 (Fig. 2D, spheres). Similar con-
tacts are present between the distal Ubs of the same two molecules
(Fig. 2D, sticks). All these interactions between the neighboring mol-
ecules as well as similar (intra-chain) interactions within each Ub2
molecule contribute the bulk of the crystal packing interaction energy
for the open conformation in one plane of the crystal lattice.

Noteworthy, the hydrophobic-patch residues L8, I44, and V70 that
mediate interactions at the hydrophobic Ub–Ub interface in the closed
conformation of K48-linked Ub2 are not involved in the crystal packing
interactions, except for van der Waals contact between L8 of the distal
Ub and I36 of the proximal Ub (and vice versa) of a symmetry related
molecule above or below the plane of Ub2 assemblies shown in
Fig. 2D. These and additional crystal packing interactions between the
Ub2 planes generate the crystal lattice in the third dimension and are
not likely to be physiologically relevant.
3.3. Does the open conformation of K48-linked Ub2 represent the chain's
structure at physiological conditions?

That the open conformation of K48-linked Ub2 is stabilized by
inter-chain contacts in the crystal, which are not expected to be pre-
sent under physiological conditions, raises the question: How relevant
is the current Ub2 structure to the chain's conformation in solution?
Clearly, given the transient character of intra-chain Ub–Ub interac-
tions [19] and the conformational flexibility of the Ub–Ub linker
[48] (see also Fig. 3G), the effect of packing forces cannot be underes-
timated. In order to examine the relevance of the open Ub2 structure
at near-physiological conditions, we turned to our solution NMR data
for K48-linked Ub2 [19,48].

Inspection of the open-state crystal structure of K48-linked Ub2
revealed several non-covalent intra-chain contacts between Ub
monomers, which are similar to the inter-chain interactions de-
scribed above. These include possible H-bonds between the side
chains of D52 of the distal Ub and Q49 of the proximal Ub, D39 (dis-
tal) Ub and Y59 and R54 (proximal), the isopeptide nitrogen of K48
(proximal) and the backbone carbonyl of D39 (distal), and the side
chain of E51 (proximal) and the backbone amide of D39 (distal). Al-
together, the distal D39 potentially participates in five interactions
at the interface between the two Ub molecules. However, there are
essentially no intra-chain hydrophobic interactions. This is in stark
contrast with strong and highly specific chemical shift perturbations
(CSPs) observed by NMR in the hydrophobic-patch residues at neu-
tral and higher pH (6.8–8.0) and indicative of a hydrophobic contact
between Ub units in the chain [19,24]. Furthermore, the interdo-
main orientation in the open state of Ub2 (Fig. 1D) is inconsistent
with the 15N relaxation data and residual dipolar couplings (RDCs)
measured at neutral pH (see [19,48] and also Fig. 3). All these results
suggest that the open conformation of K48-linked Ub2 likely repre-
sents a low-populated rather than the predominant state of the
chain at neutral pH.
3.4. K48-linked Ub2 is in open state at acidic conditions

In contrast to neutral pH, no non-covalent intra-chain contacts be-
tween Ubmonomers were detected in our NMR studies of K48-linked
Ub2 at acidic conditions (pH 4.5) [19]. Thus, it seems reasonable to ex-
pect that the crystal structure of an open state of Ub2 obtained here
(Fig. 1D and E) is more relevant to the Ub2's state at low pH. Indeed,
this structure shows no hydrophobic-patch contacts between Ub
monomers, and therefore generally agrees with our NMR data at
low pH. The natural question then is, whether this structure represents
the predominant conformation of K48-linked Ub2 in solution at acidic
conditions. A detailed comparison with our 15N relaxation data and
1H–15N RDCs measured at pH 4.5 indicates that it is not the case.
For example, while the structure of each Ub unit fits the 15N relaxa-
tion data quite well (the correlation coefficients are 0.94 for the distal
(Q=0.24) and 0.95 (Q=0.21) for the proximal Ub), fitting the same
data for the two Ub units together reduced the correlation dramatical-
ly (r=0.63, Q=0.59) (Fig. 3). This indicates that the open Ub2 struc-
ture observed in the crystals—while being a valid snapshot of a
particular conformation of this chain—does not represent the full con-
formational ensemble of Ub2. Furthermore, the interdomain orienta-
tion in the open structure (Fig. 1D) differs from that derived from
15N relaxation measurements at acidic pH (see [19,48]), thus suggest-
ing that this structure does not represent the average solution confor-
mation of Ub2 at these conditions. The analysis of 1H–15N RDC data
yields similar results (not shown). Note that of all residues involved
in the polar intra-chain contacts in the open structure (see above),
only Y59, K48, and Q49 (all in the proximal Ub) show noticeable
shifts in the amide NMR signals compared to free Ub at pH 4.5 (see
[19]); the perturbations in the latter two residues, however, could
reflect K48's involvement in the isopeptide bond.

The rotational diffusion tensors extracted from the 15N relaxation
data (at pH 4.5) for each Ub unit in Ub2 (Fig. 3) show a two-fold
slower tumbling compared to monomeric Ub (τc~8.4 ns versus
4.3 ns) and the degree of rotational anisotropy (~1.5), consistent
with the two Ubs tumbling as a single moiety (to a first approxima-
tion). However, the backbone order parameters extracted from
the 15N relaxation data at pH 4.5 (Fig. 3G) and at pH 6.8 [48] clearly
indicate that the C-terminus of the distal Ub is quite flexible
(S2~0.4), albeit less flexible than the free C-terminus of the proximal
Ub. These data point to some degree of interdomain dynamics that
inevitably results in conformational flexibility of Ub2 in solution.

3.5. UBA2 binding to monoUb at acidic conditions

As shown in [25], the extended hydrophobic pocket and the ability
of K48-linked Ub2 to bind receptors in a sandwich-like fashion are the
underlying structural determinants for the K48-linkage selectivity ob-
served in the UBA domains. Note that the Ub2–UBA2 complex, with
the sandwich-like arrangement of the two Ub units around UBA2,
was observed at neutral pH, where the closed form of Ub2 is predom-
inant. K48-linked Ub2 can also exist in an open, albeit less populated,
state at these conditions, as evident from the fact that the crystal
structure obtained in this study was observed in crystals grown at
pH 7.5. That the hydrophobic patches of both Ubs are exposed and
available for ligand binding in the open state of Ub2 raises several im-
portant questions, namely, (i) if the Ub2 chain in this state is still ca-
pable of binding UBA2, and (ii) if it binds UBA2 in a similar fashion as
for the predominantly closed state or perhaps as for the open, K63-
linked Ub2 (in other words, will the open state of Ub2 close to form
a sandwich-like complex with UBA2 or will it remain open in the
UBA2 bound state?). To address these questions, we needed the envi-
ronment that would allow us to “lock” K48-linked Ub2 in an open
state. As mentioned above, our NMR data clearly show that at pH
4.5 the preferred state of K48-linked Ub2 is an open state, with no
non-covalent intra-chain contacts between Ub monomers. Therefore
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we chose these conditions to examine the ligand-binding properties
of the open state of K48-linked Ub2.

Prior to characterizing the UBA2's binding to Ub2, we examined its
binding to monoUb. The rationale for these studies was twofold. First,
no studies of Ub binding to UBA2 or other Ub-receptor were performed
at acidic pH so far. Second, these data serve as a control, if we want to
understand whether binding to Ub2 is different from binding to
monoUb or, in other words, whether UBA2 binds to K48-linked Ub2
differently from independent binding to each individual Ub monomer
in an open chain. Note in this regard that UBA2's binding to K63-
linked Ub2 (which is in open conformation) is essentially the same as
binding tomonoUb [18], i.e. the two Ub units in that chain behave as in-
dependent UBA2-binding sites.

These binding studieswere performed by “looking” at both interact-
ing partners using NMR spectroscopy. Specifically, 15N labeled Ub was
titratedwith unlabeled UBA2, and vice versa, and the bindingwasmon-
itored through changes in the 1H–15N HSQC spectra recorded at each
titration step (see e.g. [25,29]). The results are summarized in Fig. 4.
Overall, the mode of Ub–UBA2 binding is similar to that at neutral pH.
The binding interface on Ub involves the hydrophobic-patch surface
centered at residues L8, I44, V70. On the UBA2 side, the spectral pertur-
bations observed involve the loop connecting helices α1 and α2 (resi-
dues 330–332) and the N-terminus of helix α3 (residues 348–352)—
the “canonical” Ub-binding surface on the UBAs [18,25,29,49,50]. Also
the relatively weak affinity (Kd~215±35 μM) is characteristic for the
UBA2 binding to monomeric Ub [18,49]. All these data indicate that
the monoUb–UBA2 interaction at pH 4.5 is similar to that at neutral
pH, thus setting the stage for studies of UBA2 binding to Ub2.

3.6. Open state(s) of K48-linked Ub2 maintain K48-specific ligand
binding properties

We then performed similar binding studies (at pH 4.5) for K48-
linked Ub2. In order to distinguish between UBA2 binding to the distal
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and the proximal Ub units, we used two Ub2 constructs which are
identical chemically but differ in which Ub unit is 15N enriched
(hence served as a reporter in our NMR measurements). In order to
map the binding surface on hHR23a UBA2, uniformly 15N labeled pro-
tein was titrated with unlabeled Ub2.

The results of our studies are summarized in Fig. 5. In contrast to
UBA2 binding to monoUb (Fig. 4) (and to K63-linked Ub2 [18]), the
two Ub units behaved differently upon their titration with the
UBA2. Here the proximal Ub exhibited spectral perturbations right
away, already at the first titration steps, and the CSPs saturated at
the UBA2/Ub2 molar ratio of approximately 1, suggesting strong
UBA2 binding to this unit, with 1:1 stoichiometry. Fitting the titration
curves (Fig. 5F) yielded Kd values in the micromolar range (1.4±
1.0 μM), which is a dramatic increase in the binding affinity compared
to monoUb. This is consistent with similar observations at neutral pH
[25,27] and indicates that hHR23a UBA2 retains its selectivity for K48-
linkage also at acidic conditions. By contrast, the NMR spectra of the
distal Ub showed very little changes at the beginning of titration.
The perturbations here continued to slowly increase upon further
addition of UBA2 but have not reached saturation at the endpoint of
titration ([UBA2]:[Ub2]=2.7), indicating a significantly weaker bind-
ing compared to the proximal Ub (Fig. 5F). Such differential behavior
of the two Ub units in K48-linked Ub2 in their interaction with
hHR23a UBA2 is fully consistent with that observed at neutral condi-
tions [25]. Furthermore, in full agreement with the mode of binding
(previously observed at pH 6.8 [25]) in which UBA2 first binds to
the proximal Ub and the Ub–Ub linkage, the perturbation of the iso-
peptide signal saturated at the same titration steps as the backbone
amides in the proximal Ub, and several residues in the distal Ub
(T7, V70, and later I44 and the C-terminus) showed strong signal at-
tenuations early in the titration.

Using NMR, we also monitored binding “reported” by the UBA2
domain. The spectral perturbations observed in 15N-labeled UBA2
upon binding to Ub2 suggest that additional UBA2 residues are affect-
ed compared to monoUb binding. Importantly, we detected strong
perturbations in helix α2 located on the “backside” of UBA2
(Fig. 5G) which are the hallmark of the sandwich-type binding at
neutral pH [25]. It is noteworthy that many UBA2 signals were
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significantly broadened, often beyond detection. Such behavior is in-
dicative of an intermediate or slow exchange on the NMR time scale,
reflecting slow off-rates, hence stronger binding. The detection of
residue-specific CSPs and signal attenuations allowed us to map out
the Ub2-binding surface, which now includes the “backside” of
UBA2, and is consistent with the sandwich-like mode observed at
neutral pH.

In order to assess the stoichiometry of the binding interactions, we
measured the rates of spin-relaxation of 1H and 15N nuclei, which re-
flect the rates of the overall tumbling of a molecule, and therefore are
a sensitive indicator of the size of the complex. The transverse relax-
ation time of amide protons (1H T2) showed a decrease from ~50 ms
for free monoUb to 28.5 ms for the Ub–UBA2 complex, generally con-
sistent with the 1:1 stoichiometry of binding. Upon titration with
UBA2, the 1H T2 decreased from ~25 ms for free Ub2 to 16.8 ms for
UBA2–Ub2 complex at the 1.1:1 molar ratio, suggesting that at these
conditions approximately one UBA2 molecule is bound to Ub2. Add-
ing more UBA2 to Ub2 resulted in a further increase of the size of
the complex, as evident from the increase in the 15N longitudinal re-
laxation time (T1) from 699±38 ms for the free Ub2 to T1=961±
49 ms measured for the distal Ub at the endpoint of titration
([UBA2]:[Ub2]=2.7). The latter value corresponds to the molecular
weight of approximately 26±2 kDa [25], which falls between
23.2 kDa and 29.2 kDa expected for 1:1 and 2:1 UBA2:Ub2 complexes,
respectively. This is consistent with the onset of binding of a second
UBA2 molecule, presumably to the distal Ub (Fig. 5), as has also
been observed at neutral pH [25].

All these results indicate that despite being in the open state, K48-
linked Ub2 is perfectly capable of binding its receptors (e.g., hHR23a
UBA2) in the same (sandwich-like) mode as for the closed state and
with comparable affinities.
4. Discussion

Unlike other post-translational modifications of proteins, such as
phosphorylation, acetylation, methylation, etc., the covalent attach-
ment of ubiquitin or a polyubiquitin chain results in a vast range of
potential signals, thus providing a versatile signaling mechanism for
various cellular events. Using a protein as the signaling unit allows
selection of binding partners (proteins or protein domains) capable
of forming large and specific interaction surfaces with Ub. Having
multiple Ubs in one chain not only serves the purpose of enhancing
the “strength” of the Ub-signal but also—and perhaps most impor-
tantly—results in numerous spatial arrangements of the Ub-signals
(hence potentially a new signal) by virtue of the various ways how
Ub monomers can be linked to each other. Ub interacts with the ma-
jority of its binding partners through a rather shallow hydrophobic
patch on its surface, surrounded by several basic residues, whereas
the acidic side chains are mostly located on the opposite face of the
protein. The underlying structure–function hypothesis is that the
chain linkage (and possibly chain length) defines the ensemble of
structures/conformations that a particular chain can adopt [3,23],
wherein each conformation displays a unique three-dimensional ar-
rangement of the hydrophobic patches and/or other ligand-binding
features. This, in turn, defines the chain's ability to interact with spe-
cific receptors (which often contain several Ub-binding domains) in a
linkage-dependent manner (e.g. [25,26,30,51–53]). This mechanism
of linkage specificity hinges on conformational flexibility of polyUb,
which is due in part to Ub's flexible C-terminus (residues 72–76)
and in part to the weak interactions (hydrophobic or polar) between
Ub units in the chain. The dynamic nature of polyUb is evident, for ex-
ample, from the various conformations in which K48-linked chains
had been crystallized [20,34,37,38], and the open structure of K48-
linked Ub2 observed in this study provides an additional evidence
for this.
Ironically, the Ub2 structure obtained in crystals grown at pH 7.5
(current study) represents an open form that has not been observed
at this pH in solution, but instead, is predominant at low pH (pH
4.5) [19]. Likewise, the Ub2 structure obtained in crystals grown at
pH 4.5 (PDB ID: 1AAR [34]) is in stark contrast with the NMR data
at that pH, but instead agrees nicely with the chain's conformation
in solution at neutral pH [19]. These results (i) serve as evidence
that both open and closed conformations co-exist at both pH condi-
tions, and (ii) point to intrinsic flexibility of polyUb chains and the
critical role that crystal packing forces could play in shaping their
structures observed in crystals.

Based on our analysis of crystal packing for the open structures of
K48-linked Ub2 and Ub4, it is clear that the open form of Ub2 is pre-
sent in solution and is selected during crystal formation. Also evident
is that the open form of Ub2 is the basic structural unit of the Ub4
chain in 1TBE (Fig. 1G, 2A–C), while the closed form of Ub2 is the
basic structural unit for Ub4 in 2O6V (Fig. 1F) as well as in an alterna-
tive form in 1F9J [38]. Although both Ub2 and Ub4 exist in open forms,
it is likely that the specific structure observed here (and in 1TBE) is a
result of crystal packing forces. Indeed, the crystal packing interfaces
for the open form are largely electrostatic, and all contacts identified
here are considered unlikely to be physiologically relevant by inter-
face and assembly analysis using PDBe PISA [54]. Our solution NMR
data indicate that at physiological conditions both Ub2 and Ub4 prefer
the closed form (stabilized primarily by hydrophobic Ub–Ub con-
tacts) [19], whereas it is an open form of Ub2 (and likely of Ub4)
that is the predominant one at low pH (pH 4.5). The specific 3-D
structure observed in our crystals (and stabilized by the packing
forces) likely represents one of several (if not more) conformations
of K48-linked Ub2 in solution; based on NMR data, the majority of
these chains are in an open state at acidic conditions.

As our biochemical data demonstrate, the open state of Ub2 is an
active, binding-competent form, in which the hydrophobic patches
on Ub units in the chain are exposed and readily available for interac-
tions with UBPs. Even in the context of Ub4 and longer chains, and
even if there is interaction via the polar interfaces seen in the open-
form crystals, the hydrophobic patches on Ub units in these chains re-
main solvent/ligand accessible (Fig. 1E and G). Therefore it is likely
that the open conformation observed in crystals does exist in solution
for some fraction of the time, and could be selected out by specific in-
teractions with a Ub-interacting molecule.

Our analysis of the binding properties of K48-linked Ub2 under
acidic conditions, when the chain is predominantly open, demon-
strates that, despite being in an open conformation, the Ub2 retains
its ability to interact with ligands (specifically UBA2) through a 3-D
conformation that involves a close arrangement of the Ub units
resulting in a sandwich-like complex, similar to that observed at neu-
tral pH, when the Ub2 chain is predominantly closed. Moreover, the
fact that UBA2 binding to this chain is much tighter than to mono-
meric Ub and involves interactions with the linker region, indicates
that UBA2 also retains its selectivity for K48-linkage at low pH.
Thus, regardless of its predominantly populated conformational
state, K48-linked Ub2 is capable of forming a tight, sandwich-like
complex with a K48-linkage selective receptor, like UBA2 of hHR23a.

We propose that hHR23a UBA2 (and possibly other receptors)
bind Ub2 and longer chains through a mechanism in which out of
the ensemble of all available chain conformations that co-exist in so-
lution, UBA2 selects those that are “predisposed” to form a tightly-
bound sandwich-like complex. This picture agrees with our current
and previous observations that K48-linked Ub2 exists in multiple con-
formations which are in fast exchange with each other, and at least
some of them (populated at about 15–20% at both neutral and acidic
pH) resemble those in the Ub2–UBA2 complex (see [31,32]). Following
UBA2 binding to those weakly-populated states of the chain, fast equi-
librium exchange within the conformational ensemble of unbound
Ub2 molecules would re-populate the “predisposed” conformations,
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thus facilitating further UBA2 binding. Weak non-covalent intra-chain
contacts between Ub units (observed here, and also in [19]) together
with the significant flexibility of the covalent Ub–Ub linker (see [48])
are responsible for the intrinsic flexibility of polyUb, and therefore are
the key elements for such mechanism. An alternative explanation, in-
volving an induced-fit mechanism whereby UBA2 would cause open
Ub2 to partially close and closed Ub2 to open, resulting in both cases
in a sandwich-like complex with UBA2, seems less likely.

Many Ub-receptor proteins contain several Ub-binding domains,
most of which recognize the hydrophobic patch on Ub. The specificity
for chains of particular linkages likely lies in the ability of those domains
to act in tandemby recognizing and binding to a specific arrangement of
the hydrophobic patches (or other interaction surfaces) of several Ub
units in the chain. Designing compounds specifically targeting Ub-
signaling pathways could, therefore, require not only detailed atomic-
resolution information on a ligand's interactions with an isolated Ub
monomer, but also knowledge of the structural properties and the ex-
tent of conformational variability for a specific type of polyUb chain.
For example, one might expect that stabilization of the closed confor-
mation of polyUb could universally interfere with UBP's binding to it.
All this emphasizes the necessity and importance of understanding
and treating polyUb chains as structurally dynamic rather than static
signals.

5. Conclusions

Here we report a crystal structure of the open conformation of
Lys48-linked Ub2. The comparison with existing crystal structures of
Lys48-linked polyUb chains shows that the new structure is essential-
ly identical to that formed by the adjacent Ub units in the open con-
formation of Ub4. Because the NMR data indicate that there are no
obvious physical forces that would hold the two Ub units in this par-
ticular conformation in solution, it is natural to anticipate that the Ub2
structure reported here likely represents a snapshot (consistent with
crystal packing forces) of one of many open conformations of this
chain. Nevertheless, this finding is important because it demonstrates
that (i) K48-linked Ub2 can adopt an open conformation in crystals,
and (ii) K48-linked Ub2 does exist in an open form in solution even
at crystallization conditions where the closed Ub2 conformation is
predominant. Furthermore, our results provide structural insights
(important for modeling of polyUb–receptor interactions) into (iii)
a possible conformation of Ub2 in the open state and (iv) the interac-
tions and the conformational space available to Lys48-linked polyUb.
Last but not least, this structure lends further support to the notion
that Ub2 is the minimal structural unit for longer polyUb chains.

Furthermore, our NMR binding studies at acidic conditions, when
the open state of Lys48-linked Ub2 is the predominant one, show that
this chain is capable of binding UBPs in the same mode as observed
for the closed conformation of the chain, predominantly populated
at neutral pH. The finding that Ub2 has similar ligand-binding proper-
ties regardless of the conformational state of the chain that is mostly
populated at specific buffer conditions is generally consistent with a
conformational selection mechanism for ligand recognition of and
binding to polyUb chains.
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