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STAM1 and Hrs are the components of ESCRT-0 complex for lysosomal degradation of membrane pro-
teins is composed of STAM1 Hrs and has multiple ubiquitin binding domains. Here, the solution structure
of STAM1 UIM, one of the ubiquitin binding motif, was determined by NMR spectroscopy. The structure
of UIM adopts an a-helix with amphipathic nature. The central hydrophobic residues in UIM provides the
binding surface for ubiquitin binding and are flanked with positively and negatively charged residues on
both sides. The docking model of STAM1 UIM-ubiquitin complex is suggested. In NMR and ITC experi-
ments with the specifically designed mutant proteins, we investigated the ubiquitin interaction of tan-
dem ubiquitin binding domains from STAM1. The ubiquitin binding affinity of the VHS domain and
UIM in STAM1 was 52.4 and 94.9 lM, and 1.5 and 2.2 fold increased, respectively, than the value obtained
from the isolated domain or peptide. The binding affinities here would be more physiologically relevant
and provide more precise understanding in ESCRT pathway of lysosomal degradation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction the protein in various cellular processes. For example, it was re-
The ubiquitination of proteins is one of the widespread post-
translational modifications and regulates a variety of cellular pro-
cesses [1]. Protein modification by ubiquitin can be achieved
through the formation of an isopeptide bond between the carboxyl
group of the C-terminal glycine of ubiquitin and an e–amino group
of a lysine residue from a target protein [2]. The lysine residues on
ubiquitin also can be modified by other ubiquitin, resulting in the
formation of the polyubiquitin chains. Thus, the ubiquitinated tar-
get proteins are found in several ways, such as monoubiquitinated,
multiple monoubiquitinated, and polyubiquitinated forms. The
type of ubiquitination of target protein is related to the fate of
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ported that monoubiquitination is involved in endocytosis [3–5].
K48-linked polyubiquitination is very well characterized and the
signal for the proteasomal degradation pathway [reviewed in Ref.
6], whereas recent evidences revealed that multiple monoubiquit-
inantion or K63-linked polyubiquitination is the sorting signal in
the lysosomal degradation of membrane proteins [7,8].

Ubiquitin-mediated selective trafficking of membrane proteins
for lysosomal degradation is crucial for quality control in the cell
and proper cell signaling. Ubiquitinated membrane proteins should
be delivered inside of the cell via multivesicular bodies (MVBs) by
endocytosis, and finally to lysosomes. The endosomal sorting com-
plex required for transport (ESCRT) complexes sort the ubiqutinat-
ed membrane proteins for lysosomal degradation [reviewed in Ref.
9]. The signal transducing adaptor molecule (STAM) and hepato-
cyte growth factor-regulated substrate (Hrs) constitute the ESC-
RT-0 complex to sort the ubiquitinated cargo proteins from the
early endosomes to the ESCRT-1 complex [10,11]. Interestingly,
the ESCRT-0 complex contains multiple ubiquitin binding domains,
a Vps27/ Hrs/Stam (VHS) domain and a ubiquitin binding motif
(UIM) for STAM, and a VHS domain and a double-sided ubiquitin
interacting motif (DUIM) for Hrs, respectively. Via those multiple
ubiquitin binding domains, ESCRT-0 recognizes ubiquitinated car-
go proteins, in which the VHS domain of STAM has higher binding
affinity to K63-linked diubiquitin than to K48-linked diubuquitin
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[12,13]. Recently, Ren and Hurley suggested that the preference of
ESCRT-0 to K63-linked tetraubiquitin over monoubiquitin should
be attributed to the cooperation of flexibly connected VHS and
UIM motifs of ESCRT-0 [12].

To investigate the binding preference of ESCRT-0 to K63-linked
di-, or poly-ubiquitin, it is pre-requisite to understand both indi-
vidual VHS-ubiquitin and UIM-ubiquitin interactions. Previously,
we determined a novel ubiquitin binding site on STAM1 VHS and
suggested the mode of VHS-ubiquitin interaction by using NMR
spectroscopy [14]. We also reported the result of backbone reso-
nance assignments for N-terminal 191 amino acids of STAM1
(STAM1N191) which contain both VHS and UIM [15]. In this work,
we present the solution structure of STAM1 UIM and the interac-
tion between the UIM motif and ubiquitin. By using the mutant
protein of STAM1N191, we evaluated the affinities for ubiquitin of
the VHS domain and UIM individually.
Fig. 1. (A) Sequence alignment of UIM. The highly conserved hydrophobic residues
are indicated in color. (B) Energy lowest 20 ensemble structures of STAM1 UIM. (C)
Conformation of side-chains from the conserved hydrophobic residues. (D)
Electrostatic potential presentation of STAM1 UIM. The hydrophobic surfaces are
colored in gray, and the positively and negatively charged surfaces are shown in
blue and red, respectively. Throughout the figure, one-letter amino acid codes are
used with the sequence number of STAM1. (For interpretation of references to color
in this figure legend, the reader is referred to the web version of this article.)
2. Materials and methods

2.1. Peptide synthesis and protein preparation

The synthetic peptide, KEEEDLAKAIELSLKEQRQQS, correspond-
ing to UIM of STAM1 (Fig. 1A), was purchased from Anygen
(Gwangju, Korea). The UIM peptide was dissolved in 20 mM so-
dium phosphate buffer, pH 6.8, with 1 mM DTT, 0.1 M NaCl,
0.5 mM PMSF, 0.05 mM NaN3 and 5% (v/v) D2O for NMR experi-
ments. The concentration of UIM peptide was 2 mM.

The STAM1 protein containing both the VHS domain and UIM
was prepared as previously described [15]. The single and double
mutant STAM1 proteins, STAM1N191W26A, I179G, W26AL176A,
W26AI179G, and W26AS183A were prepared by site-directed
mutagenesis.

Ubiquitin for NMR and ITC experiments was expressed and
purified as described previously [14].

2.2. NMR measurements

All NMR experiments were carried out at 298 K on Varian VNMRS
900 MHz spectrometer with z-axis gradient equipment. For STAM1
UIM, two-dimensional nuclear Overhauser effect spectroscopy (2D
NOESY) (mixing times of 120 and 200 ms), total correlation spec-
troscopy (TOCSY) (mixing times of 60 ms), and double quantum fil-
tered correlation spectroscopy (DQF-COSY) were performed using
presaturation of the H2O resonance by continuous irradiation.

For NMR titration experiments, increasing amount of unlabeled
STAM1 UIM peptides, the wild-type STAM1N191 were added to 15N-
labeled ubiquitin, respectively, and series of 2D 1H–15N heteronu-
clear single quantum correlation (HSQC) spectra were recorded.
Reciprocally, unlabeled ubiquitin were titrated into 15N-labeled
STAM1N191W26A and series of 2D 1H–15N HSQC spectra were re-
corded at various molar ratios. From the NMR titration data, the
sites of protein–protein interaction were determined based on
the chemical shift perturbation (CSP) plot versus the protein se-
quences, where CSP was calculated by using the formula,
CSP = [(DH)2 + (DN/6.51)2]1/2.

All NMR data were processed using NMRPipe software [16] and
were analyzed using NMRView software [17].

2.3. Structure calculation of STAM1 UIM

The spin systems of STAM1 UIM were identified from the TOCSY
and DQF-COSY spectra, and the sequential assignments were
unambiguously accomplished from the analysis of the NOESY spec-
tra by the conventional method [18]. The NOE-based distance re-
straints were derived based on the peak volume by using the
program ARIA 2.0 [19]. The backbone dihedral angle restraints
were obtained from the analysis of DQF-COSY spectrum. The pep-
tide structures were calculated by using the program ARIA 2.0 and
CNS 1.2 [20] with 160 distance restraints and 30 dihedral angle re-
straints (Table 1). Twenty-six hydrogen bond restraints were incor-
porated into the final calculation of the peptide structures based on
the secondary structure of UIM. In the final ARIA run, 100 struc-
tures were calculated and the 20 lowest energy structures were se-
lected for statistical analysis by using PROCHECK-NMR 3.4 [21].

2.4. Isothermal titration calorimetry

ITC measurements were carried out by using ITC-200 microcal-
orimeter (MicroCal, Northampton, MA). The same buffer for NMR



Table 1
Structural statistics for the final 20 structures of STAM1 UIM.

Number of experimental restraints

NOE distance restraints 167
Hydrogen bond restraints 26
Torsion angle restraints 30
Number of violations
NOE > 0.3 (Å) 0
Dihedral angle > 0.5 (�) 0
Energies (kcal/mol)
Etotal �791.54 ± 45.06
Ebond 0.25 ± 0.01
Eangle 8.51 ± 0.11
Eimproper 0.30 ± 0.01
Edihed 93.67 ± 1.01
Evdw �157.20 ± 2.09
Eelec �737.37 ± 45.70
ENOE 0.63 ± 0.46
RMSD from experimental restraints
NOE (Å) 0.008 ± 0.003
Torsion angle (�) 0.021 ± 0.038
RMSD from the idealized gemometry
Bonds (Å) 0.001 ± 0.000
Bond angles (�) 0.296 ± 0.002
Improper angles (�) 0.111 ± 0.010
Ramachandran plot (%)a

Most favored 85.5
Additionally allowed 12.9
Generously allowed 1.1
Disallowedb 0.5
RMSD of well-ordered region (Å)c

Backbone 0.33
Heavy atoms 1.28

a As determined by PROCHECK-NMR.
b Disallowed regions were from the unstructured region.
c RMSD was calculated by using the software MOLMOL [30] for the well-ordered

residues of STAM1 UIM (Glu3–Gln17).
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measurements without D2O was used. Aliquots of 3 mM ubiquitin
were added at an interval of 150 s to the wild-type and mutant
STAM1 protein solutions (0.1 mM) in the cell with gentle stirring
using computer-controlled micro-syringe. The binding stoichiome-
try and binding constants were calculated by fitting the data to one
site binding model using MicroCal Origin (version 7.0) software.

3. Results

3.1. Solution structure of STAM1 UIM

The three-dimensional structure of the synthetic STAM1 UIM
peptide was determined by NMR spectroscopy. As shown in
Fig. 1, STAM1 UIM adopts a single a-helix spanning from Glu173
to Gln187 in aqueous solution. The 20 lowest energy structures
of STAM1 UIM were well converged with the backbone rmsd of
0.33 Å for the helical region (Fig 1B). Based on the sequence homol-
ogy between various UIMs (Fig 1A), the conserved residues,
Leu176, Ala179, and Ser183, are presented with the sidechain con-
figurations (Fig 1C). The surface charge potential presents the
amphipathic nature of STAM1 UIM (Fig. 1D). The hydrophobic res-
idues are on one surface of STAM1 UIM, while the positively and
negatively charged residues are on the other side of UIM helix.

3.2. Interaction between ubiquitin and STAM1 UIM peptide

To determine the UIM binding surface on ubiquitin, NMR titra-
tion experiments were carried out. The 15N-labeled ubiquitin sam-
ples were prepared and titrated with increasing amount of STAM1
UIM peptide. Fig. 2A shows the overlaid 1H–15N HSQC spectra of
ubiquitin at various molar ratios of UIM to ubiquitin. Most of the
1H–15N resonances from ubiquitin residues were not changed by
the addition of STAM1 UIM, however, some of the resonances were
significantly perturbed. Those are Thr7, Leu8, Ile13, Arg42, Leu43,
Ile44, Phe45, Ala46, Gly47, Lys48, Gln49, Leu71, and Leu73. Espe-
cially, the resonance of Ala46 was significantly line-broadened
and disappeared even at 0.2 M ratio of the added STAM1 UIM to
ubiquitin. The magnitude of the chemical shift perturbation by
the addition of STAM1 UIM to ubiquitin is summarized in Fig. 2B,
where the line-broadened Ala46 is indicated by the gray bar with
the maximal perturbation value for the clarity of understanding.
The ubiquitin residues involved in UIM binding are sequestered
on the same surface of ubiquitin except for the residue Ile13
(Fig. 2E). Ile13 and Thr14 of ubiquitin are not involved in the direct
contact with UIM, however, those two residues frequently showed
the chemical shift perturbation upon the addition of several ubiq-
uitin binding domains [22]. In our previous report [14] as well as in
this work (Fig. 2C, D), the resonances of Ile13 and Thr14 were per-
turbed significantly because of the conformational change by the
addition of STAM1. The UIM binding surface determined in this
work corresponds well with that of previous works [22–24].

3.3. Interaction between ubiquitin and STAM1N191

NMR titration experiments were also carried out by using 15N-
labeled ubiquitin with unlabeled STAM1N191. Since STAM1N191

contains two ubiquitin binding units, the VHS domain and UIM,
the manner of the chemical shift perturbation for the ubiquitin-
STAM1N191 complex was slightly different from that of the ubiqui-
tin-STAM1 UIM (Fig. 2C). The 1H–15N resonances of Leu8, Ile44,
Gly47, Gln49 as well as Ala46 which showed significant line-
broadening with the addition of UIM, were disappeared at the
STAM1N191 to ubiquitin molar ratio of 2. The degree of perturbation
by the addition of STAM1N191 to ubiquitin (Fig. 2D) was more se-
vere than that in the STAM1 UIM-ubiquitin complex (Fig. 2B).

3.4. Effect of UIM in STAM1 for ubiquitin binding

To evaluate the effect of UIM in STAM1 for ubiquitin binding,
Trp26 of STAM1 was substituted with alanine to eliminate the
binding affinity of the VHS domain to ubiquitin and the 15N-labeled
W26A mutant of STAM1N191 was subjected to the NMR titration
experiments. Since previous reports provided that Trp26 in the
VHS domain is the key residue in ubiquitin binding, the mutation
of tryptophan to alanine resulted in the complete loss of binding
affinity to ubiquitin [12,14]. Thus, the ubiquitin binding of
STAM1N191W26A should be attributed to the UIM motif. As ex-
pected, the titration of unlabeled ubiquitin perturbed only the res-
onances from UIM of 15N-labeled STAM1N191 (Fig. 3A). The STAM1
resonances from the residues, Ala168, Lys171, Glu174, Asn175,
Leu176, Lys178, Ser183, Glu186, Gln187, and Arg188 showed sig-
nificant chemical shift perturbation. The 1H–15N resonances from
Glu172, Glu173, Ala177, Ala179-Leu182, Leu184, and Lys185 were
line-broadened and disappeared in the presence of 6 M excess
ubiquitin. The summarized perturbation plot versus the STAM1 se-
quence in Fig. 3B clearly shows the contribution of UIM alone in
ubiquitin binding.

We also titrated ubiquitin to 15N-labeled wild-type STAM1N191.
From 1H–15N HSQC spectra of 15N-labeled STAM1 with ubiquitin,
the binding of STAM1 VHS as well as UIM to ubiquitin were de-
tected (Supplementary Fig. S1). The CSP plot of ubiquitin binding
to STAM1N191 (Supplementary Fig.S1B) showed the identical pat-
tern to our previous work (CSP plot of VHS with ubiquitin in Ref.
[14]) for the VHS domain and to this work for UIM (Fig. 3B), sug-
gesting the simultaneous ubiquitin binding of VHS and UIM in in-
tact STAM1.



Fig. 2. STAM1 UIM binding site on ubiquitin. Overlaid 1H–15N HSQC spectra of ubiquitin (A and C) and CSP plot (B and D) upon the addition of STAM1 UIM peptide and
STAM1N191, respectively. The molar ratios of UIM to ubiquitin are indicated by color bars on the spectra (A and C). The resonances perturbed significantly are labeled with
amino acid codes and arrows. The line-broadened residues during NMR titration are colored in red and indicated by gray bars with maximal value in CSP plots. (E) Consensus
UIM binding surface of ubiquitin from NMR titration experiments. (For interpretation of references to color in this figure legend, the reader is referred to the web version of
this article.)
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3.5. Ubiquitin binding affinity of STAM1N191

To measure the individual ubiquitin binding affinity of the VHS
domain and UIM from STAM1, the isothermal titration calorimetry
was performed with the specifically designed mutant STAM1 pro-
teins. Initially the synthetic STAM1 UIM peptide was titrated to
ubiquitin, however, it did not give rise to any binding information
because the raw data of ITC experiments presented too low heat
exchange upon titration (data not shown). Therefore, we used
the mutant STAM1 proteins for ITC experiments.

To evaluate the ubiquitin binding affinity of the VHS domain in
STAM1, the A179G mutant protein was used, since Ala179 was re-
ported as the key residue for ubiquitin binding in UIM [22]. On the
other hand, to evaluate the affinity of UIM of STAM1 to ubiquitin,
the W26A mutant was used.

All data were fitted by using the one-site binding model, even
though the wild-type STAM1N191 contains two ubiquitin binding
sites, the VHS domain and UIM, since two-side binding model
was not well fitted. In one-site binding model, the dissociation con-
stant between STAM1N191 and ubiquitin was 52.4 ± 8 lM with the
stoichiometry parameter, n = 2.08, which suggest STAM1N191 binds
two ubiquitin molecules (Fig. 4A). The dissociation constant of
STAM1N191I179G (effect of VHS) with ubiquitin was 28.7 ± 6 lM
with n = 1.33, suggesting the contribution of the VHS domain alone
in STAM1 to ubiquitin. This affinity between the VHS domain and
ubiquitin is somewhat elevated value compared to the previous re-
port [12,14]. The affinity of UIM alone in STAM1 (STAM1N191W26A)
to ubiquitin, 94.9 ± 8 lM (n = 0.98) was also higher than the re-
ported value measured with the synthetic STAM1 UIM peptide
[22]. It is not clear what would be the cause of the elevation of
the ubiquitin binding affinity with the larger polypeptide than in
the isolated domain or peptide. One possible explanation would
be that the more restricted diffusion of the larger polypeptide, the
STAM1N191 mutants, in solution would increase the effective local
concentration of the proteins surrounding ubiquitins, which would
result in the higher affinity than the isolated domain or peptide mo-
tif. Indeed, Fisher et al. [22] showed STAM1 UIM with flanking se-
quences has slightly enhanced affinity to ubiquitin than UIM
itself. In this study, the affinity to ubiquitin was increased by 1.5
and 2.2 fold for the VHS domain and UIM in the intact STAM1,
respectively, compared to the isolated domain or peptide.

3.6. Role of hydrophobic residues in ubiquitin binding

Three double mutants, STAM1N191W26AL176A, STAM1N191-
W26AA179G, and STAM1N191W26AS183A were produced and used
to investigate the role of the conserved residues, Leu176, Ala179, and
Ser183, which provide the hydrophobic surface to bind ubiquitin
(Fig. 1A). The selection of three hydrophobic residues, Leu176,
Ala179, and Ser183, was made based on following reasons: (1) the
central alanine and serine in UIM (Ala179 and Ser183 for STAM1)
play key role in the interaction with the hydrophobic surface cen-



Fig. 3. Ubiquitin binding site on STAM1 UIM. (A) Overlaid 1H–15N HSQC spectra of STAM1N191W26A with increasing amount of ubiquitin. The color bars on the spectrum
indicate the molar ratios of STAM1N191W26A to ubiquitin. The crowd region in the spectra is enlarged. (B) CSP plot to determine ubiquitin binding site of STAM1. The line-
broadened residues during NMR titration are colored in red (A) and indicated by gray bars with maximal value in CSP plots (B). (For interpretation of references to color in this
figure legend, the reader is referred to the web version of this article.)
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tered at Ile44 of ubiquitin [22,25], and (2) Leu176 is also one of the
most conserved residues and is exactly on the extended surface pro-
vided by Ala179 and Ser183, while other hydrophobic residues, such
as Ileu180 and Leu184, are less conserved and provide another plane
of the hydrophobic surface of STAM1 UIM (Fig. 1).

As expected, STAM1N191W26AA179G and W26AS183A lost
ubiquitin binding affinity, even though STAM1N191W26AA179G re-
tained very weak but undetectable affinity (Fig. 4E and F). The
mutation of leucine to alanine at the residue 176 resulted in the
complete loss of ubiquitin binding affinity (Fig. 4D). Thus, the ubiq-
uitin binding of STAM1 UIM should be attributed to the conserved
hydrophobic residues.

4. Discussion

ESCRT complexes sort the ubiqutinated membrane cargo pro-
teins for lysosomal degradation, where STAM and Hrs is the com-
ponent of ESCRT-0 complex and mediate the sorting of the
ubiquitinated cargo proteins from the early endosomes to the ESC-
RT-1 complex [10,11]. Interesting feature of ESCRT-0 is the pres-
ence of multiple ubiquitin binding domains, and via these
domains ESCRT-0 would recognize multiple monoubiquitins or
polyubiquitin in membrane protein trafficking. Recently, Ren and
Hurley showed that ESCRT-0 binds K63-linked tetraubiquitin 50-
fold more tightly than monoubiquitin and the gain in affinity
should be attributed to cooperation of flexibly connected VHS
and UIM motifs [12]. Lange et al. suggested different mode of bind-
ing of STAM2 VHS for K48- and K63-linked diubiquitin and the
preference of VHS for K63-linked diubiquitin [13]. Even with those
recent evidences, the exact molecular and structural bases why
ESCRT-0 components prefer K63-linked polyubiquitin are still of
great interest since the complex structure is not available yet.

Previously, we identified a novel ubiquitin binding site on
STAM1 VHS and suggested the binding mode of VHS-ubiquitin
complex [14]. Also we reported the backbone resonance assign-
ments for STAM1N191 which contains both the VHS domain and
UIM, and showed that two ubiquitin binding domains are linked
by very flexible extended loop regions [15]. Based on our previous
studies, here we performed the NMR and ITC experiments to eluci-
date the simultaneous binding of VHS and UIM in STAM1 to
ubiquitin.

The solution structure of STAM1 UIM was determined in aque-
ous solution in this work, suggesting the UIM is intrinsically a-he-
lix in intact STAM1. The steady-state 1H–15N heteronuclear NOE
experiment supported the presence of the structurally indepen-
dent a-helix in UIM region of STAM1 [15]. The UIM structure of
STAM1 resembled other UIM structure alone [22] or in ubiquitin
complex [25]. NMR and ITC data showed that the binding inter-
faces are mainly the hydrophobic surfaces, Leu176, Ala179, and
Ser183 from UIM and the hydrophobic surface centered at Ile44.
Our result corresponds well with previous mutagenic studies of
UIM on the effect of the hydrophobic residues in ubiquitin binding
[26–29].

Although we were not able to measure the STAM1 UIM binding
of ubiquitin in ITC experiments by using the synthetic peptide, the
binding was obvious in NMR titration experiments. This is because
the detectable time-scale in protein–protein interaction is very
suitable for weak bindings in NMR spectroscopy.



Fig. 4. Interaction between ubiquitin and the wild-type and mutant STAM1N191. ITC data of STAM1N191 (A), STAM1N191A179G (ubiquitin binding of VHS, B), and
STAM1N191W26A (ubiquitin binding of UIM, C) upon titration of ubiquitin. Ubiquitin binding affinities of double mutants, STAM1N191W26AL176A (D), W26AA179G (E), and
W26AS183A (E), were not measurable.
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To measure exact ubiquitin binding affinity of UIM, we used the
mutant STAM1 protein which lacks ubiquitin binding affinity of
the VHS domain. The effect of UIM in STAM1 for ubiquitin binding
was enhanced compared to that of UIM peptide (2.2 fold). The same
tendency was also detected in the ubiquitin binding of the VHS do-
mains. We suggest that the result in this work present more accurate
binding aspect and physiological relevance in ubiquitin interaction.

Finally, the docking model of STAM1 UIM and ubiquitin com-
plex was presented (see Supplementary data). The docking simula-
tion was performed by using RosettaDock protocol. The complex
structure of STAM1 UIM and ubiquitin (Supplementary Fig. S2C
and D) showed the hydrophobic interaction provided by both cen-
tral regions of UIM and ubiquitin as well as three putative hydro-
gen bond interactions. Even though the hydrophobic interaction
plays crucial role in STAM1 UIM-ubiquitin binding, the electro-
static contribution is also significant (see Supplementary results).

In conclusion, we presented the first solution structure of
STAM1 UIM and evaluated the individual ubiquitin binding affinity
of the VHS domain and UIM motif in STAM1 with physiological rel-
evance. This approach will be beneficial to understand the binding
mode of ESCRT complex to polyubiquitin as well as the protein
complex involved in multiple (or poly) ubiquitin binding domains.
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