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The deubiquitinating enzyme associated molecule with the
SH3 domain of STAM (AMSH) is crucial for the removal of
ubiquitin molecules during receptor-mediated endocytosis and
lysosomal receptor sorting. AMSH interacts with signal trans-
ducing adapter molecule (STAM) 1 or 2, which enhances the
activity of AMSH through an unknown mechanism. This stim-
ulation is dependent on the ubiquitin-interacting motif of
STAM. Here we investigate the specific mechanism of AMSH
stimulation by STAM proteins and the role of the STAM Vps27/
Hrs/STAM domain. We show that, in the presence of STAM, the
length of the ubiquitin chains affects the apparent cleavage rate.
Through measurement of the chain cleavage kinetics, we found
that, although the k_,, of Lys®*-linked ubiquitin chain cleavage
was comparable for di- and tri-ubiquitin, the K|, value was lower
for tri-ubiquitin. This increased affinity for longer chains was
dependent on the Vps27/Hrs/STAM domain of STAM and
required that the substrate ubiquitin chain contain homoge-
nous Lys®3-linkages. In addition, STAM directed AMSH cleav-
age toward the distal isopeptide bond in tri-ubiquitin chains.
Finally, we generated a structural model of AMSH-STAM to
show how the complex binds Lys®3-linked ubiquitin chains and
cleaves at the distal end. These data show how a deubiquitinat-
ing enzyme-interacting protein dictates the efficiency and spec-
ificity of substrate cleavage.

The ubiquitin system plays a role in a wide range of cellular
processes, including protein degradation, cell signaling, tran-
scription regulation, and DNA damage response (1). The regu-
lation of numerous cellular processes by ubiquitin is ascribed to
the ability of ubiquitin to form a large spectrum of distinct mod-
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ifications, from monoubiquitination of a target protein to
polyubiquitin chains (2). Polyubiquitin chains are formed by
connecting one of seven lysines or the N-terminal a-amine
within one ubiquitin to Gly”® of another ubiquitin (3, 4). These
linkages are described by the lysine within ubiquitin that
donates the amine (e.g. Lys®® or Lys*®). Similar to other post-
translational modifications, ubiquitination is a reversible mod-
ification, and the removal of ubiquitin from substrates or the
reduction of the polyubiquitin chain length, called “trimming,”
is catalyzed by a group of enzymes called deubiquitinating
enzymes (DUBs).> About 100 DUBs are encoded by the human
genome. They are divided into six families on the basis of their
structure and catalytic mechanism (5). Five of the families are
cysteine proteases, including ubiquitin-specific proteases,
ubiquitin C-terminal hydrolases, ovarian tumor domain DUBs,
Machado-Joseph disease proteases, and monocyte chemotactic
protein-induced protein DUBs, whereas the sixth family, JAB1/
MPN/MOV34 domain DUBs, are metalloproteases (5). DUBs
that cleave polyubiquitin chains exhibit different cleavage spec-
ificities depending on the ubiquitin chain linkage. Some DUBs
only cleave chains of a single linkage, whereas others cleave
several linkage types and still others exhibit linkage-indepen-
dent activity, cleaving all types of ubiquitin chains (6-8).
Therefore, regulation of DUB activity is required to guarantee
on-target ubiquitination in the cell.

Previous work by many research groups has identified several
types of regulatory mechanisms applied to DUBs that enable cells
to control DUB activity. Posttranslational modifications such as
phosphorylation, ubiquitination, and SUMOylation play a pivotal
role in the activation of several DUBs (9). For some DUBEs, inter-
action with a specific partner is required for their allosteric
activation or inhibition (10). Moreover, the recent finding that
several E2 enzymes interact with and regulate the DUB OTUB1
suggests a novel cross-talk between ubiquitin conjugating

3 The abbreviations used are: DUB, deubiquitinating enzyme; ESCRT, endo-
somal sorting complex required for transport; STAM, signal-transducing
adaptor molecule; VHS, Vps27/Hrs/STAM; UIM, ubiquitin-interacting motif;
SH, Src homology; AMSH, associated molecule with the SH3 domain of
STAM; Ub, ubiquitin.
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FIGURE 1. Domain structure of AMSH and STAM 1/2 for the constructs used in this work. AMSH denotes residues 219-424, STAM 1/2 denotes residues
1-267/261, and STAM 2 AVHS denotes residues 155-261. JAMM, JAB1/MPN/MQOV34.

enzymes and DUBs that does not operate through ubiquitina-
tion of the DUB (11).

A subset of the identified DUB binding partners also binds
ubiquitin or ubiquitin chains. Although a detailed mechanism
of how these partners regulate DUB activity has not yet been
determined, it has been proposed that a ubiquitin binding part-
ner facilitates substrate binding for the DUB, thereby affecting
DUB activity (12). Several DUBs contain ubiquitin-binding
domains or interact with a binding partner that has a ubiquitin
binding surface required for proper substrate specificity (13).
These additional substrate interaction domains can restrict off-
target activity against ubiquitin chains containing different
linkages (14, 15). Alternatively, DUBs containing additional
ubiquitin binding sites enable efficient cleavage of longer ubiq-
uitin chains because multiple substrate binding sites within the
DUB would have an additive effect on substrate affinity. This
holds true for the enzyme TRABID, a DUB that contains three
N-terminal ubiquitin-binding Npl4-like zinc-finger domains
that collectively contribute to the preferential cleavage of lon-
ger ubiquitin chains (14). Therefore, it is possible that ubiquitin
binding partners of DUBs enforce cleavage specificity not only
on the basis of chain topology but also on the basis of the length
of the chain.

Lys®*-linked ubiquitin chains play a key role in endosomal
complexes required for transport (ESCRT) signaling and recep-
tor degradation via the lysosomes (16). Not surprisingly, several
proteins that function in ESCRT signaling have roles in ubiqui-
tin metabolism, and some possess ubiquitin-binding domains,
including signal transducing adaptor molecule (STAM) 1 and 2
(17). STAM binds monoubiquitin or ubiquitin chains via its
Vps27/Hrs/STAM (VHS) domain and its ubiquitin-interacting
motif (UIM). However, it shows preferential binding of Lys®*-
linked ubiquitin chains (18, 19). Besides ubiquitin binding
domains, STAM contains an SH3 domain that mediates an
interaction with the DUB associated molecule with the SH3
domain of STAM (AMSH), via the SH3 binding sequence (Fig.
1) (20). AMSH is a Lys®*-specific DUB belonging to the family
of JAB1/MPN/MOV 34 metalloproteases (21). AMSH regulates
endocytic sorting of membrane proteins such as EGF receptor
and CXCR4 (21-23), a process that is mediated by ESCRT.
STAM not only recruits AMSH to the endocytic pathway, facil-
itating deubiquitination of cargo proteins, but also stimulates
AMSH DUB activity. In vitro experiments showed that STAM
stimulates AMSH DUB activity against Lys®*-linked ubiquitin
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chains. Mutations in the SH3 domain of STAM that disrupt
binding to AMSH as well as mutations in the UIM domain have
been shown to prevent AMSH stimulation (20, 24, 25). Simi-
larly, mutations in the SH3 binding sequence of AMSH, located
just before the catalytic domain, prevent stimulation. The cat-
alytic domain of AMSH contains distal and proximal ubiquitin
binding sites that provide the specificity toward Lys®*-linked
ubiquitin chains (26). Therefore, the additional ubiquitin bind-
ing sites provided by STAM are not necessary for ubiquitin
chain linkage specificity. To determine the role of the ubiquitin
binding domains of STAM on AMSH activity, we determined
the kinetics of ubiquitin chain cleavage by the STAM-AMSH
complex. We found that STAM directs AMSH specificity to
cleave Lys®?-linked ubiquitin chains of more than two ubiquitin
molecules in length. This stimulation is due in large part to the
VHS domain because truncations lacking the VHS domain of
STAM show no preference for longer chains. Finally, we mod-
eled the structure of the AMSH-STAM and Lys®*-linked tri-Ub
complex to show how STAM could direct AMSH to ubiquitin
chains.

Materials and Methods

Cloning, Expression, and Purification—The human AMSH,
STAM1, and STAM2 open reading frames were amplified from
a human spleen complementary DNA library (BioChain) and
cloned into a pET32a vector containing an N-terminal tobacco
etch virus-cleavable thioredoxin-His, tag using infusion ligase-
free cloning (Clontech). All AMSH, STAM1, and STAM?2 frag-
ments were generated in the above vector. Mutants of ubiquitin
were generated by site-directed mutagenesis using the
QuikChange mutagenesis kit (Stratagene) following the proto-
col of the manufacturer.

All proteins were expressed in Escherichia coli T7 Express
(New England Biolabs) and grown in Luria-Bertani medium.
Cultures were inoculated using 1% (v/v) of a saturated over-
night culture and were grown at 37 °C to an Ay, of 0.4—-0.6.
Proteins were induced at 16 °C overnight by addition of 150 um
isopropyl-B-p-thiogalactoside. Cells were harvested by centrif-
ugation (6200 X g, 15 min) and stored at —80 °C for later use.

Ubiquitin WT and mutants were expressed and purified as
described previously (27). AMSH WT and deletions were puri-
fied by resuspending cell pellets in lysis buffer (50 mm sodium
phosphate (pH 8.0), 300 mm NaCl, 15 mm imidazole, and 5%
glycerol) after adding 1 mm PMSF. Cells were disrupted using a
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microfluidizer (Microfluidics), and the lysate was centrifuged at
68,900 X g for 1 h to remove cell debris. The lysate was sub-
jected to immobilized metal affinity chromatography using 5
ml His-Trap columns (GE Healthcare), and protein was eluted
with a linear imidazole gradient of 15-300 mm in 30 column
volumes. Fractions containing purified protein were pooled,
and tobacco etch virus protease was added in a ratio of 1:100
before dialysis overnight at 4 °C into lysis buffer without imid-
azole. Cleaved protein was then purified by a second round of
metal affinity chromatography, and the cleaved protein was
collected from the flow-through. Protein was then dialyzed
overnight at 4 °C into dialysis buffer (20 mm Tris (pH 7.8), 100
mM NaCl, and 5 mm B-mercaptoethanol) and subjected to ion
exchange chromatography using a 5-ml Q-Sepharose column
(GE Healthcare). Protein was eluted with a 30-column volume
linear gradient of 100—-600 mMm NaCl in dialysis buffer. Frac-
tions containing purified protein were pooled, concentrated,
and flash-frozen in liquid N, before being stored at —80 °C.

STAM (1 and 2) WT and deletions were purified according
to the AMSH purification protocol until the second round of
metal affinity chromatography. Proteins were then purified by a
Superdex 75 gel filtration column (GE Healthcare) equilibrated
in 20 mm Tris (pH 7.5), 150 mm NaCl, and 5 mMm B-mercapto-
ethanol. The elution peak was concentrated and flash-frozen in
liquid N,,.

Ubiquitin Chain Formation—Lys®*-linked di-Ub and tri-Ub
and mixed tri-Ub (possessing both Lys*® and Lys®® linkages)
were synthesized following the Pickart and Raasi method for
controlled synthesis of ubiquitin chains, with slight modifica-
tions (27). All enzymes required for these syntheses, viz. E1
(human), Ubc13/MMS?2 (yeast), CDC34 (human), RAD5 (846 —
1169, yeast), and Yuhl (yeast), were also expressed and purified
as recombinant proteins in E. coli as described previously (28,
29). Lys®® linked di-Ub was synthesized using two ubiquitin
mutants (UbK63R and Ub74, which is missing the last two gly-
cine residues). These mutants (200 uMm each) were incubated
overnight at 37 °C in the presence of 1 um Ubal (E1), 2 um Rad5
(E3), 2 uM Ubcl13, and 2 um Mms?2 in buffer containing 50 mm
Tris (pH 7.6), 10 mm MgCl,, 0.6 mMm DTT, and 2 mm ATP. Then
the reaction was diluted 20-fold in 50 mmM ammonium acetate
(pH 4.5), 100 mm NaCl, 5 mm B-mercaptoethanol, and loaded
on a Mono-S column. Lys®*-linked di-Ub was eluted using a
linear NaCl gradient of 100—600 mM in 30 column volumes.
Fractions containing Lys®>-linked di-Ub were pooled, dialyzed
against 10 mm Tris (pH 7.5) and 100 mMm NaCl, concentrated,
and stored at —80 °C. Lys®® linked tri-Ub was synthesized in
two steps. The first step was similar to that of Lys®*-linked
di-Ub formation, except that UbD77, which has an additional
Asp after Gly”®, was used instead of Ub74. Then Lys®* di-Ub
was incubated with 2.7 um YUH1, which removes Asp”’, for 1 h
at 37 °C and used in a second chain extension reaction step. In
this step (200 um), Lys®® di-Ub was incubated overnight at 37 °C
with 400 uM Ub74 in the presence of the conjugating enzymes
listed previously. Then Lys®*-linked tri-Ub was purified using a
Mono-S column as described before. Mixed Lys®*-Lys*® tri-
ubiquitin chains were synthesized in two steps, as described
above, with the following modifications. For the first step reac-
tion, UbD77 K63R or K48R was incubated with Ub K63R,K48C
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in the presence of Ubc13/Mms2 or CDC34 to form Lys®3-
linked di-UB or Lys*®-linked di-Ub, respectively. After removal
of Asp”” by YUH1, Ub74 was added to the di-Ub chain to form
a Lys*® linkage (using CDC34) or Lys®® linkage (using Ubc13/
Mms2). Both mixed tri-Ub (Lys®*-Lys*® linkages or Lys*®-Lys®®
linkages) were concentrated and stored at —80 °C. Lys®*-linked
ubiquitin chains of non-uniform lengths were synthesized in 50
mM HEPES (pH 8.0) buffer containing 0.1 mm DTT, 150 mm
NaCl, 1 mm ATP, and 2.5 mm MgCl,. Reaction mix containing
1 M hUBC13, 1 um UEVla, 5 M ubiquitin, and 0.1 pm E1
enzyme was incubated at 37 °C for 30 min. Then Apyrase at 0.12
milliunits (New England Biolabs) was added for 10 min at 37 °C
to stop the synthesis reaction.

Fluorescein-labeled Ub Chains—For labeling Lys®*-linked
di-Ub, synthesis was done in the presence of UB74/K48C,
thereby introducing Cys on the proximal ubiquitin. For labeling
Lys®3-linked tri-Ub, synthesis was done either in the presence
of Ub74/K48C (for introducing Cys on the proximal ubiquitin)
or in the presence of UbK63R/K48C (for introducing Cys on the
distal ubiquitin). Then 50-100 uMm of ubiquitin chains was
incubated with a 4-fold excess of fluorescein-5-maleimide in
buffer containing 150 mm NaCl, 20 mm Tris (pH 7.5), and 1 mm
tris(2-carboxyethyl)phosphine for 2 h at room temperature and
quenched by adding a 10-fold excess B-mercaptoethanol for 5
min. The labeled chains were purified using a PD miniTrap G25
gravity column pre-equilibrated in 150 mm NaCl, 20 mwm Tris (pH
7.5), and 1 mm tris(2-carboxyethyl)phosphine following the proto-
col of the manufacturer. The labeled ubiquitin chains were visual-
ized on SDS-PAGE gel and scanned in a Typhoon laser at 488 nm.
The final concentrations were measured spectrophotometrically
at 280 and 495 nm and stored at —80 °C until use.

In Vitro AMSH DUB Assay—Gel-based assays for AMSH
stimulation by STAM were performed in reaction buffer con-
taining 50 mm HEPES (pH 7.5), 150 mm NaCl, and 2 mm DTT.
AMSH (residues 219-424) 50 nm was mixed with 5 um of
STAM 1 (1-267), STAM2 (1-261), or STAM2 missing the VHS
domain (155-261) with 4 um ubiquitin chain substrate. Reac-
tions were performed at 37 °C and initiated by addition of the
AMSH enzyme. Aliquots were removed at the specified time
points, and the reactions were quenched by addition of dena-
turing SDS-PAGE loading dye containing 3-mercaptoethanol.
Samples were analyzed by gel electrophoresis. Gels were
stained with Coomassie Brilliant Blue. In the absence of STAM,
the AMSH concentration was 200 nM in cleavage reactions.

Assay to Detect the Position of Cleavage—Lys®*-linked tri-Ub
labeled on the distal/proximal ubiquitin (0.12 uM) were incu-
bated with AMSH alone or with 5 um STAM2 or STAM2
AVHS. Reactions were done at room temperature and 4 °C in
the absence and presence of STAM2 (or STAM2 missing the
VHS), respectively. Also, the AMSH concentration was 200 nm,
except in the presence of STAM2, where it was reduced to 50 nm.
Reactions were stopped at different time points by adding dena-
turing loading dye containing 3-mercaptoethanol. Then samples
were loaded on SDS-PAGE, and labeled ubiquitin chains were
visualized using a Typhoon laser scanner at 488 nm.

Immunoblotting—Lys®*-linked ubiquitin chains of non-uni-
form lengths were incubated with 50 nm AMSH alone or with 5
uM STAM2 or STAM2 AVHS at 37 °C. The cleavage of chains
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was stopped at different time points by adding denaturing SDS-
PAGE loading dye containing [(-mercaptoethanol. Samples
were separated on a SDS-PAGE gel and transferred to a PVDF
membrane. The membrane was denatured in a solution con-
taining 6 M guanidine HCI, 20 mm Tris-HCI (pH 7.5), 1 mm
PMSEF, and 5 mm B-mercaptoethanol for 30 min at 4 °C and
then washed extensively in Tris-buffered saline and Tween 20
(TBST). Membranes were blocked overnight at 4 °C with 5%
BSA in TBST and incubated for 1 h with ubiquitin antibody
(1:1000, catalog no. P4D1, Santa Cruz Biotechnology) at room
temperature, followed by anti-mouse HRP-conjugated second-
ary antibody.

Steady-state Kinetic Assays of AMSH-STAM Deubiquitinat-
ing Activity against Lys®*-linked Di-Ub or Tri-Ub—Steady-state
enzyme kinetic assays were performed at 17 °C in a reaction
buffer containing 50 mm HEPES (pH 7.5), 150 mm NaCl, and 2
mM DTT. AMSH (50 nm) and STAM2 (1-261, 5 uMm) were
mixed with specified amounts of Lys®*-linked di-Ub or tri-Ub.
After 1 min, reactions were stopped by the addition of denatur-
ing SDS-PAGE loading dye containing 3-mercaptoethanol and
analyzed by SDS-PAGE followed by staining with Coomassie
G-250 (30). The product bands corresponding to ubiquitin,
di-Ub, or tri-Ub substrates were quantified by densitometry
with Image] software (31). Ubiquitin and di-Ub standards were
used to generate calibration plots and to calculate the product
concentration. Reaction velocities were then calculated for
each di-Ub or tri-Ub concentration and fitted to the Michaelis-
Menten equation with GraphPad Prism software.

Competition Assays—For competition experiments, we fol-
lowed Cooper et al. (32). Briefly, all experiments were per-
formed at room temperature in buffer containing 50 mm
HEPES (pH 7.5), 150 mm NaCl, and 2 mm DTT. The assays were
performed by incubating 50 nm AMSH (219 —424) and 5 um of
STAM?2 with and without the VHS domain (1-261 or 155-261)
with 0.7 um labeled di-Ub in the presence of increasing con-
centrations of unlabeled di-Ub or tri-Ub for 10 min. The
reactions were quenched by the addition of denaturing SDS-
PAGE loading dye containing 3-mercaptoethanol. Samples
were analyzed by gel electrophoresis on 12% polyacrylamide
and scanned in a Typhoon laser scanner. Bands were inte-
grated using Image], and the IC,, was calculated with
GraphPad Prism software.

Model of the AMSH-STAM-Ubiquitin Complex—The AMSH-
STAM-ubiquitin complex was homology-modeled for un-
known parts in Phyre2 and YASARA (Yet Another Scientific
Artificial Reality Application) in intensive/slow search mode
(33, 34). Each domain was built and refined separately
in YASARA, followed by addition of domain-connecting se-
quences (35). Ubiquitin was docked to the STAM UIM using the
HADDOCK (High Ambiguity Driven protein-protein DOCKing)
web server, and the RAP80 UIM-Lys®3-linked di-ubiquitin struc-
ture was used to suggest interaction residues for docking (36, 37).
The STAM-AMSH interaction site was modeled using 1UJO as a
template and aligned with the AMSH homology model. The struc-
tures of the Lys*®-linked ubiquitin chains were aligned to the distal
AMSH-bound ubiquitin (38, 39).
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FIGURE 2. Preferential cleavage of Lys®3-linked tri-Ub by the AMSH-STAM
complex. A, Coomassie-stained gel showing Lys®? di/tri-Ub (4 um) cleavage
by AMSH (50 nm) and STAM1 (5 um). B and C, steady-state kinetic saturation
curves for cleavage of Lys®-linked di-Ub (B) and Lys®*-linked tri-Ub (C) by
AMSH (50 nm) and STAM2 (5 um). Each rate was measured in two sets of
experiments with quadruplicate measurements in each experiment, and
error bars represent the mean = S.E. for each measurement.

Results

The AMSH-STAM Complex Shows Preferential Cleavage of
Tri-Lys®® Ub over Di-ubiquitin—Although STAM has been
shown to stimulate the DUB activity of AMSH against Lys®?
di-Ub, whether STAM directs AMSH cleavage toward longer
ubiquitin chains has not been tested. To that end, we compared
the kinetics of Lys®® di-Ub cleavage to that of Lys®*-linked
tri-Ub cleavage. As shown in Fig. 24, although Lys®*-linked
tri-Ub disappeared after 15 min, di-Ub survived for more than
half an hour, suggesting that the former is a preferred substrate
for cleavage by the AMSH-STAM complex. To further under-
stand this observation, we measured the steady-state kinetics of
Lys® linked di-Ub or tri-Ub cleavage. As shown in Fig. 2, Band
C, although both tri-Ub and di-Ub have a similar k_, value
(44.1 = 1.6 min~ " and 46.3 = 2.6 min~ ! for tri- and di-Ub,
respectively), the K, value for tri-Ub is 4-fold lower (2.1 £ 0.3
uM and 8.8 = 1.3 uM for tri- and di-ubiquitin, respectively).
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FIGURE 3. The VHS domain contributes to the preferential binding of Lys®3-linked tri-Ub to the AMSH-STAM2 complex. A and B, competition experi-
ments in which the rate of fluorescein-labeled, Lys®*-linked di-Ub cleavage was measured at increasing concentrations of unlabeled Lys®3-linked di-Ub (A) or
Lys®3-linked tri-Ub (B). Cand D, as A and B, respectively, but in the presence of STAM2 missing the VHS domain. Each rate was measured in triplicate, and error

bars represent the mean = S.E.

Reduction in the kinetic parameter K, suggests an increase
in the affinity for substrate. Therefore, we were motivated to
determine whether the preferential cleavage of tri-Ub was due
to better binding of tri-Ub over di-Ub to the AMSH-STAM
complex. To that end, we performed in vitro deubiquitination
assays of fluorescently labeled di-Ub in the presence of increas-
ing amounts of unlabeled di- or tri-Ub chains (Fig. 3). In these
experiments, we measured the IC., of di- or tri-Ub chains,
which reflects the relative affinities of these substrates to the
complex of AMSH-STAM. As shown in Fig. 3, both di- and
tri-Ub chains inhibited AMSH-STAM-mediated cleavage of
the fluorescent labeled Lys®*-linked di-Ub. The ICs, value for
tri-Ub was 2-fold lower than that of di-Ub (2.8 um and 6.3 uMm
for tri- and di-Ub, respectively), indicating a preferential bind-
ing of tri-Ub. Taken together, our results suggest that the higher
binding affinity of tri-ubiquitin to the AMSH-STAM complex
contributes to its preferred cleavage by the AMSH-STAM
complex.

STAM Introduces Specificity on the Basis of the Position of the
Isopeptide Bond—Lys®3-linked tri-Ub possesses two isopeptide
bonds, raising the question of whether one of the bonds is pre-
ferred over the other for cleavage by AMSH. To that end, we
first fluorescently labeled Lys®>-linked tri-Ub chains on the dis-
tal ubiquitin to determine whether STAM confers endo- or
exodeubiquitinase activity (Fig. 4). As shown in figure 4B,
tri-Ub chains labeled on the distal Ub showed only mono-Ub as
the cleavage product in the presence of STAM, suggesting that
the distal bond is preferred for cleavage. However, in the
absence of STAM, we observed both di-Ub and mono-Ub as
cleavage products, suggesting that the distal bond is no more
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preferred than the proximal bond. Notably, to discount the pos-
sibility that the mono-Ub band observed in the presence of
STAM is due to fast cleavage at both distal and proximal link-
ages, we slowed down the reaction by decreasing the tempera-
ture to 4 °C and using only 50 nm AMSH. However, in the
absence of STAM, we worked at room temperature and with
200 nM AMSH to discount the possibility that di-Ub band is due
to the slow activity of AMSH in the absence of STAM. To fur-
ther support this observation, we labeled Lys®*-linked tri-Ub
chains on the proximal Ub. As expected, in the presence of
STAM, we observed di-Ub, which is the product of tri-Ub
cleavage at the distal bond (Fig. 4C). Moreover, because this
di-Ub can serve as a substrate for cleavage by itself, we also
observed the mono-Ub product when Lys®*-linked tri-Ub
chains were labeled on the proximal ubiquitin.

To better understand this observation, we asked whether the
VHS domain plays a role in this process. To that end, we tested
the cleavage of labeled Ub chains in the presence of STAM,
which was missing the VHS domain. As expected, the lack of
the VHS domain abrogated the ability of STAM to direct cleav-
age to the distal bond. The cleavage pattern in the absence of
the VHS domain resembled that of AMSH alone (Fig. 4D).
Taken together, our results suggest that STAM not only
increases substrate-binding affinity, as described previously,
but also directs the cleavage to a specific isopeptide bond in the
chain.

The VHS Domain Contributes to the Cleavage of Lys®-linked
Ub Chains Possessing Various Lengths—So far, our model sub-
strates for studying the role of the VHS domain were Lys®*-
linked di- and tri-ubiquitin chains comprised of two or three
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FIGURE 4. STAM2 directs the cleavage of Lys®® tri-Ub by AMSH to the distal bond. A, schematic of the distal and proximal ubiquitin positions and bonds in
Lys®3-linked tri-Ub. B, cleavage of Lys®*-linked tri-Ub labeled on the distal ubiquitin (0.12 um) in the presence or absence of 5 um STAM2. RT, room temperature.
C, similar to B but with Lys®*-linked tri-Ub labeled on the proximal ubiquitin. D, cleavage of Lys®*-linked tri-Ub labeled on the distal ubiquitin (0.12 um) in the
presence STAM2 possessing or missing the VHS domain (5 um). The temperature and concentration of AMSH are indicated for each reaction.

ubiquitin molecules. Therefore, to examine whether our pro-
posed mechanism for the VHS domain holds true for ubiquitin
chains longer than tri-Ub, we synthesized Lys®*-linked ubiqui-
tin chains of non-uniform lengths using the E2 UBC13 and
UevlA. Then we tested the cleavage of these chains by the
AMSH-STAM complex and a complex lacking the STAM VHS
domain. As shown in Fig. 54, the lack of the VHS domain sig-
nificantly reduced the disappearance of longer ubiquitin
chains. However, STAM missing the VHS domain still
enhances the overall rate of ubiquitin chain cleavage. These
data support our finding that the STAM VHS domain is
required for cleavage of chains longer than two ubiquitin
molecules.

The VHS Domain of STAM Is Essential for the Preferential
Cleavage of Tri-Lys®*-linked Ubiquitin Chains—The basis for
STAM VHS domain-stimulated chain cleavage by AMSH was
not clear from our experiment with the heterogeneous chain
mixture. Therefore, we tested the stimulation of cleavage of
di-Ub and tri-Ub by AMSH. A STAM construct lacking the
VHS domain did not show a detectable defect in its ability to

2038 JOURNAL OF BIOLOGICAL CHEMISTRY

stimulate cleavage of di-Ub by AMSH (Fig. 5B). However,
removal of the VHS domain diminished the ability of STAM to
stimulate tri-Ub cleavage by AMSH, supporting our previous
findings shown in Fig. 5A (Fig. 5C). These data suggest that the
VHS domain plays a role in the stimulation of ubiquitin chains
longer than di-Ub. To further understand the role of the VHS
domain, we tested whether the VHS domain enhances the affin-
ity of the AMSH-STAM complex for tri-Ub over di-Ub. As
expected, the IC,, of di-Ub was not affected by deletion of the
VHS domain and was comparable with that measured for the
full AMSH-STAM complex (compare Fig. 3, A and C). How-
ever, the IC,, for Tri-Ub was increased in the absence of the
VHS domain compared with the value determined for STAM
with the VHS domain, suggesting that the VHS domain plays a
role in the binding of tri-Ub chains (compare Fig. 3, B and D).
Our results suggest that the VHS domain within STAM con-
tributes to stimulation when the ubiquitin chains are composed
of more than two ubiquitin molecules (i.e. at least two isopep-
tide bonds). However, it was not clear whether stimulation by
the VHS domain requires two adjacent Lys®*-linked bonds or

SASBMB

VOLUME 291-NUMBER 4-JANUARY 22,2016



&
v
A & &
z & &
-= % .bx ‘z:t
s & & &
22 v ® A
time (min) 5103060 5103060 5103060

0

!Ihs ub,
44—

- - - Ub
-aeeeses - mss Ub:
SEEESEREIEERARES UL
&
v
U ¢
c S8
& &
x
&’Q\ ‘éb éb
L v
time (min) 0 2 510025100 2 5 10
Py - e« = STAM2
-
wl A - S8s Ub.
E
63 63 48
Ub-Ub Ub-Ub-Ub
time (min) 02510 0 2510
25 ; STAM2
.'20 ——— Ub
g 15 - ——— —— - Ub:
10 o= - ——— ~ —_Ub

Mechanism of STAM Stimulation of AMSH

® ®
g:’b g‘?’% éb
¥ ¥ ¥
time (min) 0 102030 0 102030 0 1020 30

x[B === sTAM2
8 20 &

15 [P - - - - Ub,
108 — e eees- Ub

63 63 63 48 48 63
Ub-Ub-Ub Ub-Ub-Ub Ub-Ub-Ub

025100 25100 2 5 10

time (min)

. STAM2
g 20 & e~ TSNS . —" N —— uba
n - Ub,

158 == -

S
Y Q) Q)
A

0 5100 5 100 5 10
—— - STAM2

time (min)
25 ¢

820 ¢ —

154
10 =

FIGURE 5. The VHS domain of STAM2 directs AMSH to cleave longer Lys®3-linked ubiquitin chains. A, cleavage of Lys®*-linked ubiquitin chains by AMSH
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whether it is insensitive to the linkage of the non-scissile
bond(s). To that end, we made two types of mixed chains: one
group with Lys*®-linked isopeptide bond at the distal end and
another group with this bond at the proximal end. First we
tested the disappearance of the mixed tri-ubiquitin chains by
the AMSH-STAM complex. As shown in Fig. 5D, both sub-
strates disappeared more slowly compared with tri-Ub chains
composed of two Lys®*-linked isopeptide bonds. However,
when we compared the cleavage of the mixed chains with that
of Lys®®-linked di-Ub, we found that their disappearance rate
was similar, supporting the conclusion that the contribution of
the VHS domain to cleavage requires two adjacent Lys®*-linked
isopeptide bonds (Fig. 5E).

Structural Model for the AMSH-STAM:-Tri-Ub Complex—
The structural basis for the preference of AMSH-STAM for
longer ubiquitin chains was not clear given the current struc-
tures of AMSH, STAM, and associated complexes (26, 40, 41).
We modeled the structure of STAM bound to AMSH using the
existing structures of AMSH-like protease bound to di-ubiqui-
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tin and the known structures of domains of STAM and homo-
logy modeling of the UIM of STAM to provide structural sup-
port for our biochemical findings. Secondary structure
prediction supported unstructured regions between the VHS,
UIM, and SH3 domain (data not shown). To show the interac-
tion between the UIM and the ubiquitin hydrophobic patch, we
used HADDOCK to identify a favorable complex followed by
energy minimization to reduce structural errors (see “Materials
and Methods” for details). We also modeled the proximal ubiq-
uitin onto the chain of AMSH using existing structures of
Lys®*-linked ubiquitin chains (42). On the basis of the biochem-
ical data showing that the VHS domain is required for specific-
ity toward longer chains (Fig. 5), we modeled the VHS as inter-
acting with the proximal end of the chain and the UIM
interacting with the middle ubiquitin (Fig. 6). Supporting the
structural model is a mutation at the VHS domain of STAM?2
(W26A) that diminished the ability of STAM to stimulate
cleavage (Fig. 5F). The final model shows that the sequence of
STAM is long enough to bridge AMSH to two ubiquitin mole-
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Lys®3-linked tri-Ub (cyan). B, the AMSH-STAM complex bound to two conformation of Lys*3-linked di-Ub (yellow and green).

cules proximal to the DUB-bound ubiquitin. Moreover, mod-
eling a Lys*®-linked chain showed that, although the UIM may
be able to bind to a ubiquitin molecule, the proximal ubiquitin
molecule would be out of position to interact with the VHS
domain. These data support the cleavage of mixed chains,
shown in Fig. 5, D and E, where mixed chains were cleaved no
better than Lys®-linked di-ubiquitin.

Discussion

DUBs are key players in regulating ubiquitination in the cell
because of their activity to remove or trim ubiquitin chains (43).
However, in many cases, the proper function of a DUB depends
on associating with other proteins that modulate the activity or
specificity of the DUB. These additional proteins, thereby, pro-
vide additional mechanisms for regulating DUB function (10).
Here we focused on the Lys®*-linked specific DUB AMSH, and
its partner, STAM, which possesses two ubiquitin-binding
domains. It has been shown previously that the UIM of STAM
enhances AMSH DUB activity by facilitating the binding of
Lys®? ubiquitin chains (20, 24, 25). The UIM of STAM, together
with the AMSH proximal and distal ubiquitin binding sites, can
easily bind di-ubiquitin (24). However, whether the another
ubiquitin-binding domain of STAM, the VHS domain, contrib-
utes to the DUB activity and/or specificity of AMSH was not
clear. Here we show that the VHS domain does not contribute
to the rate of catalysis of Lys®>-linked di-ubiquitin cleavage by
AMSH. However, the VHS domain enhances AMSH cleavage
of ubiquitin chains composed of more than two ubiquitin mol-
ecules. This specificity toward tri-ubiquitin disappears in the
absence of the VHS domain. Our results suggest that the ubiq-
uitin-binding domains in DUB binding partners can increase
the number of ubiquitin molecules that are recognized by the
DUB, leading to enhanced cleavage of chains where all the bind-
ing sites are occupied. The rate-limiting step of proteases is
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thought to be chemistry. Therefore, our competition values are
likely a reflection of differences in affinity (44). Supporting this
is the IC;,, value of AMSH and Lys®® di-Ub, which is similar to
the value of the K, between them (data not shown). At ubiqui-
tin concentrations below the IC;, value, the 2- to 5-fold differ-
ences in IC,, value observed here would be maximized, result-
ing in a noticeable preference toward cleavage of longer chains
because of better binding. Moreover, these additional ubiquitin
binding domains can direct cleavage toward a specific isopep-
tide bond. In the presence of the VHS domain, the AMSH-
STAM complex is directed to cleave the distal isopeptide bond
in tri-ubiquitin chains. Our proposed model of the STAM-
AMSH complex bound to tri-ubiquitin shows how STAM
directs the specificity of AMSH. The VHS and UIM domains of
STAM bind the proximal and inner ubiquitin molecules,
respectively, directing AMSH toward the distal ubiquitin.
Therefore, not only does STAM enhance the affinity of AMSH
for substrate, but STAM directs AMSH to function as an exo-
deubiquitinase. Having additional ubiquitin binding domains
that are separate from the AMSH active site would enhance the
affinity of the complex for the ubiquitin chain and, as a result,
the preference for chains longer than two ubiquitin proteins.
Following cleavage of a tri-ubiquitin or a longer ubiquitin chain,
the new distal ubiquitin is bound to the UIM and could be
transferred to the AMSH active site, permitting processive
breakdown of a Lys®*-linked ubiquitin chain.

Preferential cleavage of longer Lys®*-linked ubiquitin chains
by AMSH raises the possibility that it plays a role in regulating
the length of ubiquitin chains. The length of the ubiquitin chain
can affect signaling and the rate of protein degradation. How-
ever, the persistence of ubiquitin chains of a certain length and
how the rate of trimming/cleavage affects cellular function is
not entirely clear. This lack of knowledge is mainly due to the
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difficulty in defining the length of ubiquitin chains attached to
substrates because cellular ubiquitin chains represent a balance
between two opposing activities: that of ubiquitin-conjugating
enzymes and of DUBs (45). It has been shown recently that, in
cells treated with EGF, the EGF receptor, whose ubiquitinated
form is a substrate of AMSH, is ubiquitinated predominantly
with short Lys®*-linked di-ubiquitin chains (46). This fits our
observation that longer Lys®*-linked ubiquitin chains are
degraded faster, and, therefore, we expect them to be less abun-
dant. Additionally, in cells lacking AMSH, EGF receptor degra-
dation increases 2-fold, suggesting that small changes in the
rate of deubiquitination can have functional effects in cells (21).

In this work, we found a decreased cleavage rate for longer
Lys®*-linked ubiquitin chains in the absence of the VHS
domain. Two studies have found phosphorylation sites in
STAM adjacent to the VHS and UIM domains, which suggests
a possible regulatory mechanism for the AMSH-STAM com-
plex via regulation of ubiquitin chain binding (47, 48). More-
over, we believe that this modular substrate recognition mech-
anism and the ability to alter substrate binding without altering
the rate of cleavage are useful for further study of AMSH-de-
pendent chain cleavage in vivo.

AMSH possesses two ubiquitin binding sites that hold two
Lys®?-linked ubiquitin molecules in a productive conformation
for cleavage (26). This suggests that each scissile isopeptide
bond is recognized independently of the length of the chain and
the linkages between ubiquitin molecules not bound in the
active site. Here we show that the AMSH-STAM complex rec-
ognizes at least the isopeptide bond between ubiquitin mole-
cules adjacent to the scissile isopeptide bond, suggesting a more
global mechanism of substrate recognition. Moreover, this
bond has to be in the form of Lys®® linkage to be recognized by
the AMSH-STAM complex. Our work suggests that introduc-
ing ubiquitin binding sites into a DUB via a binding partner
enables the DUB to “sense” whether the ubiquitin chain has the
right length and type of linkage. Taken together, we propose
that not only the types of the linkages involved in mixed chains
are important but that also their order within the chain is
important for substrate specificity.

In summary, we focused on STAM and studied its effect on
AMSH DUB activity and specificity. We showed that the VHS
domain of STAM plays a role in AMSH specificity to longer
ubiquitin chains. Mutations in the UIM domain that abolish
STAM stimulation show that the VHS domain cannot replace
the UIM domain (20). These data suggest that the position of
each domain relative to the AMSH active site defines activity.
This raises the intriguing possibility that other ubiquitin bind-
ing domains in the vicinity of AMSH may also contribute to its
activity. In the cell, AMSH is recruited to ESCRT-0, which con-
tains the ubiquitin binding protein hepatocyte growth factor-
regulated tyrosine kinase substrate in addition to STAM (49).
Hepatocyte growth factor-regulated tyrosine kinase substrate
interacts with STAM via its GGA and TOM domain near the
AMSH-STAM interaction site (50). The VHS and UIM
domains of hepatocyte growth factor-regulated tyrosine kinase
substrate are possibly in close proximity to STAM. Taken
together, this suggests that hepatocyte growth factor-regulated
tyrosine kinase substrate ubiquitin binding domains may also
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affect AMSH activity and suggest a more complicated cross-
talk between ubiquitin binding domains and AMSH that
requires further research. Finally, DUB activity characterized
mainly by using the minimal ubiquitin chains or model sub-
strates that can serve as a substrate for cleavage (i.e. di-ubiquitin
or Ub-7-amino-4-methylcoumarin) may not be ideal for mech-
anistic studies of DUB function (51). Our work exposes the
limitations of using di-ubiquitin as a model substrate and
emphasizes the need to also study DUBs in the presence of
longer ubiquitin chains.
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