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Summary

Numerous cellular processes are regulated by (poly)ubiquitin-mediated signaling events, which
involve a covalent modification of the substrate protein by a single ubiquitin or a chain of ubiquitin
molecules linked via a specific lysine. Remarkably, the outcome of polyubiquitination is linkage-
dependent. For example, Lys48-linked chains are the principal signal for proteasomal degradation,
while Lys63-linked chains act as non-proteolytic signals. Despite significant progress in
characterization of various cellular pathways involving ubiquitin, understanding of the structural
details of polyubiquitin chain recognition by downstream cellular effectors is missing. Here we use
NMR to study the interaction of a ubiquitin-interacting motif (UIM) of the proteasomal subunit S5a
with di-ubiquitin, the simplest model for polyubiquitin chain, in order to gain insights into the
mechanism of polyubiquitin recognition by the proteasome. We have mapped the binding interface
and characterized the stoichiometry and the process of UIM binding to Lys48- and Lys63-linked di-
ubiquitin chains. Our data provide first direct evidence that UIM binding involves a conformational
transition in Lys48-linked di-ubiquitin which opens the hydrophobic interdomain interface. This
allows UIM to enter the interface and bind directly to the same ubiquitin hydrophobic-patch surface
as utilized in UIM:monoubiquitin complexes. The results indicate that up to two UIM molecules can
bind di-ubiquitin, and the binding interface between UIM and ubiquitin units in di-ubiquitin is
essentially the same for both Lys48- and Lys63-linked chains. Our data suggest possible structural
models for the binding of UIM and of full-length S5a to di-ubiquitin.
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Introduction

The selective degradation of cellular proteins is a precisely regulated process required for
various cellular functions. Breakdown of many short-lived enzymes and various regulatory
and structural proteins is achieved in eukaryotes via the ubiquitin-proteasomal pathway, in
which the attachment of a polyubiquitin (polyUb) chain targets proteins to their degradation
by the proteasome 1
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Ubiquitin (Ub) is a highly conserved, 76-residue globular protein with a flexible unstructured
C-terminal four-residue segment. In a process of post-translational modification called
ubiquitination (e.g. 2) the carboxyl group of the C-terminal glycine of Ub forms an isopeptide
bond with the e-amino of a lysine on a target protein. This modification can result in the
attachment of a single Ub or a polyUb chain, where the consecutive Ubs are also linked via
isopeptide bonds. Remarkably, the number of ubiquitin moieties in the chain and specific lysine
through which they are linked determine the outcome of ubiquitination 3. Thus, while polyUb
chains linked via K48 act as a universal recognition signal that targets proteins for proteasomal
degradation =, 4, K63-linked chains act primarily as regulatory rather than proteolg/tlc 5|gnals
and monoubiquitination is involved in signaling a variety of trafficking events Knowledge
of how the polyUb signal is recognized and processed by the proteasome is required for our
understanding of the nature of specificity and the mechanisms of regulation in the ubiquitin-
proteasomal system.

S5a (Rpnl10inyeast) is an integral subunit of the 19S regulatory complex of the 26S proteasome
and is believed to act as one of the polyUb tag receptors, thereby allowing polyubiquitinated
proteins to be shuttled to the proteasome for degradation 6,7 S5a has two ubiquitin-interacting
motifs (UIM) which adopt a-helical structures 8 and contain a short stretch of residues of
alternating long and short hydrophobic side chains (LALAL motif in UIM-1 and IAYAM in
UIM-2) serving as the primary interacting surface with the hydrophobic patch on Ub 6,8, 9;

0, several groups have reported binding of UIM- contalnm% pegtldes to monomeric Ub
(monoUb) with relatively low affinity (Kq~300 M) 13 , although stronger (73
M) binding was observed for UIM-2 of S5a 14 . Interestingly, UIM-2 domains of S5a and VVps27
bind ubiquitin with higher afflnlty than UIM-1 (5- and 2-fold stronger binding, respectively,
in the case of S5a 8 and Vp527 ) A similar difference between the UIMs of SSa was observed
in polyUb binding, wherein isolated UIM-2 showed a 10-fold greater afflnlty . The solution
structure of a Sba fragment, Sba;gs_306, encompassing both UIMs, in complex with monoUb
8, shows that each UIM interacts independently with the corresponding Ub molecule. It has
been suggested that the hydrophobic contacts between the so-called N-terminal turnin UIM-2
(residues 276-282) and L8, V70, L71 of Ub confer the stronger binding affinity compared to
UIM-1.

The fact that in the S5a;96_305:monoUb complex UIM-1 and UIM-2 are each bound to a
separate Ub molecule suggests that the full length S5a would optimally bind multiple (at least
two) Ub monomers in gogyUb In fact, S5a shows strong binding preference toward longer (n
> 4) polyUb chains 6 Intriguingly, however, the individual UIMs of Sb5a also exhibit
much higher binding affinity for K48-linked polyUb than for monoUb 6. This suggests that
the S5a’s binding preference toward polyUb cannot be attributed solely to the presence of two
UIMs (note in this regard that Rpn10, the yeast homologue of S5a, contains a single UIM,
homologous to UIM-1). This also raises the possibility that polyUb chains might bind UIMs
in a different mode compared to monoUb. Detailed understanding of the reasons for selective
recognition of polyUb chains by S5a requires knowledge of the structural details of the
interaction between polyUb and UIMs, which is currently missing.

Because Sb5a acts as a proteasomal polyUb-tag receptor, characterization of the interaction of
the S5a UIMs with K48-linked polyUb chains could provide clues to the mechanisms of polyUb
tag recognition by the proteasome. Specific questions of interest concern comparison of S5a's
interaction with monoUb versus polyUb and comparison of the mechanisms of S5a binding to
K48-linked and K63-linked polyUb. Intriguingly, the latter chains act;)rlmarily as regulatory
signals, although they also bind S5a 8; 16 and can signal proteonS|s K63- and K48-linked
chains adopt distinct conformations under physiological conditions 3 18. While the former is
in extended conformation 18, K48-linked di- and tetra-ubiquitins are predominantly in a

“closed” conformation 19; 20; 21, with the hydrophobic patch residues L8, 144, and V70 being
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sequestered at the Ub/Ub interface. This interface, however, is not rigidly locked, but rather
dynamic, such that the functionally important residues (L8, 144, VV70) can become exposed and
available for interactions with downstream recognition factors as a result of interface opening.
Moreover, the linkage via K48 allows di-ubiquitin (Ub,) to form an extended hydrophobic
pocket comprising the hydrophobic patches of both Ub units. Reflecting these conformational
differences, K63- and K48-linked Ub, chains bind UBA2 domain of hHR23A in distinct
modes: as two independent Ub-like ligand-binding sites 18 and in a sandwich-like fashion
22 respectively. In the latter complex, the UBA2 domain is inserted into the Ub/Ub interface
and interacts directly with the hydrophobic patches on both ubiquitins. It is therefore of
significant interest to understand if these linkage-dependent mechanisms of binding hold for
other ligands, in particular for the UIMs of S5a. Given that the UIMs bind monoUb at its
hydrophaobic patch, a critical question here is, whether in the case of K48-linked di-ubiquitin
and longer chains the UIMs can compete with the Ub:Ub interaction and bind to the
hydrophobic patches (buried at the Ub/Ub interface) directly or do they bind at some other
sites, perhaps on the outer surface of the closed conformation of the chain.

Here we use NMR to study the interaction of the UIM-2 domain of S5a with di-ubiquitin as
the simplest model for polyubiquitin chain, in order to map the binding interface and gain
insights into the mechanism of complex formation. We also examine UIM-2 binding to
monomeric Ub and to K63-linked Uby, in order to understand the effect of the chain length
and linkage on this interaction.

Mapping the interaction sites between S5ayg3_397 and monoubiquitin

Binding of the isolated UIM-2 containing peptide, S5a»g3_307, to monoUb was investigated
using the chemical shift perturbation (CSP) mapping approach (e.g. 23). Differences in the
resonance frequencies of protein signals detected in the absence and in the presence of a ligand,
under identical experimental conditions, indicate a change in the microenvironment of the
observed nuclei as a direct or indirect result of interaction with the ligand. The CSPs observed
in 1°N-labeled monoUb upon addition of S5asg3_307 (Fig.1a,e) cluster around residues L8, 144,
and V70, consistent with S5ayg3_397 binding to the hydrophobic patch on Ub surface.

In Sbaygz_307, the addition of monoUb caused a considerable change in chemical shifts of more
than 10 residues, most of them located in the helical region and the remaining few in the region
flanking the a-helix (Fig.2a, also Supplementary Material). The magnitude of the perturbations
increased with ubiquitin concentration and saturated at [Ub] / [S5a,3_307] > 1. The largest
CSPs were observed in residues M291, M293, L295, as well as 1287 and Q296, indicating that
monoUb binding involves the hydrophobic IAYAM motif (287-291) and the C-terminus of
the UIM-2's helix. Significant chemical shift changes were also observed in S279-T282 located
in the N-terminal turn which has been implicated in the helix stabilization and binding
interactions with both monoUb 8 and the UBL domain of hHR23A 12; 24, Interestingly,
chemical shifts in the bound state were nearly identical to those observed in UIM-2 complexed
with UBL of hHR23A 24, indicating that UIM-2's interactions with UBL and monoUb are,
indeed, similar.

The stoichiometry of the S5a,63_307:monoUb complex was determined by H transverse
relaxation measurements. Relaxation time T» is inversely proportional to the overall tumbling
time of a protein, which, in turn, is proportional to protein's molecular weight. Using the 1H
T, values for monoUb (50 ms, molecular weight 8.8 kDa) and Ub, (26 ms, 17.4 kDa) 18 55
“molecular weight markers”, the T, of 28 ms measured for the S5ayg3_397:monoUb complex
corresponds to ~16.1 kDa, which indicates a 1:1 stoichiometry (16.5 kDa expected).
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The CSP mapping and relaxation data both indicate that monoUb binds a single S5a»g3_307
molecule and the interaction involves Ub's hydrophobic patch (Fig.1). The same conserved
hydrophobic patch on ubiquitin also serves as the binding surface for several Ub-binding
domains 2%, including UBA 14 18; 22; 26; 27 ang cUE 28; 29; 30 domains, as well as the
other Ub moiety in a K48-linked polyUb chain 19 our surface mapping agrees well with the
solution structure of monoUb:UIM-2 complex 8 (Fig. 1i). Note that the signal of K48 was only
slightly shifted (Ad =0.06 ppm) upon binding, consistent with the observation 8 that this residue

is not directly involved in Ub's interaction with the UIMs of S5a.

Mapping the interaction surface between S5ayg3_397 and Uby

1. Binding surfaces on Ub,—Using segmentally 1°N-labeled K48-linked Ub, chains
synthesized as described in Materials and Methods, we monitored separately perturbations in
the distal and proximal units of Ub, induced by S5ay63_307 binding. As evident from Fig.1, the
perturbations (CSPs and signal attenuations) observed in both Ubs are clustered around the
hydrophobic patch residues L8, 144, and V70, and the perturbed sites are generally consistent
with those in monoUb. Moreover, the magnitudes and the directions of the shifts in the signals
are different from those associated with the opening of the hydrophobic interface in Ub,
(Supplementary Material). These are important observations, because they indicate, for the
first time, that UIM-2 enters the Ub/Ub interface and binds directly to the hydrophobic patch
on either Ub domain in K48-linked Ub,.

2. Binding surface on S5ajg3_397—The CSPs in most residues in S5ayg3_307 in the
presence of K48-linked Ub, were almost identical to those observed in our titration study with
monoUb (Fig.2), both in the magnitude and the direction of the shifts (Supplementary
Material). The magnitude of the perturbations increased with Ub, concentration and saturated
at [Ub,] / [S5azg3_307] > 1. Noticeably weaker CSPs (accompanied by significant signal
attenuation, 75% and 50%, respectively) were observed in 1287 and Q296 located at the binding
interface between UIM-2 and monoUb, while residues C-terminal to Q296 as well as at the N-
terminus of the Sbayg3_3g7 construct (T264, S266, Q268) show small but significant resonance
shifts in the presence of Ub,, indicative of their possible involvement in the binding.
Interestingly, most amides at the N- terminus of S5ayg3_397 (residues 264—-274) show signal
attenuation comparable to that in the a-helix and other Ub-binding sites in this construct
(Supplementary Material), whereas the C- terminal residues (300-307) show a relative increase
in intensity. The latter is consistent with the high flexibility of the C-terminus, which makes
these residues practically insensitive to the slower tumbling of the Ub,-bound part of the
construct. This is in contrast with monoUb binding where the N- and C-termini both behave
as flexible in the UIM-2:monoUb complex, and only the middle part of S5a,g3_307 (278-295)
shows a relative overall decrease in signal intensity reflecting the increased overall tumbling
time of the complex (Supplementary Material). All these observations suggest a possible
involvement of the N-terminal residues of S5ayg3_307 in binding to Ub, (see also below).

The fact that the CSPs are seen on the same “face” of UIM as in the titration with monoUb,
indicates that there is no secondary binding site on S5ayg3_307 for the other ubiquitin moiety
in Ub,. Combined with the mapping data for Ub domains (Fig.1), these results suggest that at
least two UIM-2 molecules are bound to Ub,.

Ubiquitin units in di-ubiquitin chains can bind two UIM-2 moieties independently

To verify the above prediction, the stoichiometry of the S5a,g3_307:Ub, complex was
determined using 1H transverse (T5) and 1°N longitudinal (T;) relaxation time measurements.
A comparison of the measured 1H T,s with those for Ub, (26 ms, 17.4 kDa) and Ub, (13 ms,
34.4 kDa) 18 \vas used to estimate the molecular weight of the S5ayg3_307:Ubo complex.
The 1H T, of 13.6 ms observed independently for two K48-linked Ub, samples (Ub,-D and
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Ub,-P), as well as for K63-linked Ub, (Ub,-P), in the presence of saturating amounts of
S5ayg3_307, corresponds to 32.9 kDa, in good agreement with 32.8 kDa expected for a 2:1
Sbagg3_307: Uby complex. In order to further characterize the binding event, a series of 1°N
T relaxation measurements were performed with increasing S5azg3_307: Ub, molar ratio for
K48-linked Ub, (Table 1). At [S5a,63_307)/[Ub,] = 0.5, the 1°N T, averaged over residues
belonging to Ub core was 796 + 25 ms (mean * std), corresponding to a molecular weight of
~22 kDa, smaller than 25.1 kDa expected for a 1:1 S5a,g3_397:Ubo complex (see the calibration
curve in Fig.4d). Ata 1:1 molar ratio, the average 1°N T4 was 909 + 73 ms, which corresponds
to a molecular weight range of 22-27 kDa, consistent with the molecular weight expected for
a 1:1 complex. At [S5az63-307]/[Ub>] =2, the 1°N T; was 1022 + 130 ms, corresponding to a
molecular weight range of 24-32 kDa, comparable with 32.8 kDa expected for a 2:1 complex.
The results of all these independent measurements thus indicate that a single K48-linked

Ub, chain can bind up to two UIMs.

S5ayg3_307 Shows higher affinity for K48-linked Ub, compared to monoUb

In addition to the strong similarity in the magnitude of the CSPs in UIM-2 bound to monoUb
and Ub,, slow exchange phenomenon was observed in S5a,g3_307 both in the presence of
monoUb and Ub,. Thus, residues M291, M293, L295, and Q296 located at the C-terminus of
the helix, as well as 1287 (of the IAY AM motif) clearly showed a slow-exchange behavior
when titrated with monoUb. A similar picture was observed upon addition of K48-linked
Uby, where signals from the same residues, M291, M293, L295, 1287, as well as M281 (N-
terminal turn) showed strong signal attenuation from the beginning of titration and attenuated
significantly (>80%) already in the presence of 0.2 molar equivalent of Ub,; these signals
reappeared at a different position in the spectrum at the end of the titration (Supplementary
Material).

There are, however, differences in the behavior of S5a,g3_307 signals upon binding to monoUb
and Ub,. Thus, S280, M281, Q292, and S294 exhibit a typical fast exchange behavior upon
addition of monoUb, but are in slow (5280, M281) or intermediate (Q292, S294) exchange in
the presence of Ub,. Intriguingly, significant signal attenuation (>90%) was detected in the N-
terminal residues T265, 1266, and E270 in S5ayg3_307 upon binding to Ub,, while no such
attenuation was observed in its complex with monoUb. Together with the abovementioned
CSPs in this part of the construct, these data indicate that the N-terminus of S5aygz_307 might
be involved in interaction with Ub,. The greater number of sites showing slow or intermediate
exchange (reflecting slower off-rates, hence higher binding affinity) suggests stronger
S5ayg3_307 binding to Ub, than to monoUb. In the UIM-2:monoUb complex, the C-terminus
of the UIM helix containing M291 and M293 contacts 144, G47, and V70 of Ub while L295
is in contact with A46 and G47 8. Residues $280 and M281 are located in the N-terminal turn
that caps the hydrophobic Ub surface formed by L8, V70, L71. Interestingly, all these Ub sites
in both domains in Ub, also show slow or intermediate exchange behavior (Supplementary
Material).

A gel mobility assay of S5a,g3_307 binding to monoUb and Ub, provides a qualitative glimpse
into preferential binding of S5a»43_307 to Ub,. As shown in Figure 3a, in a mixture of Ub, and
S5ayg3_307 (the rightmost lane on the gel), a significant portion of S5a,g3_3p7 migrates with
Ub,, as evident from the decrease in intensity of the S5ayg3_397 band in the presence of Ub,.

In the UIM-2:monoUb structure, the UIM helix is positioned parallel to and in direct contact
with the B5 strand of Ub. Therefore we used titration data for residues H68, L69, V70 in this
strand to monitor and compare UIM binding to Ub units in all the constructs considered here.
Figure 3b illustrates an increase and subsequent saturation of the CSPs in all Ub units upon
addition of S5ayg3_307, Which clearly indicates the complex formation. When plotted against
the number of S5ayg3_397 Molecules per Ub unit, [S5a23-307]/[UDb], the CSPs in all Ub,
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constructs studied here saturate at [S5a»53_307]/[Ub] ~1 (Fig.3b). This is consistent with the
binding stoichiometry of one S5a,g3_397 per Ub unit. The fact that the CSPs in monoUDb saturate
at a higher [S5ayg3-307)/[Ub] ratio (Fig.3b) suggests a higher apparent affinity of S5ag3_307
for individual Ub units in Ub, compared to monoUb. This is likely due to the effect of local
Ub concentration: one could anticipate that, when S5asg3_397 dissociates from a Ub unit, it has
a higher probability to bind to another Ub in the same molecule rather than to a Ub in a different
chain. Even stronger binding could then be expected in the case of tetraUb and longer chains.
This is in agreement with the well known binding preference of Sba for longer chains 8,31
where the literature data suggest possible binding cooperativity in addition to the increase in
the number of Ubs due to chain elongation.

Does UIM-2 differentiate between the distal and the proximal domains in K48-linked Ub,?

Despite the overall similarity between the two ubiquitin units in terms of the binding surface
(mapped by the CSPs and signal attenuations), the CSPs observed in the distal domain are
overall larger than in the proximal (Fig.1). Larger CSPs at saturation could indicate stronger
binding, although the precise relationship between the side-chain conformations and the
backbone NH chemical shifts in proteins is not fully understood. On the other hand, as evident
from Fig.3b, the averaged normalized titration curves for the two domains are not very different
from each other. Although the CSPs in the proximal Ub show a slower increase (compared to
the distal Ub) upon addition of S5ayg3_307 (Fig.3b), which could indicate a somewhat weaker
UIM-2 binding, accurate quantification of this observation in terms of the difference in the
Kq values turned out problematic due to the site-so-site variations in the titration curves likely
reflecting the complexity of the binding and the conformational changes in Ub, occurring upon
addition of the ligand.

A detailed analysis revealed further differences between UIM-2 binding to the proximal and
distal Ubs in K48-linked Ub,. Thus, the CSP pattern in the distal Ub is very similar to that in
monoUb. This is not surprising, given that the only differences between the distal Ub and the
D77 Ub mutant used in our monoUb binding studies include a K48C mutation in the former
and modifications of the C-terminus (not involved in UIM-2 binding): the G76-K48(proximal)
isopeptide bond in the former and the D77 extension in the latter. The CSP pattern in the
proximal Ub is somewhat different. Here the largest CSPs were observed in 144, L69, V70,
located in the hydrophobic patch, as well as in R72, R74 at the flexible C-terminus. The
differences between the distal and the proximal Ub in the $3-B4 region (residues 45-51),
evident from Fig.1, suggest that the involvement of K48 of the proximal Ub in the isopeptide
linkage is the likely reason for the observed differences in the S5ayg3_3g7-induced perturbations
in these domains. Although K48 in monoUb does not directly interact with UIM-2 (see above),
this modification could sterically affect UIM's access to and local interaction with the
neighboring surface residues in the proximal Ub. Note in this regard that in the proximal Ub,
the K48 signal itself shows a stronger CSP (Ad = 0.11 ppm) than in the distal Ub and a slow-
exchange behavior.

It should be mentioned, however, that not all sites in the proximal Ub show a somewhat weaker
S5ayg3_307 binding compared to their counterparts in the distal Ub. Thus, L8 and L71, located
at the opening of the Ub/Ub interface, show slow exchange in the proximal but not in the distal
Ub, indicative of stronger UIM binding to these particular sites. In addition, V70 in the proximal
Ub has a stronger CSP than in both monoUb and the distal Ub (Fig.1, also Supplementary
Material). These observations emphasize the complexity of the UIM interaction with Uby, as
well as the ability of NMR titration experiments to provide a detailed site-specific picture of
a binding event.

J Mol Biol. Author manuscript; available in PMC 2008 May 4.
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Sbhaye3_307 binding to K63-linked Ub,

In order to compare binding of UIM-2 to polyUb chains of different linkages, we examined
S5ayg3_307 binding to K63-linked Ub,. One of the goals was to test whether the sequestration
of the hydrophobic patches in the closed conformation of K48-linked Ub has any hindering
effect on UIM's binding to Ub,. Because the closed Ub/Ub interface is not formed in K63-
linked Ub, (hence no hindering expected), this chain serves as a control for such study. Another
goal was to examine if the involvement of K48 in the isopeptide linker has any effect on the
UIM binding properties of the proximal Ub in K48-linked Ub,. In the K63-linked Ub,, K48
is not modified, and K63 is located far away from the UIM-binding sites, hence one could
expect that the proximal domain binds UIM similarly to the distal Ub in K63- or K48-linked
chain. We also wanted to test whether the extended hydrophobic binding pocket in Ub222,
which is formed due to the G76-K48 linkage and allows Ub, to bind UBA domains in a
sandwich-like fashion 22; 32, plays any role in the S5ayg3_397 binding. If this was true, one
could expect that the absence of such a pocket in K63-linked Ub, would result in weaker
S5ayg3_307 binding to this chain.

The CSPs in the proximal Ub in K63-linked Ubs clearly demonstrate that S5a,53_397 binding
occurs at the same hydrophobic Ub surface as in monoUb and K48-linked Ub,. The NMR
titration curve is also similar to that for the K48-linked Ub, (Fig.3b); the magnitude of the
perturbations increases with S5ayg3_3g7 concentration and saturates at [S5asg3-307]/[Ub2] ~
2 (or [S5a63-307]/[Ub] ~ 1). The CSP pattern (Fig.1d) and the directions of the signal shifts
(Supplementary Material) here are similar to those in monoUb and in the distal Ub of K48-
linked Uby, suggesting a similar mode of the UIM:Ub interaction. Similar sites in K63-linked
Ub, show signal attenuations upon addition of S5ayg3_307; the gradual shifts of the
corresponding signals accompanied by their broadening (Supplementary Material) indicate
intermediate exchange, also observed in the K48-linked Ub,. Also the averaged normalized
titration curve for the g5 strand (Fig.3b) is strikingly similar to that for the proximal as well as
for the distal Ub in K48-linked Ub,. All these data point to the conclusion that, despite the
differences in local perturbations, the involvement of K48 in the isopeptide linkage does not
significantly affect the affinity of UIM-2 binding to the proximal Ub. On the other hand,
however, the overall magnitude of the CSPs is markedly smaller even compared to the proximal
Ub of K48-linked Ubs. The reasons for this are not yet clear and could be related to the linkage-
dependence of Ub,'s conformation.

Discussion

General comments on ligand binding to polyubiquitin

Ligand binding to polyUb could be complicated by the presence of the intramolecular
interaction between Ub monomers in the chain 19. Thus the predominant (85% populated)
conformation of K48-linked Ubfgin solution at neutral pH is characterized by a close contact
between the two ubiquitins 19:33, which bind to each other via their hydrophobic patches. In
this intramolecular complex, the functionally important residues L8-144-V70 are buried at the
Ub/Ub interface. The same contacts are present in K48-linked tetraUb 19;20;21 The opening
of the Ub/Ub interface is essential for polyUb's binding to UIM or any other ligand targeting
the hydrophobic patch on Ub. Indeed, locking the chain in the closed conformation would
greatly reduce ligand's access to the ligand-binding sites on ubiquitins, and could render polyUb
binding-incompetent 34, One could then expect that the predominantly closed conformation
of Ub, and the necessity for a ligand (here UIM-2) to compete with the Ub:Ub interaction
might control its binding to the chain. Thus, ligand binding to polyUb would depend on several
factors, including (i) the strength of the ligand:Ub versus Ub:Ub interaction, (ii) the entropic
contributions including the hydrophobic effect and the cost of ligand's immobilization (see e.g.
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35), and (iii) the rate of interface opening, which depends on the height of the corresponding
activation barrier between the closed and open states of Ub..

A Model for UIM-2 Binding to K48-linked Ub»

1. A mechanistic perspective—A plausible binding mechanism emerging from the
behavior observed in this study involves opening of the interdomain interface in Ub,, thus
providing a window of opportunity for a ligand to access the hydrophobic patches on Ub units.
Because the open conformation is only weakly populated (~15%) at neutral pH, the rate of
interconversion between the closed and open states of Ub, could be the limiting factor
controlling this binding event. The finding that the Ub domains in K48-linked Ub, bind
S5ayg3_307 With at least comparable strength to that of a Ub unit in the K63-linked Ub, suggests
that the opening/closing dynamics in the former are sufficiently fast, such that the UIM's access
to the hydrophaobic patches on Ub units in this chain is not significantly hindered. This is in
agreement with the NMR-based estimate that the interconversion occurs on a ~10 ns time
scale 33, i.e. is fast compared to UIM's on-rate, assuming that the latter is controlled by
molecular diffusion.

The question however remains, if UIM-2 plays merely a passive role “waiting” for Ub, to open,
or can UIM:Ub, interaction induce the interface opening? Answering this question is important
for the understanding of the mechanism of ligand binding to polyUb.

In the closed conformation of K48-linked Ub, (PDB codes 2AAR, 2BFG) the side chains of
L8, T9, and L71 on either Ub unit are oriented such that they form an almost continuous
hydrophobic strip along the outer edge of the Ub/Ub interface, extended by A46 of the other
Ub across the interface (Supplementary Material). These residues could serve as the ligand-
recognition region on the surface of Uby, i.e. be the first hydrophobic sites to get in contact
with UIM-2. Because these sites are located at the outer edge of the Ub/Ub interface, their
interaction with the ligand could promote further opening of the interface, which could
subsequently lead to full access to the hydrophaobic patch residues on both Ub units. In support
of the role of the abovementioned residues, consider their perturbations in the presence of a
0.5 molar equivalent of S5a5g3_307 (i.€. [S5az63-307]/[Ub2] = 0.5). At this point in the titration,
in the proximal Ub residue L8 shows the largest CSP and its signal is attenuated by >70%,
while A46 is even more attenuated (~90%). In the distal Ub, L8 and A46 have the largest
CSPs, and the most attenuated residues are A46, G47, Q49 (>80%) and L8 (~75%).

Reflecting the two-fold symmetry of the closed conformation of K48-linked Uby, L8, T9, V70,
L71 of the proximal Ub are in close contact with A46, G47, Q49 of the distal, and vice versa.
Most of these residues show intermediate or slow exchange in the presence of S5a»43_307 (Fig.
1), thus indicating strong interaction of these sites with the ligand. Interestingly, however, the
slow exchange observed in L8, L71 of the proximal and G47 of the distal Ub is in contrast with
the intermediate exchange in their counterparts on the other domain. A possible mechanistic
explanation for this observation is that the abovementioned residues are located on the opposite
end from the isopeptide linkage acting as a hinge, whereas L8, L71 of the distal and G47 of
the proximal Ub are positioned in close proximity to the hinge region, thus these latter sites
could be less accessible to the ligand, at least during the initial steps of the interface opening.
Distinct ligand interactions with the same residues in the two Ub units suggested by this
mechanistic Ub, model are in agreement with the finding 36 that L8A mutations of Ub pairs
in K48-linked Ub,4 have distinct effects on its binding to the proteasome. Considering
tetraubiquitin's structure as a dimer of Ub,'s 21 the L8A mutations that had the strongest effect
on the binding were in the Ub units that are analogous to the proximal Ub in Ub,. Note that
the mechanism of interface opening implied here follows from the comparison of the Ub,
structures in the closed state (PDB codes 1AAR, 2BFG) with the Ub,:UBA complex (PDB
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code 1Z06) and, independently, from the analysis of equilibrium dynamics in K48-linked
Ub, from NMR relaxation data33,

The total buried surface area between UIM-2 and monoUb is 1,197 A2, compared to ~1,500-
1,750 A2 between Ub units in Ub,. This suggests that the formation of a 1:1 S5az63_307:Ub>
complex using the same S5ayg3_307:Ub contacts as in the case of monoUb and thus exposing
the hydrophobic surface of one of the two Ub units, is not entropically favorable. In the case
of two S5ayg3_307 molecules bound to Ub,, the total buried area is expected to be about 2,240
A2, which would make the formation of such a complex more favorable with regard to the
hydrophobic effect. This gain, however, could be offset by the entropy loss due to the
immobilization of an additional UIM moiety. Our NMR titration data presented above indicate
that, in fact, S5ayg3_397 binding to either Ub unit in Ub, is tighter than to monoUb. This is in
agreement with the published pull-down data indicating that S5a, as well as the individual
UIMs, bind polyUb more efficiently than monoUb 6,8,

Because two UIM molecules ultimately bind to Ub,, the complex must remain open or continue
opening after binding of the first UIM, rather than wrapping around it to form a Ub-UIM-Ub
sandwich. This conclusion is supported by our NMR mapping data. Indeed, the Ub,-binding
surface on Sbaygz_3g7 involves the same “face” of the UIM helix as in binding to monoUb, and
no additional perturbations were observed on the opposite “face” of UIM-2 (Fig.2) thus
excluding the sandwich model. In addition, the S5a,63_397-binding surfaces on both K48- and
K63-linked Ub, constructs (Fig.1) agree well with that on monoUb (Fig.1a,e) and with the
published structure of the UIM-2:monoUb complex 8, Moreover, our data provide no
indication of any interaction between the two S5ayg3_3p7 molecules in the fully loaded, 2:1
Shaye3-307:Uby complex, thus rendering unlikely a more complex model where the two UIMs,
bound to the individual Ub domains, interact with each other (e.g. sandwiched within the
Ub,'s hydrophobic pocket). Note that sedimentation velocity measurements, as well as NMR
studies showed no interaction between S5a UIMs 8: 19, 1t seems then reasonable to model the
formation of the UIM:Ub, complex as a two-step process (possibly cooperative) in which the
binding of one UIM shifts the equilibrium towards an open conformation of Ub,, thus causing
a conformational change in the chain which, in turn, exposes the hydrophobic patch on the
other domain and makes it available for binding to a second UIM.

2. Structural perspective—Based on the data presented above, we have modeled the
complexes of UIM-2 with K48-and K63-linked Ub, 5Fig.4). The Ub, structure in the complex
with the hHR23A UBA2 domain (PDB code 1206, 2) was used as a structural model for the
open conformation of K48-linked Ub,, while the (extended) conformation of free K63-linked
Ub, in solution18 was used in Fig.4b The UIM-2:monoUb structure 8 was used to model the
UIM-2/Ub contact for both Ub units in each chain. It should be mentioned that, based on the
NMR analysis of the equilibrium dynamics in K48-linked Ub,, the relative orientation of the
two Ub domains in the open state of free Ub, at pH6.8 is similar to that in the Ub,:UBA2
complex 33; 37, therefore we used this structure as a model for the open state of Ub,. The
structure model shown in Fig.4a,c illustrates how two UIMs can be accommodated in the
hydrophobic pocket of K48-linked Ub,. The steric clashes involving flexible regions flanking
the UIMs may be relieved by further opening of Ub, (which seems plausible due to the
flexibility of the Ub-Ub linker) as well as by structural rearrangement of the clashing flexible
fragments. No steric clashes are seen in the K63-Ub,:UIM complex, in which the Ub units are
expected to bind two UIM-2 molecules independently, in analogy to that observed in the chain's
binding to UBA2 domains!8.

The similarity in UIM-2 binding between K48- and K63-linked Ub,s is in contrast to their
interaction with hHR23A UBAZ2. This is in agreement with the SPR data 16 indicating that,
unlike the UBA2 domain, S5a does not discriminate between K48- and K63-linked Ubg. It is
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important to emphasize here that the binding preference toward a particular chain linkage
depends on at least two factors: (1) the Ub-binding properties of a ligand and (2) the ability
(dictated by the linkage) of a given polyUb chain to adopt a specific conformation necessary
to bind this ligand in the energetically most favorable way. For example, the three-helix bundle
structure of UBA2 allows it to interact simultaneously with both ubiquitins in the K48- but not
in the K63-linked Ub,, where the conformational properties of the chain do not allow a similar,
high-affinity binding mode. This, however, cannot be generalized for all UBAs, which were
shown to exhibit diverse chain-linkage preferences 16 The nondiscriminatory binding of
polyUb chains by UIM-2 of S5a could be a result of UIM-2 being a single, one-sided Ub-
binding helix. It is possible that other UIMs are linkage selective, for example, those from
Eps15 and Hrs, predicted to exhibit double-sided binding 38.

Putative models for the Ub, complex with full-length S5a

As mentioned in the Introduction, strong binding preference of S5a and the individual UIMs
toward polyUb might imply that the chains bind UIMs in a different mode compared to
monoUb. However, this possibility is not supported by the data presented here which suggest
that the mode of UIM-2 binding to each Ub unit in Ub, is similar to that in the UIM-2:monoUb
complex (Figs 1, 2). Detailed structural characterization of these complexes is required in order
to fully address this issue. Although at this stage we cannot completely rule out a possibility
that longer chains (n > 4) can bind UIM-2 in a different mode, the observation that K48-linked
tetra-Ub behaves in solution as a dimer of Uby's 19;21 renders the above possibility less likely.

The finding that each Ub moiety in K48-linked Ub, binds a single UIM, combined with the
fact that each UIM in S5a binds a monoUb, suggests a 1:1 stoichiometry model for the Ub,'s
complex with the full length S5a. In fact, this model is supported by our NMR relaxation
measurements for the complex of K48-linked Ub, with a tandem-UIM construct, S5a,p1-310
(generously provided by Dr. John P. O'Bryan, University of lllinois, Chicago). Here 1H T, was
14.3 ms (at the 1:1 molar ratio), and 1°N T; was 1103 + 112 ms and 1076.5 + 156 ms at [S5a]/
[Ub,] = 0.8 and 1.5, respectively, which corresponds to the molecular weight range of 26-33
kDa, in agreement with 30 kDa expected for a 1:1 complex.

These data suggest a putative model of the complex of full-length S5a and K48-linked Ub,
(schematically shown in Fig.5), in which both UIMs of S5a are bound, each to a separate Ub
unitinthe chain. This model is based on the similarity of the intermolecular UIM-2:Ub contacts
observed in S5ayg3_307 binding to monoUb and Ub,, and on the assumption that the same
should apply to UIM-1. Because UIM-2 binds mono/polyUb stronger than UIM-1 does 6; 8,
it is natural to assume that its binding preferences could dictate the structure of the S5a:Ub,
complex. However, since an isolated UIM-2 does not show strong preference for a particular
Ub unitin Uby, both possible scenarios are considered here, i.e. with UIM-2 bound to the distal
or to the proximal Ub, and UIM-1 bound to the other Ub unit in Ub, (Fig.5). Unlike UIM-2,
where the Ub-interacting IAY AM sequence is located in the middle of a relatively short o-
helix, a similar LALAL motif in UIM-1 is positioned at the N-terminus of a very long a-helix
(9 turns compared to 4 turns in UIM-2). This could potentially cause steric clashes between
the helices as well as with the Ub-Ub linker. Our preliminary modeling (Supplementary
Material) suggests that the more likely scenario is the one shown in Fig.5b, in which UIM-2
is bound to the proximal Ub, because this arrangement could avoid clashes between UIM-1
and UIM-2 near the Ub-Ub linker and, in addition, would allow the flexible part of S5a
(between the UIMs) to extend away from this region (Fig.5b). Atomic-resolution structural
studies are required to determine the mode of binding between the full length S5a and K48-
linked Ub, and longer chains, and to verify if specific UIMs bind to each particular ubiquitin
in the chain.

J Mol Biol. Author manuscript; available in PMC 2008 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Haririnia et al. Page 11

Conclusions

Here we used NMR to map the interacting surfaces involved in binding of monoUb, K48- and
K63-linked di-ubiquitin chains to a UIM-2-containing construct of S5a. Our data suggest that
these di-ubiquitin chains can bind two UIM-2 moieties per chain and with higher affinity than
monoUb. Our mapping of the binding interface between UIM-2 and the individual ubiquitins
in these chains suggests that, from the structural perspective, these contacts are similar to that
between UIM-2 and monomeric Ub. Moreover, these studies provide first experimental
evidence that UIM-2 does enter the interdomain interface in K48-linked Ub, and binds directly
to the hydrophobic patches on ubiquitins, thus confirming that the Ub/Ub interface is not rigidly
locked.

Differences in the exchange regimes (on/off-rates) and in the magnitudes and directions of
chemical shift perturbations between the two ubiquitins in K48-linked Ubs indicate a complex
mode of binding. This complexity can putatively be attributed to the conformational transition
accompanying the opening of the Ub/Ub interface in K48-linked chains and to the way the two
ubiquitins are linked. Our results suggest that UIM-2 (and possibly the full-length S5a) bind
to K48-linked Ub, in a mode distinct from the sandwich-like binding observed in the
Ub,:UBA2 complex.

Based on our data, we proposed putative structural models of how di-ubiquitin might interact
with UIM-2 and the full-length S5a containing two UIMs. Because di-ubiquitin is a structural
element in the conformation of polyubiqutin chain, these models provides insights into the
possible interactions of polyubiquitin with the proteasome. The linkage-dependent
conformation and flexibility of polyubiquitin chains are expected to play a key role in their
recognition and specific binding in the proteolytic pathway.

Materials and Methods

Biochemicals were from Sigma unless otherwise stated. E1 was from BostonBiochem, Inc.
C170S-E255k, Ub (K48C), Ub (K48R), Ub (K63R), and Ub (D77) were expressed and purified
as described in 39. Yeast Mms2 and Ubc13 were expressed and purified as in previous studies
17,40 For 15N-labeled Ub (D77), Ub (K48C) and S5ays3_307, Escherichia coli cells were
grown in minimal media with 15NH,Cl as the sole source of nitrogen. Ub, chains 1°N-enriched
at the distal or proximal (with respect to the free C-terminus) Ub unit were assembled

from 15N-labeled and unlabeled recombinant monomers as described in 18; 19 (see also 17
41). Throughout the text these constructs are referred to as Ub,-D and Ub,-P, respectively.
The correct chain assembly was confirmed by the observed chemical shift perturbations in the
C-terminal residues of Ub,-D and in K48 (or K63) and adjacent residues in Ub,-P when
compared with monoUb.

The UIM-2 construct for these studies contained residues 263-307 of the S5a subunit of the
26S human proteasome (SWS P55036) and, in addition, an N-terminal His tag MG
(H)12SSGHIEGRH. The plasmid was a generous gift from Dr. Patrick Young (Stockholm
University). Its expression and purification was performed as described in 6,

NMR spectroscopy

NMR samples of the proteins under study were prepared in a 20 mM sodium phosphate buffer
(pH 6.8) containing 7% D,0 and 0.02% (w/v) NaNs.

All NMR studies were performed on a Bruker Avance 600 spectrometer at 25 °C. 1H-15N
HSQC spectraand 2D planes for 1°N relaxation experiments were acquired with spectral widths
of 7.2 kHz and 2 kHz in the H and 1°N dimensions, respectively. Typically, 128 or 256 t;
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increments, each consisting of 1024 complex points, were collected for each 2D plane.

The 15N relaxation studies included measurements of the longitudinal 19N relaxation (T+) using
standard pulse sequences described elsewhere 42 NMR signal assignments for monoUb and
Ub, at pH 6.8 were taken from previous studies 18 NMR signal assignments for S5a,63_307
were derived usingza combination of 1H-1°N HSQC, homonuclear TOCSY measurements, and
the literature data 24 as a starting point. NMR data were processed with XWINNMR and then
analyzed using XEASY 43 and CARA 44 and in-house software. The signals in slow exchange
were assigned based on a combination of 2D TOCSY and 1H-1°N HSQC spectra, with the aid
(for S5ay53_307) of published assignments for UIM-2 complex with hHHR23A UBL 24 In
ubiquitins, the peaks in slow exchange were isolated and had relatively small A3, such that
their assignment was straightforward.

NMR Titration Studies of Uby/S5asg3_307 Binding

Mapping of the binding interface was achieved in a series of NMR titration experiments, in
which 2D 1H-15N HSQC spectra of a 15N-labeled species of interest (e.g. Ub,, see below) were
recorded as a function of the increasing amount of the unlabeled binding partner
(S5az63-307)- To map the binding surface on the binding partner (S5a»g3_307), @ similar assay
was performed, this time adding unlabeled Ub, to 1°N-labeled S5a63_307.

Specifically, to determine the binding surface on the distal or proximal Ub in Ub,, 0.8-1.1
mM 15N-labeled K48-linked Ub, samples (Ub,-P or Ub,-D, respectively) were titrated with
increasing amounts of unlabeled S5ayg3_307 (from a concentrated stock solution). Titration for
the proximal and distal Ub continued up to S5ayg3-307:Uby molar ratio of 4 and 3, respectively.
Similar studies were performed on 1 mM 1°N-labeled K63-linked Ub, samples up to a
S5a063-307:Ub, molar ratio of 3.9. In a reverse titration experiment, a 0.5 mM 1°N-labeled
Shayg3-307 Sample was titrated with increasing amounts of unlabeled K48-linked Ub,, up to
[Ub,]/[S5a263-307] = 2. In a control experiment, increasing amounts of unlabeled S5ayg3_307
were titrated into a 0.6 mM 1°N-labeled monoUb sample up to a S5asg3_307:Ub molar ratio of
3.4:1. For the reverse titration, a 0.7 mM 1°N-labeled S5a,63_397 Sample was titrated with
monoUb up to a molar ratio of 2:1. Some of these titration experiments were repeated to assure
reproducibility of the measurements.

Binding was monitored through accompanying changes in the signals in the 1H-1°N HSQC
spectra. The shifts in peak positions were quantified using combined amide chemical shift
perturbation (CSP) calculated as A8= [(AS)2+(ASn/5)2]Y2, where A8 and ASy are the
observed chemical shift changes (for 1H and 1°N, respectively). To monitor site-specific
changes in NMR signal intensities in the course of binding, the spectra obtained upon titration
of S5ayg3-307 (0r Uby) were uniformly scaled to compensate for the higher molecular weight
of the complex. The signal attenuation for each residue was then calculated as the ratio of peak
intensities in HSQC spectra of the free and bound protein. The stoichiometry of binding was
determined from NMR relaxation measurements as described in the Results section. The
titration curves representing CSP dependence on the protein and ligand concentrations were
fitted to the appropriate stoichiometry/binding models as detailed in 18; 22 using in-house
software.

Based on the observed changes in NMR signal positions and intensities, the following
classification of the exchange regimes was used here. The resonances that shift during titration
abut show little or no signal attenuation are considered in fast exchange on the NMR chemical
shift time scale; those that experience significant attenuation (>60%) and broadening and a
noticeable shift are in the intermediate exchange, whereas the presence of both strong
attenuation of the original (almost unshifted) resonance and the subsequent appearance of a
second (bound) peak with an increasing intensity upon titration was assigned to slow exchange
regime.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NMR mapping of the Sbaygz_307-binding surface on monoUb and Ub units in the Uby
constructs studied here. The top row shows CSPs at saturation as a function of the residue
number for the (a) monoUb, (b) distal and (c) proximal Ubs in K48-linked Ub2 and (d) for the
proximal Ub in K63-linked Ub,. Panels (e-h) map the sites with significant CSPs on the surface
of ubiquitin. The coloring of the CSPs is as follows: (e) AS >0.25 ppm (red), 0.25 > A5 >0.15
(orange) (f) A6 > 0.2 ppm (red), 0.2 ppm > A3 > 0.15 ppm (orange), (g) AS > 0.2 ppm (red),
0.2 ppm > A3 > 0.125 ppm (orange), (h) Aé > 0.15 ppm (red), 0.15 ppm > A > 0.075 ppm
(orange). Panels (j—I) map the residues that show signal attenuation > 60% (colored yellow) in
the ubiquitin units of the corresponding Ub, constructs. The structure of the monoUb:UIM-2
complexisshownin (i) (PDB code 1Y X6 8). Asterisks in (a-d) mark sites showing intermediate
exchange (attenuation > 60%) and the vertical grey bars mark sites exhibiting slow exchange.
Horizontal bars on the top of panel (a) indicate the elements of secondary structure in ubiquitin,
the B-strands are colored red, helices are blue. Most of the molecular images throughout this
ggperwere made in PyMol 45 panel (i) inthis figure as well as Fig.4c were prepared in MolMol
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NMR mapping of S5ayg3_307 residues affected by binding to monomeric Ub and K48-linked
Ub,. Panels (a) and (b) depict the CSPs in S5ayg3_307 at saturation with monoUb and Ub,,
respectively, as a function of the residue number. Sites showing significant signal attenuation
(> 60%) due to intermediate or slow exchange are marked by the asterisks. Panels (c) and (d)
map these CSPs on the surface (c) and the cartoon representation (d) of UIM-2; the coloring
is as follows: A3 > 0.4 ppm (red), 0.4 ppm > A > 0.2 ppm (orange), 0.2 ppm > Ad > 0.125
ppm (yellow). Horizontal bars on the top of panel (a) indicate the elements of secondary
structure in S5aygz_307, the helices are blue, the N-terminal turn in S5ayg3_307 (labeled with

“t”) is colored cyan.
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Figure 3.

Comparison of S5ayg3_307 binding to monoUb and Ub,. (a) Gel mobility assay comparing
binding of Shayg3_3g97 to monoUb (lane 3) and Ub, (lane 5). A non-reducing, non-denaturing
polyacrylamide gel was loaded with equimolar amount of the proteins (2 nmoles each). (b)
NMR titration curves presenting normalized chemical shift perturbations (averaged over Ub
residues H68, L69, V70) for monoUb, K48- and K63-linked Ub, (as indicated) plotted as a
function of the S5ayg3_3097:Ub molar ratio, i.e. the number of S5a,53_307 molecules per Ub unit.
The normalization was achieved by dividing all CSPs for a given residue by its CSP at the
endpoint of the titration. The error bars in (b) represent the standard deviation (among selected
residues) for each averaged CSP value in the proximal Ub. The molar ratios shown on the
abscissa axis in (b) were normalized according to the number of available binding sites.
Accurate fitting of these titration curves to simple models (e.g. two independent binding sites
model) was not possible, likely due to the complex nature of S5ayg3_397 binding to Ub,.
However, from the fact that the Ub, CSPs are close to saturation (>90%) at [S5a243_307]/[Ub]
~ 1, when the molar concentrations of Ub, and S5ay43_397, respectively, are 0.45 and 0.9 mM
(proximal Ub titration), 0.44 and 0.88 mM (distal Ub), and 0.37 and 0.74 mM (proximal Ub
in K63-Uby), we estimate that the microscopic Ky is of the order of or less than 10 M, assuming
that Ub, contains two independent and equivalent binding sites for S5a,g3_397. For comparison,
the level of saturation (~60%) observed in monoUb at a similar point in the titration
([S5a263-307]/[Ub] =0.86, the molar concentrations 0.395 and 0.339 mM) corresponds to Ky
~70 M, consistent with the literature data 14.
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Figure 4.

Models of two UIM-2 helices bound to (a) K48-linked Ub, and (b) K63-linked Ub,. Side chains
of Uby, residues with A3 > 0.2 ppm are represented by red spheres, while CSPs on UIM-2 (in
panel (a)) are colored as follows: Ad > 0.4 ppm (red), 0.4 ppm > Ad > 0.125 ppm (orange).
These structures were obtained assuming that each UIM-2 binds to the corresponding Ub unit
in the chain in the same way/orientation as to monoUb (PDB code 1Y X6 8), and using the
structures of K48-linked Ubs in its complex with UBA2 (PDB: 1Z06 22) and of free K63-
linked sz18 as structural models for the open conformation of the corresponding chain. The
resulting structures were obtained by direct superimposition of ubiquitin atoms in the UIM:Ub
complex with those for each Ub unit in Ub,. (c) The same complex as in panel (a), with Ub,
shown in surface representation, painted red for those sites on both Ub units that show
significant CSPs and/or signal attenuations (see Fig.1). (d) NMR characterization of the
stoichiometry of Ub,:S5a,63_307 binding using 1°N longitudinal relaxation rate measurements.
The “molecular weight calibration” curve representing the molecular mass dependence

of 15N Ty in proteins was calibrated as described in 22 The horizontal lines correspond

to 1N T; values measured in Ub,-P at various titration steps, as indicated (see also Table 1);
the error bars represent standard deviations in T4 over core residues in Ub. The dashed vertical
lines are “molecular weight markers” indicating the expected mass of the corresponding
constructs.
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(@)

Figure 5.

Schematic representation of the putative models for the complex of K48-linked Ub, and the
tandem-UIM fragment of S5a. Panels (a) and (b) show two possible ways the S5a UIMs can
contact individual Ub units in Ub,. The linker connecting UIMs in S5a is flexible in solution
8 Preliminary structural models of the complex obtained by superimposition of the structures
of the corresponding UIM/monoUb complexes can be found in Supplementary Material.
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Table 1
Using 1°N relaxation time T to verify the stoichiometry of the S5a,g3_307:Ub, complex at various titration
points
15 a Molecular weight range (kDa) corresponding to the °N Molecular weight (kDa) expected for this
[S5a)/[Ub,] N T, (ms) T, value stoichiometry

0.5 796 + 25 20-22 <251

1 909 + 73 22-27 25.1

2 1022 + 130 24-32 32.8

a15N longitudinal relaxation time (mean + standard deviation over the core residues) in K48-linked Ub2 (Ub2-P) in the presence of the specified molar

amounts of S5a263-307.

bThe molecular weight was estimated based on the measured 15y T1 value using the calibration curve in Fig.4d.
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