
Supplementary section: Ubiquitin Binding Domains

Ubiquitin recognition at the plasma membrane

The Ub-binding endocytic adaptor proteins Epsin and Eps15 are first point of contact

between a freshly ubiquitinated plasma membrane receptor such as EGFR. (Figure S1a).

Human Epsin contains two or three UIMs (depending on the splice variant) immediately

C-terminal to its Epsin N-terminal homology (ENTH) domain. Yeast has two Epsin

homology, Ent1 and Ent2, both of which also have two UIMs. Human Eps15 has two

UIMs at its C-terminus, while its yeast counterpart, Ede1, has a C-terminal ubiquitin

associated (UBA) domain instead. UBA domains are a large family of three-helix

bundles that bind ubiquitin, ubiquitin-like proteins (UBLs), other proteins, and each other

with a wide range of affinities.

UIMs are among the simplest of all the UBDs, consisting of a single α-helix. The

UIM consensus sequence is X-Ac-Ac-Ac-Ac-Φ-X-X-Ala-X-X-X-Ser-X-X-Ac-X-X-X-X,

where X is any residue, Φ is a large hydrophobic residue, usually a Leu,  and Ac is a

acidic residue (Asp or Glu) (13). The affinities of UIMs for ubiquitin in solution are low,

not exceeding 200 µM (10). The Eps15 UIMs are even weaker ubiquitin binders than

most. Eps15 UIM1 (first UIM) binds ubiquitin with 0.9 mM affinity, and Eps15 UIM2

(second UIM) has nearly undetectable binding (10). No structures are available for the

Eps15 or Epsin UIMs, but the first UIM of the yeast ESCRT-0 subunit Vps27 and that of

the proteasome subunit S5a have both been solved by NMR in complex with ubiquitin

(Figure S1b) (47, 49). The conserved acidic residues interact with a basic patch made up

of Arg42 and Arg72. The conserved Ala and hydrophobic residue of the UIM bind to the

key Ile44 hydrophobic patch on Ub. The conserved Ser hydrogen bonds with the main



chain in the Ala46-Gly47 region (47). These principles likely apply broadly to other

UIMs, with some interesting elaborations- the inverted and the double-sided UIMs-

described below.

The UBA domain of the yeast Eps15 ortholog Ede1 has been analyzed structurally

with ubiquitin (Figure S1c) (46). The Ede1 UBA binds to the ubiquitin Ile44 patch

primarily via the UBA hydrophobic motif MGF between helices α1 and α2. The

ubiquitin affinity is low in comparison to some other UBA domains at ~80 µM, though

this is still tighter than the binding to UIMs. The Ede1 UBA domain has a polar Thr

residue in the ubiquitin binding interface that actually serves to lower its affinity for Ub.

Thus the UIM and UBA domains involved in the most upstream interactions with

ubiquitinated plasma membrane proteins appear to have evolved to bind ubiquitin with

exceptionally low affinity, even by the standards of UBDs.

Ubiquitin recognition at post-Golgi vesicles and early endosomes

Ubiquitinated cargoes are recognized by human GGA3 (32), yeast Gga1 and Gga2 (5, 8,

38), and the Gga-like Tom1/Tom1L1-family proteins (17, 31). Human GGA3 in

particular is important for the efficient passage of EGFR through the early endosome

(32). These proteins all have in common Ub-binding VHS (36) and GAT (23, 38, 40)

domains. VHS domains are eight-helix bundles (22, 24), and almost all of them bind

ubiquitin via their α2 and α4 helices (14, 36) (Figure S1d), with the exception of the

VHS domains of human GGA1 and GGA2 that do not bind ubiquitin (36).

GAT domains are elongated three-helix bundles (6, 29, 39, 51) that bind two

ubiquitin moieties at two different sites (5) (Figure S1e), both with relatively low 200-



400 µM affinity (1, 18, 28). In the case of GGA3 site 1, which is composed of residues

from helices α1 and α2, binds with ~3-fold higher affinity than site 2. Site 2 is on the

opposite face of the GAT domain and consists of residues from α2 and α3(18). Tom1-

GAT has the opposite pattern, with site 2 binding more tightly than site 1 (1).

Nevertheless, in all available crystal structures of GAT-ubiquitin complexes, only the site

1 interaction is visualized in the crystal (1, 18, 28).

Ubiquitinated cargo is clustered on early endosomes by ESCRT-0 for entry into

the MVB pathway (4, 33, 42) .ESCRT-0 consists of one copy each (30, 35) of two

subunits, Hrs and STAM, known as Vps27 and Hse1 in yeast. Much like the GGAs and

Tom1 family proteins, the subunits of ESCRT-0 contain multiple UBDs in their N-

terminal regions. Both subunits have N-terminal VHS domains that bind ubiquitin (14,

25, 36) and both subunits also contain functional UIMs (4, 10, 33, 42, 47). The structures

and affinities of the ESCRT-0 VHS and UIM domains are much as described above, with

the most interesting exception being the presence of a single double-sided UIM (DUIM)

in Hrs (11). In the remarkable Hrs DUIM structure, the solvent-exposed “X” residues of

the motif encode a second UIM consensus sequence interwoven with the first. The single

DUIM helix is thus sandwiched between two ubiquitin moieties (Figure S1f).

The presence of five UBDs within an ESCRT-0 complex contributes to avid

binding to polyubiquitin chains, although only to a modest degree (36). ESCRT-0 and

various multiple UBD fragments of it bind Lys63-Ub2 with 4 to 9-fold higher affinity

than to monoUb, and with ~3 to 4-fold higher affinity than to Lys63-Ub2 (36). At the

tetraubiquitin level, the affinity gain for Lys63-Ub4 over monoubiquitin increases to as

much as 50-fold, but the preference for Lys63- vs. Lys48-Ub4 decreases to at most ~ 2-



fold. ESCRT-0 binds to Lys63-Ub4 with Kd = 18 µM, which is still substantially higher

than the cellular concentration of cargoes such as EGFR, ENaC, and Cps1. More insight

into how low abundance cargoes can be recognized in cells by low affinity UBD proteins

comes from analysis of membrane-tethered cargoes in vitro. ESCRT-0 binds tightly to

PI(3)P-containing membranes via its FYVE domain (34). When a model ubiquitin cargo

is tethered to synthetic membranes at a bulk concentration of 65 nM, the cargo binds to

and is clustered by 15 nM ESCRT-0 (50). Thus membrane tethering seems to be the

major factor in explaining how membrane trafficking proteins that contain low-affinity

UBDs are still able to interact with scarce ubiquitinated membrane proteins. Avid binding

to polyubiquitinated cargo seems likely to be of secondary importance by comparison.

Mechanisms of RAB5 pathway regulation by ubiquitin

The presence of the GTP-bound form of RAB5 (Vps21 in yeast) is a defining

characteristic of early endosomes. Ubiquitinated cargo is connected to the GTP

occupancy of RAB5 because ubiquitin binds to its exchange factor Rabex-5 (Vps9 in

yeast). The conserved RAB5 GEF domain of these proteins is known as a “VPS9

domain” (Figure S2a). Despite their common function, yeast and human Rabex-5

orthologs bind ubiquitin in different ways. Yeast Vps9 binds to ubiquitin through a C-

terminal CUE domain (7, 9, 43). The Vps9 CUE domain forms a domain-swapped dimer

that wraps around Ub, contacting two of the three major hydrophobic patches, those

surrounding Ile36 and Ile44 (Figure S2b) (29). The dimerization and multiple points of

contact with ubiquitin lead to a high-affinity interaction with Kd ~ 1 µM (29). The CUE

domain monomer consists of a three-helix bundle similar to the UBA domain (16, 29).



Most CUE domains, excepting that of Vps9, are monomers and bind to the Ile44 patch

only, using a mode of interaction similar to that of UBA domains (16).

Human Rabex-5 lacks a CUE domain, but contains two tandem UBDs at its N-

terminus, a zinc finger similar to those of A20 (A20 ZnF) and an inverted UIM (MIU)

(21, 26). The A20 domain binds with ~ 20 µM affinity to a predominantly polar patch

surrounding Asp58 of Ub, and is the only known example of a UBD involved in

membrane traffic that does not bind to the Ile44 patch (Figure S2c) (21, 26). The MIU

binds with ~ 30 µM affinity to the Ile44 patch. The sequence is essentially an inversion of

the UIM sequence, and it binds to ubiquitin in essentially the same region of space, but

with the opposite N-to-C orientation as the UIM (Figure S2d). Both motifs are centered

on an Ala that contacts ubiquitin Ile44. Both have acidic subdomains, but in the MIU, the

acidic residues are in the C-terminal third of the helix instead of the N-terminal region.

The UIM and MIU pair make a remarkable example of convergent evolution. The

ubiquitin interactions with Rabex-5 and Vps9 are important for trafficking cargoes such

as EGFR (26) and Ste3 (29), but it is unknown whether regulation occurs by modulating

the VPS9 domain’s catalytic activity or substrate binding, by recruitment to endosomes,

or by other mechanisms.

Ubiquitin and multivesicular bodies

ESCRT-I and –II assemble together on endosomal membranes, bind ubiquitinated cargo,

and drive intralumenal budding of the membrane. The major ubiquitin recognition site on

ESCRT-I is the ubiquitin E2 variant (UEV) domain of the TSG101 subunit (Vps23 in

yeast) (Figure S3a). UEV domains are enzymatically inactive counterparts of ubiquitin



E2 enzymes. The TSG101 UEV domain binds to the Ile44 patch with a typical low

affinity of ~0.5 mM (27) (Figure S3b). Despite the similarity of the UEV fold to

ubiquitin E2 enzymes, the ubiquitin binding mode is completely distinct from that of E2

enzymes (45, 48). In addition to the Ile44 patch, ubiquitin also interacts with the UEV

domain via the polar region near Lys63, although Lys63 itself is not involved in direct

contacts (45, 48). The binding site for the P(S/T)XP motif of ESCRT-0 and other

ESCRT-I interactors does not overlap with that of Ub, allowing simultaneous binding of

ubiquitin and ESCRT-0. The flexible residues at the C-terminus of the yeast ESCRT-I

subunit Mvb12 also contribute to ubiquitin binding (41), though the structure of this

complex is not known. The Mvb12 C-terminus is close to the UEV domain in the three-

dimensional structure of ESCRT-I (19), suggesting that these regions could potentially

cooperate in binding to a single polyubiquitin chain (15), or to a multiubiquitinated form

of a single cargo molecule.

Yeast and human ESCRT-II both bind Ub, but they do so in different ways. The

Vps36 subunit of yeast ESCRT-II contains two Npl4 zinc finger (NZF) domain, and the

second NZF binds ubiquitin (3). The structure of the ESCRT-II NZF2 has not been

determined in complex with Ub, but the related structure of the Npl4 NZF provided a

model, showing that like other ESCRT UBD interactions, the Ile44 patch of ubiquitin

was directly involved (3). More recently, the Vps36 NZF2 was shown to be part of a

subgroup of NZF domains that have two ubiquitin binding surfaces. The Vps36 NZF2

domain uses these surfaces to bind to Lys63-ubiquitin chains with very high selectivity

and an affinity of 380 nM by one report  (20), while another study found non-selective

binding to a variety of ubiquitin chains (37). The structure of the NZF domain of another



member of this subgroup, TAB2, provides a model for the ESCRT-II NZF2-Lys63-

ubiquitin complex (20, 37) (Figure S3c). The human ortholog of Vps63 is EAP45, which

binds to ubiquitin through a variant pleckstrin homology (PH) domain known as a GLUE

domain (44). The structure of the EAP45-GLUE complex with ubiquitin has been

determined and shows the typical Ile44-patch mediated interaction (Figure S3d) (2, 12).



SUPPLEMENTARY FIGURE LEGENDS

Figure S1

Ubiquitin recognition in endocytosis and endosomal sorting. (a) Domain architecture of

Epsin, Eps15, and their yeast orthologs Ent1/2 (represented by Ent1) and Ede1; GGA3;

and the Hrs and STAM subunits of ESCRT-0. EH, Eps15 homology. (b) Structure of the

first UIM of Vps27 (green) in complex with ubiquitin (1Q0W). (c) Structure of the Ede1

UBA domain (yellow) in complex with ubiquitin (2G3Q). (d) Structure of the VHS

domain of STAM1 (green) in complex with ubiquitin (3LDZ). (e) Structure of the GAT

domain of GGA3 (green) in complex with ubiquitin (1YD8). (f) Structure of the Hrs

DUIM (green) bound to two ubiquitin molecules in two shades of orange (2D3G).

Ubiquitin is orange throughout.

Figure S2

Ubiquitin in RAB5 regulation. (a) Domain architecture of Vps9 and Rabex-5. (b)

Structure of the yeast Vps9 CUE domain dimer bound to ubiquitin (1P3Q). (c) Structure

of the Rabex-5 A20 zinc finger bound to ubiquitin (2FID). (d) Structure of the Rabex-5

MIU bound to -ubiquitinubiquitin (2FID). Compare the N-to-C terminal orientation of the

UIM helix to the conventional UIM in Figure S1b.

Figure S3

Ubiquitin recognition in MVB biogenesis. (a) Domain architecture of TSG101 (ESCRT-

I), yeast Vps36 (ESCRT-II) and human VPS36 (ESCRT-II). (b) Structure of the UEV



domain of the ESCRT-I TSG101 subunit in complex with ubiquitin (1S1Q). (c) Structure

of the TAB2 NZF domain bound to Lys63-diubiquitin (2WWZ), as a model for the yeast

ESCRT-II NZF2 complex. (d) Structure of the human ESCRT-II GLUE domain bound to

ubiquitin (2DX5).
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