48  Biochemistry 2011, 50, 4862
DOI: 10.1021/bi101594a

BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

NMR Reveals a Different Mode of Binding of the Stam2 VHS Domain

to Ubiquitin and Diubiquitin

.5

Anja Lange,§ Daniela Hoeller,II Hans Wienk,* Olivier Marcillat,# Jean-Marc Lancelin,§ and Olivier Walker*?

SUniversité de Lyon, UMR-CNRS 5180 Sciences Analytiques, 69622 Villeurbanne, France, " Division of Medical Biochemistr v,
Innsbruck Medical University, Biocenter, Fritz- Pregl-Strasse 3, 6020 Innsbruck, Austria, Lszvoet Center for Biomolecular Research,
NMR Spectroscopy, Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands, and *Institut de Chimie et Biochimie
Moléculaires et Supramoléculaires, UM R-CNRS 5246, IMBL, Université Claude Bernard Lyon 1, 43, bd. du 11 Novembre 1918,

69622 Villeurbanne, France
Received October 1, 2010; Revised Manuscript Received November 30, 2010

ABSTRACT: The VHS domain of the Stam2 protein is a ubiquitin binding domain involved in the recognition of
ubiquitinated proteins committed to lysosomal degradation. Among all VHS domains, the VHS domain of
Stam proteins is the strongest binder to monoubiqiuitin and exhibits preferences for K63-linked chains. In
the present paper, we report the solution NMR structure of the Stam2-VHS domain in complex with
monoubiquitin by means of chemical shift perturbations, spin relaxation, and paramagnetic relaxation
enhancements. We also characterize the interaction of Stam2-VHS with K48- and K63-linked diubiquitin
chains and report the first evidence that VHS binds differently to these two chains. Our data reveal that VHS
enters the hydrophobic pocket of K48-linked diubiquitin and binds the two ubiquitin subunits with different
affinities. In contrast, VHS interacts with K63-linked diubiquitin in a mode similar to its interaction with
monoubiquitin. We also suggest possible structural models for both K48- and K63-linked diubiquitin in
interaction with VHS. Our results, which demonstrate a different mode of binding of VHS for K48- and
K63-linked diubiquitin, may explain the preference of VHS for K63- over K48-linked diubiquitin chains and

monoubiquitin.

Ubiquitination is a core biological process which signals many
cellular events and seals the fate of many proteins. This process is
achieved by the covalent attachment of the C-terminal Gly76 of
ubiquitin (Ub)," a small 76 amino acid protein, to a lysine residue
of a target protein. Proteins can be modified by the attachment of
Ub on one (monoubiquitination) (/) or several lysines (multi-
monoubiquitination) (2), as well as by the attachment of poly-
ubiquitin chains (polyUb) (3). Ub harbors seven lysines which
represent potential ligation points for the attachment of another
Ub. Interestingly, depending on the type of ubiquitination, target
proteins are committed to different pathways. Moreover, the
outcome of polyubiquitination seems to rely on the structural
assembly of polyUb chains. For instance, K48-linked polyUbis a
unique signal for proteolysis and adopts a compact and closed
conformation where the functionally important residues Leus,
Ile44, and Val70 are sequestered at the Ub/Ub interface (4—7). By
contrast, K63-linked polyUb is involved in several nonproteolytic
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cellular signaling pathways (§—1/) and adopts an elongated
structure (/2—15). Although monoubiquitination is involved in
the endocytic process in yeast and mammalian cells (1, 16, 17),
recent advances in the field suggest that multimonoubiquitina-
tion or K63-linked polyubiquitination is playing a major role in
the multivesicular body (MVB) pathway (18, 19). For instance,
K63-linked ubiquitination of some cargoes like CPS and Gapl
(20) is required for their efficient sorting into the MVB pathway
while only monoubiquitination is required for the sorting of
Sna3 (21). K48-linked polyUb can also lead to lysosomal delivery
but with a lower efficiency than K63-linked polyUb (22). One
fundamental biological question raised is “Why are K63-linked
chains favored in sorting cargoes to the MVB pathway?” One
hypothesis is that K63-linked polyUb chains increase the local
Ub concentration and favor avid binding. A second possibility is
that K63-linked chains constitute a particular signal by exhibiting
a different linker conformation for instance. Answering these
questions requires a deeper understanding of the mechanistic and
structural events that rule endocytic sorting.

The machinery responsible for committing ubiquitinated
cargoes for lysosomal degradation is known as the ESCRT system
(23—25). The upstream component, ESCRT-0, is constituted by
the Hrs/Stam complex in mammalian cells (Vps27/Hsel complex
in yeast). Recognition of ubiquitinated cargoes is achieved by
modular motifs called ubiquitin binding domains (UBDs) (26—28)
which have been found to function cooperatively (29). Altogether,
the Stam and Hrs heterodimers possess five UBDs among which
the VHS domain has been found to be a key player in cargo
sorting for lysosomal degradation (30, 37). The VHS domains
have been found to bind monoubiquitin (monoUb) with different
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affinities whereas the VHS domain of Stam1 shows a preference
for K63- over K48-linked diubiquitin chains and monoUb (32, 33).
These results obviously raised several questions and need further
development. For instance, “Why do various VHS domains
exhibit different affinities for monoUb?” and “Why do some
VHS domains show a preference for K63-linked diubiquitin
(K63-Ub,) over K48-linked diubiquitin (K48-Ub,) and mono-
Ub?” In an attempt to answer these crucial questions, we report
the solution structure of the monoUb/Stam2-VHS complex by
using chemical shift perturbations (CSPs), spin relaxation, and a
paramagnetic probe to constrain the structure. We show that the
monoUb/VHS interaction exhibits 1:1 stoichiometry and is
mainly hydrophobic although some electrostatic contacts are
involved. Moreover, we examine the interaction of VHS with
K48- and K63-Ub, chains in order to understand the structural
details that account for the selective preference of VHS toward
K63-Ub, chains. We show that the VHS/K48-Ub2 and VHS/
K63-Ub2 complexes exhibit a different mode of binding and are
associated with different stoichiometries.

MATERIALS AND METHODS

Expression and Purification of VHS. The human Stam2
VHS domain (1—149) (including its mutants W33A, D32A, and
N82A) in pETEM-60 (Novagen) was expressed N-terminally
fused to NusA and a hexahistidine tag (Hisg tag). For overexpression
the constructs were transformed into Escherichia coli BL21 (DE3).
Cells were grown either in LB medium or for uniform isotopic
labeling in M9 medium supplemented with | mM MgSQOy4, | mM
CaCl,, 4 g/L p-glucose, 6 ug/L thiamin, and 1 g/L ""NH,CI as
sole nitrogen source. For *C-labeled protein '*Cg-p-glucose was
exchanged for 4 g/L "*C4-p-glucose. The cells were grown until
ODyp reached 0.8 and induced by addition of 1 mM IPTG.
Induction was performed for 5 h at 30 °C. The cells were lysed in
50 mM Tris-HCI, pH 7.8, 250 mM NaCl, 10 mM imidazole, 5%
(v/v) glycerol, and 5 mM S-Me. The clarified cell lysate was
loaded on a 5 mL HisTrap FF column (GE Healthcare)
equilibrated with 50 mM Tris-HCI, pH 7.8, 250 mM NaCl,
10 mM imidazole, 1% (v/v) glycerol, and 5 mM f-Me. The
bound protein was eluted by applying an imidazole gradient.
NusA and Hisg tag were removed by cleavage with tobacco etch
virus protease (TEV) at 4 °C overnight. VHS was separated from
NusA-His, by size exclusion chromatography using a Sephacryl
100 16/60 column (GE Healthcare) and then exchanged in 20 mM
sodium phosphate buffer, pH 6.8.

TEV was expressed N-terminally fused with MBP-TEV cleav-
age site—His, tag. During expression the fusion protein under-
went autocleavage leaving Hisg-tagged TEV. The TEV construct
was transformed in E. coli BL21 (DE3), and cells were grown in
LB medium at 37 °C until ODggy, reached ~1 and induced at
20 °C overnight. For the purification of TEV, a HisTrap FF column
(GE Healthcare) was used. For storage, TEV was brought to 50%
glycerol and frozen at —80 °C.

Recombinant ubiquitins wt Ub, Ub (K48C), Ub (T12C), and
segmentally isotope-labeled Ub,s linked via K48 (K48-Ub,) or
K63 (K63-Ub,) were prepared as described (3, 13).

NMR Experiments. The ensemble of NMR data was
acquired at 288 K where the NMR samples were exchanged into
a buffer containing 20 mM sodium phosphate at pH 6.8, 10%
D,0,0.02% (w/v) NaN3, and either [NaCl] = 100 mM or [NaCl] =
0 mM. Assignment and relaxation experiments of the VHS sample
have been acquired on a Bruker Avance 900 and 600 MHz
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equipped with triple resonance probes (large scale NMR facility
Utrecht) whereas titration experiments have been carried out on
a Varian Inova Unity 600 equipped with a triple resonance probe.

VHS Resonance Assignment and Structure. The back-
bone resonance assignment were obtained by means of the
combination of the following experiments: ['°N,'H]-HSQC,
CBCA(CO)NH, HNCA, HNCACB, and 3D NOESY-["°N,'H]-
HSQC. Experiments were processed with NMRpipe (34) and
analyzed with SPARKY (35) starting with the assignment list
provided by the Riken Institute (structure determination of the
Stam2 VHS, PDB code 1X5B). Based on amide 'H, °N, C,, and
Cg carbon chemical shifts, the presence, position, and length of
secondary structure elements were predicted with TALOS (36).
CS-ROSETTA (37, 38) was then used and predicted the eight a
helices of the VHS domain, allowing us to use the solution NMR
VHS structure previously released (PDB code 1X5B). Compared
to the sequence corresponding to the Stam2 VHS released under
PDB code 1X5B, our VHS domain contains the extension GAMG
instead of GSSGSS in the N-terminus and also does not contain
the extension TSGPSSG in the C-terminus. Thus, the use of the
current solution NMR structure (PDB code 1X5B) is justified by
the fact that no interactions between the N- or C-terminus of
VHS and monoUb or Ub, were detected.

Relaxation Measurement and Analysis. Relaxation ex-
periments included "N longitudinal (R,), transverse (R») relaxa-
tion, and the ""N—"H cross-relaxation rates via steady-state
N{'"H} NOE were obtained from experiments previously
described (39). Experiments have been recorded with spectral
widths of 2000 Hz in the '*N dimension and 9600 Hz in the 'H
dimension. For the R; measurements, we used 10 relaxation
delays: 4, 20, 40, 80 (twice), 240, 480, 800 (twice), 1200, 1600, and
2000 ms with a recycling delay of 5 s. The R, measurements were
performed with a transverse relaxation period of 4, 12, 24, 32
(twice), 48, 56, 80, 120 (twice), 160, and 200 ms with a relaxation
delay of 5 s. For ’N{'H} nuclear Overhauser effect experiments,
2D spectra were recorded with and without presaturation of
amide protons (40). The recycle delay was set to 6 s in order to
allow the bulk water magnetization to return as closely as
possible to its equilibrium value. All NMR data were processed
with NMRpipe (34) and analyzed with NMR ViewJ (41). The °N
relaxation rates and heteronuclear NOEs were analyzed using
ROTDIF (42) by only considering residues which belong to the
well-defined core of the protein.

NMR Titration Studies. Interaction surfaces on monoUb,
Ub,, and VHS were characterized by means of chemical shift
perturbation where a series of "H—">N HSQC spectra were
recorded for a protein while adding small volumes of concen-
trated binding partner. To avoid aggregation of one of the
proteins, we started from a '*N-labeled protein (P) concentra-
tion of 250 uM and added increasing volumes of a concen-
trated stock of the nonlabeled ligand protein (L) until reaching
a plateau. To derive the corresponding binding constant, CSPs
were analyzed by calculating the combined amide chemical
shift perturbation (Ad) as Ad = [((Ady)* + (Adn/5)%)/2]">
Different binding models have been tested for the different
titration curves (/3, 43). Considering a 1:1 stoichiometry
allows one VHS molecule bound per Ub, or monoUb and
assumes that one VHS can bind to either of the two Ub
domains but not both. The perturbations observed on VHS do
not discriminate between the two Ub domains so that the
observed chemical shift perturbation is a weighted average
between the two extreme values corresponding to the free
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(A6 =0) and ligand-bound state (A0 = Adyp):
A = A(SLB([L()] + [Po} + Ky

- \/([Lo]+[Po]+Kd)2—4[LoHPoD/2[Po] (1)

where [Py] and [L] are the total molar concentrations of VHS
and Ub,, respectively. For the 2:1 binding model, we have

A = AéLB(Z[LO] + [Po] + K4

- \/ (2[Lo] + [Po] + Ka)* = 8[Lo][Po))/2[Ps] (2

For measurements on the distal or the proximal domains, the
1:1 model gives

1
Ad = Adrp ([Lo} + [P()] +§Kd

P
_\/<[Lo}+[Po]+%Kd> _4[L0HP0}>/4[P0] (3)

where [Po] and [Lo] are the total molar concentrations of Ub, and
VHS, respectively. For the 2:1 model, we used

Ad = A(SLB([L()} +2[P0} + K4

- \/ ([Lo] +2[Po] + Ka)* = 8[Lo][Po]) /4[Po]  (4)

The dissociation constant K4 and Adpp were fitted with
nonlinear regression by using an in-house Matlab (The Math-
Works, Inc.) based program. Errors were estimated by sampling
100 initial guesses, assuming 10% error on the protein and ligand
concentrations.

NMR Line Shape Analysis. The dissociation and associa-
tion rates have been investigated by means of line shape analysis
with the “LINESHAPEKIN” software (44) (http://lineshapekin.
net/). Residues undergoing significant shifts along the titration
experiments were used to extract the dissociation rate (ko) and a
scaling factor whereas the dissociation constant (Ky) was used as
an input parameter. All chosen residues were simultaneously
fitted using a global, two-state model.

MonoUb]/VHS Docking. The structure of the monoUb/
VHS complex has been calculated with the HADDOCK2.0
program (45, 46). Ten NMR structures of monoUb and VHS
have been used (PDB codes 1D3Z and 1X5B) as starting points.
To take into account paramagnetic relaxation enhancement
(PRE) data, a cysteine residue and MTSL have been introduced
inssilico at positions 48 and 12 in the monoUb structure. The PRE
intermolecular distances were introduced as distances separating
the oxygen atom of MTSL and a given amide proton of VHS (see
Supporting Information Table ST1) with an additional upper
and lower bound distance of 4 A. In addition, CSPs were
introduced to define ambiguous interaction restraints (AIRSs).
Active residues were defined as those having CSPs above (.05 and
0.1 ppm for VHS and monoUb, respectively, and a relative
residue accessible surface area larger than 50% for side chains or
backbone atoms. Passive residues were identified as residues close
to active residues. Flexible segments were defined as stretches of
active and passive residues plus one sequential residue. To
provide orientational restraints, relaxation data were included in
the rigid body minimization as a Rp/R; ratio for both proteins in
the bound state. The rotational diffusion tensor was allowed to
rotate freely during the two first step of structure calculation
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(randomization of orientation and semiflexible simulated an-
nealing), whereas it was kept fixed during the last step (water
refinement). Finally, the structure calculation was done with the
standard three step refinement found in HADDOCK with (i) a
rigid body energy minimization generating 3000 structures, (ii)
semiflexible refinement using the best 300 structures, and (iii)
final refinement in water. The 300 final solutions were ranked
according to the Haddock score, defined as 1.0E,qy + 0.2E¢ec +
0.1EA1R + 1.0Egesony- Thus, they were clustered based on a
backbone rmsd of 5.5 A, and the 10 best structures of the best
cluster in terms of Haddock score were retained for analysis. All
docking calculations have been carried out on the e-NMR web
portal.

Site-Directed Spin Labeling and PRE Analysis. MTSL
compound was attached to two Ub mutants or the proximal
domain of Ub, mutants (K48C and T12C) through the side chain
of cysteine as described previously (47). The PRE effect was
measured as a ratio of signal intensities in the oxidized (para-
magnetic) and reduced (diamagnetic) state (48):

on/lred = eXP(_ tAR2para) (5)

where ¢ is the total experimental time when the amide proton
magnetization is in the transverse plane and undergoing para-
magnetic relaxation.

The oxidized spectrum was obtained by directly looking at Ub
in the case where MTSL was attached to "°N labeled Ub or by
mixing a MTSL attached to unlabeled Ub or Ub, to '’N-VHS.
The reduced spectrum is obtained by mixing 3 molar equiv of
ascorbic acid with the oxidized sample. The PRE data were con-
verted to distances between the unpaired electron and the amide
proton spins according to the equations previously established
(48-51):

U2 252 37 !
ARZpara = %VH 8e ﬁe (4770 + 1 +wzrc2) <,~_6>
where ARZpara = Roox = Rored (6)

7., 1s the rotational correlation time of the molecule, y; and wy
are the H gyromagnetic ratio and resonance frequency, g, is the
electronic g-factor, and S, is the Bohr magneton. The angular
brackets represent the averaging between the two populated
structures in states A and B corresponding to distances 4 and rp.
If the exchange between the two states occurs on a much faster
time scale than the spin relaxation, then

where ps and pp represent the different populations describing
states A and B whereas r5 and rg represent the distance between
the unpaired electron and a given amide proton of the '"N-
labeled sample in state A or B. For the monoUb/VHS interac-
tion, pg has been set to 0. For a two-state case, a grid search has
been generated by sampling pa between 0 and 1. The value of pa
which gives the lowest target function has been retained as well as
the position of the two centers (hence six coordinates) for the
current value of pa.

For the residues whose resonance disappeared in the oxidized
state, their intensity was estimated from the noise level in the
spectrum. For the monoUb/VHS complex 7. was derived from
spin relaxation data analysis. For the Ub,/VHS complex 7, was
estimated by assuming a linear dependence of 7, with the molecular
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weight. R»4;, was estimated from the transverse relaxation rate of
monoUb bound to VHS, Ub, bound to VHS, or monoUb in the
free state. The position of the unpaired electron was derived after
a global fit of the observed PREs and by selecting residues in the
well-structured part of the protein. The fit was carried out by
using the SLfit program (57) modified to take into account two
paramagnetic centers. Distances were calculated between the
position of the paramagnetic center and the position of a given
amide proton.

Protein Data Bank Accession Number. Atom coordinates
of the monoUb/VHS complex have been deposited to the Protein
Data Bank with accession number 2L0OT.

RESULTS

Mapping the Ub/VHS Interface. We used chemical shift
perturbations (CSPs) (52—54) to map the interaction between the
VHS domain of Stam2 and monoUb. Based on CSPs, our results
suggest a highly specific interaction surface between VHS and
monoUb mainly mediated by hydrophobic contacts. Chemical
shift perturbations were observed on the VHS 'H,"’N-HSQC
spectrum upon addition of ubiquitin (see Supporting Informa-
tion Figure SF1). The largest perturbations cluster in a contig-
uous patch around helix a2 and a4 affecting residues Thr29 to
Asp4l and Thr74 to Asn82 (Figure la—c). VHS exhibits the
largest CSPs on the hydrophobic residue Trp33 and acidic side
chain residues Asp32 and Asn82. From the monoUb side,
chemical shift perturbations mainly involve the hydrophobic
residues Ilel3, Tle44, Alad6, LeusS0, and Val70 (Figure 1d—f
and Supporting Information Figure SF2) located in three
structural regions corresponding to the hydrophobic patch
involved in most of the monoUb/UBDs interactions (26, 27).
Furthermore, Gly47, GIn49, and Leu71 disappeared during the
titration whereas Leu8, Leu50, Arg72, and Val70 experienced
strong signal attenuation by the end of titration suggesting
intermediate exchange. The analysis of the CSP data of "N-
VHS upon addition of monoUb yields a dissociation constant
(Kq) of 64 + 8 uM whereas we derived a Ky of 54 £ 6 uM after
analysis of the ""N-monoU titration curve (Figure 1b,e, Table 1).
This value is within the same order of magnitude of previous
dissociation constants determined by Hond et al. on Staml (33).
The kinetics of the interaction between monoUb and VHS was
determined with the assumption of 1:1 binding and by use of line
shape analysis for "H,"”’N-HSQC NMR spectra acquired during
the titration of unlabeled VHS into *N-monoUb, to yield estimates
of (~1.3+0.1) x 10 M~"'s " and 7040 £ 350 s~ for ko, and kg,
respectively (Supporting Information Figure SF3).

Stoichiometry of the MonoUb/VHS Complex. Analysis
of spin relaxation parameters was used, in conjunction with CSPs,
to determine the stoichiometry of the monoUb/VHS complex.
SN R, and °N R, relaxation rates report on the overall tumbling
(hence the molecular mass) of the molecule under investigation
(50). "N longitudinal relaxation rates (R;) and "N transversal
relaxation rates (R,) as well as heteronuclear NOE have been
measured for the free form of ’N-VHS and "N-monoUb as well
as for *N-VHS/"*N-monoUb and ""N-monoUb/"*N-VHS sam-
ples (Figure 2). Measurements for the target protein in the complex
were carried out under saturating conditions for both VHS and
monoUb. For monoUb, the average R; for residues in secondary
structure elements decreases from 1860 + 74 ms~" for the free form
t0 972 + 110 ms~ " for the complexed form. The R, values in the
bound form for both monoUb and VHS correspond to a molecular
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mass ranging from 20.6 to 27.5 kDa, which are in good agreement
with the expected molecular mass of 25.4 kDa for a 1:1 VHS/Ub
complex (Supporting Information Figure SF4). The measured R,
for monoUb and diubiquitin (Ub,) is 7.3 + 0.4 and 12.6 £ 0.5s ",
respectively, hence roughly proportional to the molecular mass.
Both monoUb and VHS sense practically the same R, in the bound
state: Ry(bound monoUb) = 22.5 + 1.8 s ' and Ry(bound
VHS) = 234 4+ 1.7 s~ ', whereas VHS exhibits a R, value of
174 0.8 s~ in the free state. The 1:1 complex stoichiometry is also
supported by the correlation time which leads to a direct measure-
ment of its molecular mass. The corresponding 7. for the free
monoUb 18 5.6 £ 0.4 and 15.7 £ 1.4 ns for monoUb in the bound
state, which corresponds to a roughly 3-fold increase. When VHS is
binding monoUb, the overall tumbling time of VHS is 16.2 & 1.3 ns.
Spin Relaxation as Orientational Constraints. Spin relax-
ation measurements report on the overall rotational diffusion
and structure of molecules. This information can be used to orient
the components of the monoUb/VHS complex with respect to each
other (50) and also to drive molecular docking (55). Therefore,
the relative orientation of VHS with respect to monoUb can be
obtained by simply rotating their respective diffusion tensors so
that they become collinear (5, 50, 56—358). The analysis of the
relaxation data was performed by means of the p factor approach
(42, 59, 60) implemented in Rotdif (42). The rotational diffusion
tensor orientation was determined for each protein in the free
form and in the complexed form. According to our statistical
analysis (Supporting Information Table ST2), the axially sym-
metric model agrees with the experimental relaxation data for the
free form of both monoUb and VHS where the orientation of the
corresponding rotational diffusion tensor is given by o0 = 107 &
10°, 8 = 156 £ 22° and o = 103 £ 18°, f = 99 £ 19° for
monoUb and VHS, respectively. In contrast to these results, the
fully anisotropic model prevails for the monoUb/VHS complex
when derived from either monoUb or VHS relaxation data. This
is also the case when the rotational diffusion tensor is derived by
using the structure of the calculated complex. The alignment of
individual rotational diffusion tensors for monoUb and VHS
gives rise to four different solutions due to the absence of
directionality for the rotational diffusion axes. Among these
solutions, only two were retained based on observed chemical
shift perturbations (Supporting Information Figure SF6).
Paramagnetic Spin Labeling Provides MonoUb/VHS
Intermolecular Distances. While the rotational diffusion ten-
sor for the monoUb/VHS complex can provide the relative
orientation of each protein with respect to each other, inter-
molecular distance information is lacking. An accurate approach
is the use of site-directed spin labeling to derive unambiguous
long distance constraints and identify low populated structures
(61—63). Weused MTSL (1-0xy-2,2,5,5-tetramethyl-3-pyrroline-
3-methyl) methanethiosulfonate as a paramagnetic species (64).
The paramagnetic tag causes strong signal attenuation to nuclei
that are close in space via the paramagnetic relaxation enhance-
ment (PRE) effect. To check the attachment of the SL to monoUb,
we attached the SL to two mutated '’N-monoUb (K48C and
T12C). The analysis of the magnitude of the PREs allowed us to
reconstruct the position of the SL (see Supporting Information
Figure SF5). On either the K48C or T12C mutant, the position of
MTSL derived from the analysis of PRE data is in relatively good
agreement with the expected position of a MTSL radical mutated
“in silico” at position Cys48 or Cys12 (see Supporting Informa-
tion Figure SF5c,d). Nevertheless, one has to bear in mind that
the processing of PRE data can only afford the time-averaged
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FiGure 1: CSP mapping of the interaction between VHS and monoUb. CSPs in VHS (a) and monoUb (d) at the end point of titration as a
function of residue number. Cross-peaks experiencing intermediate exchange in the 'H,'>N-HSQC spectrum are marked by gray bars. Titration
curves on N-VHS (b) and "*N-monoUb (e) as a function of the molar ratio of the ligand and the *N-protein. Representation of the binding
interface on VHS (¢) and monoUDb (f). Residues that exhibit significant shifts are colored red (Ad > 0.1) and yellow (0.1 = Ad > 0.05) for VHS
whereas red and yellow residues indicate Ao >0.15 and 0.15 = AJ > 0.1, respectively, for monoUb.

position of the spin label (SL) due to its intrinsic flexibility. The
distance between the reconstructed SL position and the o carbon
of C48-monoUb or C12-monoUb is 10.8 and 10.2 A, respec-
tively, in good agreement with the theoretical distance of 9.2 A
between the oxygen of the MTSL molecule and the o carbon of

C48-monoUb or Cl12-monoUb. Next, we observed PREs on
ISN-VHS in the presence of monoUb covalently attached to SL
(Cys48 or Cys12). At this point, it is important to mention that
the attachment of the spin label did not perturb the interaction
between VHS and monoUb, as can be seen on Supporting
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Information Figure SF6. It is worth emphasizing here that the Furthermore, the reconstruction of the paramagnetic center
decrease in signal intensity affects not only residues that exhibit allows us to discriminate from the two remaining models
strong chemical shift perturbations located around Glu31 and obtained from the alignment of the rotational diffusion tensors.
Asn82 (Figure 3a) but also residues flanking Metl20. It is The structure (c) from Supporting Information Figure SF8 is the
noteworthy that the observed PREs are in good agreement with one that exhibits the best agreement between (i) the position of

the chemical shift perturbations. Indeed, the SL affects the same the SL for C48-monoUb and ’N-VHS + C48-monoUb and (ii)
interface as the binding interface identified by CSPs. Additionally, the position of the SL for C12-monoUb and ’N-VHS + C12-

when the T12C-monoUb mutant is used (Figure 3b), we observed monoUb.
attenuations occurring around residue Thr30 of VHS, indicating Modeling the MonoUb/VHS Complex. The structure of
that Cysl2 is mainly facing a region that encompasses residue the monoUb/VHS complex was modeled using molecular dock-

Thr30 (aul/a2 loop). The derived distances indicate that the Lys48 ing methods with NMR constraints (CNS) (65) and the Had-
of monoUb is approaching Asn82 of VHS at a distance of 8 A dock2.0 program (45, 46). As starting structures, we used the
whereas monoUb Thrl2 is facing VHS Asp32 with a distance of NMR structure of each individual protein (PDB code 1D3Z for
10 A (Supporting Information Figure SF7). The distance between monoUb (66) and 1X5B for VHS). To take into account the fact

the reconstructed positions of the MTSL radical attached on C43 that the paramagnetic effect originates from the unpaired elec-
and C12is23.5A. As a comparison, we measured a distance 26.8 tron of the SL, cysteine residues and MTSL atoms were
A between the reconstructed position of the SL attached to C48 introduced “in silico” at positions 12 and 48 on monoUb. We

and C12 for PREs recorded from the ""N-VHS side (Figure 3d). included three different kinds of constraints to drive the docking
(see Materials and Methods and Supporting Information Table

Table 1: Summary of the Dissociation Constants Derived from NMR ST1): (1) n'ine diffeljent distances dleriveq.from PRES were included
Titration Curves* as unambiguous distance constraints, (ii) chemical shift perturba-
Ky (M) tions were included as ambiguous distances, and (iii) the rotational

d

diffusion tensor measurements were included as R,/R; ratios (55).
sample 0 mM NaCl 100 mM NaCl It has to be pointed out here that we also modeled the monoUb/
VHS complex by using 20 different distances derived from PRE

15 . . .

]SE‘VHS/ I{“jg”\‘;gg (5)2 (2) }22(}‘2‘) data. Because the resulting structure did not differ from the one
15 mono / ©) (12) obtained with the nine most reliable distances, it has been decided

N-VHS D32A/monoUb 362 (22) k h . Iv. Th Iti
ISN-VHS W33A/monoUb 4100 (400) to Keep these coqstralnts only. Ihe resp ting structures were
ISN-K48-Ub, distal/VHS® 16 (6) subjected to clustering. Details of the docking results are summar-
15N-K48-Ub, proximal/VHS” 101 (12) ized in Table 2 for the 10 best structures of the best cluster whereas
:ZN-VHS/ K48-Ub,* ) 43(8) the 10 best structures of the best cluster are presented in Figure 3c.
1511:]1-1122;-352 dlst‘d_l/Vll{/f/Hsd 2‘5‘ g; When dealing with the best structure of the best cluster, the
- -Ub, proxima - O
ISNVHS/K63-Ub,* 36(8) measured distance between the reconstructed position of the SL

p attached to C12 and the amide proton of Asp32 (VHS)is 12.8 A
“Errors are shown in parentheses. "Ky obtained with a 1:1 model (eq 3). 11.2 A im from PRE . Figur n rtin
The 2:1 model gave a higher value of the target function. “Ky obtained with % f est Cll;ed OSF7 gdtd see Fgure 3d§ d iuppo ¢ gf
a 1:1 model (eq 1). The 2:1 model gave a higher value of the target n Ormatlon 1gure ) whereas we measured a distance o
function Ky obtained with a 2:1 model (eq 4). The 1:1 model gave a higher 5.1 A between the reconstructed position of MTSL attached to
value of the target function. “Ky obtained with a 2:1 model (eq 2). The 1:1 (C48 and the amide proton of Asn82 (8.6 A estimated from PRE

model gave & higher value of the target function. data), thus showing a relatively good agreement between the

2+ ;@ﬁé‘%@g@ﬁ @&% md%n;gpb @Q P"g - 2-: ! -

T L[N B S S S S S S S S S S S B e m e e e e
0 10 20 30 0 70 80 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

T T T T T T T T T T T LI B S e S S B B e m e ma
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Residue number Residue number

FIGURE 2: Relaxation parameters R;, R, and heteronuclear NOE for both monoUb (a) and VHS (b) in the free (red open circles) and bound form
(black plain circles). The relative shift of the different levels reflects the change in the overall molecular tumbling for each partner and hence their
molecular mass upon complex formation.
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FIGURE 3: Analysis of the PRE data for SL-monoUb complexed with ">’N-VHS (a, b). (a) Experimental intensity ratio for SL-C48-monoUb +
SN-VHS and (b) SL-C12-monoUb + '"N-VHS is represented by black bars whereas the red line and symbols represent back-calculated PREs for
the fitted SL position. (c) Cartoon representation of the structure of the monoUb/VHS complex obtained from Haddock docking showing the 10
best structures of the best cluster. MonoUD is colored green whereas VHS is colored orange. Positions of the reconstructed MTSL for both
partners involved in the complex (d). The orientation of VHS with respect to monoUb is similar to the one seen in (c). The structure used for the
representation is the best structure of the best cluster. The reconstructed SL position is shown as a sphere colored magenta for C48-monoUb, red
for C12-monoUb, cyan for SL-C48-monoUb + 15N-VHSQ, and blue for SL-C12-monoUb + '’N-VHS. The distance between the magenta and
cyan ball is 8.4 A whereas we measured a distance of 5.4 A between the blue and red ball.

distances estimated from PRE data and the final structure of the
complex.

Hydrophobic and Electrostatic Interactions Contribute
to the MonoUb|VHS Interaction. According to our docking
results, VHS binds mainly monoUb through the a2 and a4
helices to a surface defined by the 53 and 54 strands of monoUb.
The ubiquitin surface in contact with VHS involves a deep
hydrophobic pocket and appears to be stabilized by intermolecular
electrostatic interactions delimited by the turn region between ol
and a2 of VHS. Glu3l, Asp32, and Asp4l are involved in
electrostatic interactions with Lys6 and Arg72 of monoUb
whereas several hydrogen bonds encompass the previous inter-
action (Supporting Information Figure SF9). To assess the
contribution of electrostatic contacts, we derived the dissociation
constant from other experimental conditions. Increasing the
NaCl concentration from 0 to 100 mM increases the Ky (hence
a lower binding) to 156 + 14 uM from the VHS side and 166 +
12 uM from monoUb side (Supporting Information Figure SF10,

Table 1), whereas the overall shape of CSPs is not modified. This
represents an average 2.5 times increase of the K48 when the NaCl
concentration increases from 0 to 100 mM and demonstrates that
electrostatic interactions play a role in the monoUb/VHS inter-
action. To estimate the importance of the most shifted residues
(i.e., Asp32, Trp33, and Asn82), we engineered three different
"N-labeled VHS mutants, D32A, W33A, and N82A, where all
three "H,"*N-HSQC spectra correspond to well-folded proteins.
We followed chemical shift perturbations upon addition of
monoUb (with [NaCl] =0 mM) and observed a K4 of 362 £ 22
and 4.1 + 0.4 mM for D32A and W33A, respectively (Table 1,
Figure SF11) whereas addition of monoUb to N82A resulted in
the precipitation of the sample. As judged by the results, the
mutation of D32 and W33 gave rise to a 5 and 64 times increase of
K4, which potentially accounts for the importance of these highly
conserved residues on VHS.

The Interaction of VHS with Diubiquitin Chains. To shed
light on the binding of VHS with K48- and K 63-linked diubiquitin
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Table 2: Haddock Restraints as Well as Results of the Structure Calculation for the 10 Best Structures of the Best Cluster for the MonoUb/VHS Interaction

Haddock Restraints

ambiguous restraints from CSPs active passive

11 (Ub) 8 (Ub)

11 (VHS) 4 (VHS)
unambiguous distance restraints from PREs 9 (4 from C48; 5 from C12)
DANI restraints 50

Ub/VHS Complex Structure Calculation

Einter” Eqw Ecec Enog” Epant’ BSAY Hpona” hydro”/ score® rmsd”
—413.4 -34.6 —378.8 9.0 54 1138 9.4 20 =72.0 1.54
(23.0) (5.4) (26.0) (2.4) (5) (102) (1.0) 2) 3.7 (0.7)

Procheck Analysis

residues in most favored region (%)
residues in additionally allowed region (%)
residues in generously allowed regions (%)
residues in disallowed regions (%)

83.0
11.6
0.4
0.0

“Intermolecular energy: sum of the van der Waals and electrostatic energies (kcal-mol~!). *NOE energy: sum of the ambiguous and unambiguous energies
(kcal-mol™"). ‘DANI energy: diffusion anisotropy (relaxation data) energy (kcal-mol™"). “Total buried surface area for Ub and VHS (A?). *“Number of
hydrogen bonds. “Number of hydrophobic contact. *Haddock score (arbitrary units). “Backbone rmsd calculated with respect to the lowest Haddock score

structure.

chains (K48-Ub, and K63-Ub,), we engineered segmentally '*N-
labeled Ub, (see Materials and Methods) and analyzed chemical
shift perturbations upon titration with VHS. CSPs were also
monitored on '"N-VHS upon addition of K48-Ub, or K63-Ub,.
In the following discussion, the distal domain will be defined as
the Ub unit which carries the free K48 or K63 side chain, whereas
the proximal domain stands for the Ub unit that carries the free
G76 residue. On VHS, both K63- and K48-Ub;, target the same
surface as monoUDb (Figure 4a-d). Interestingly, unlike monoUb/
VHS binding, several VHS residues experience strong signal
attenuation for a [Ub,]/[VHS] ratio as low as 0.1. Glu31, Trp33,
Aspdl, Asn82, Ala81, Lysl11, and Vall2l experience >50%
decrease of their signal intensity when VHS binds K48-Ubs,.
Likewise, the binding of VHS to K63-Ub, chains is accompanied
by a >50% decrease in signal intensity for VHS residues Ala81,
Asn82, Asp4l, Glu3l, and Trp33. Strong signal attenuation
could reflect intermediate exchange between the free and ligand-
bound states of the protein, due to slow on/off kinetics, but could
also result from an increase in the apparent size of the molecule
(slower tumbling). As a comparison, only VHS residues Trp33,
Glu31l, and Asp4l experienced a significant signal intensity
decrease for the monoUb/VHS interaction.

On K63-Ub,, VHS targets essentially the same surface either
on the distal or in the proximal domain (Figure 4e—h) and shows
similar CSP patterns. Perturbed residues cluster mainly around
the Ub hydrophobic patch and are similar to the ones perturbed
in monoUb. Moreover, either on the distal or in the proximal
domain, K63-Ub;, residues Gly47, Lys48, GIn49, Leu50, Val70,
and Leu71 exhibit significant line broadening at a [VHS]/[Ub,]
ratio of 0.15. The same residues are also affected in monoUb
upon binding to VHS. Additionally, the directions of the peak
shifts observed for the hydrophobic residues in each Ub, subunits
are identical to the one observed for the monoUb/VHS interac-
tion. The latter findings suggest that the same mode of binding
characterizes the interaction of VHS with K63-Ub2 and mono-
Ub, consistent with the elongated structure of the K63-Ub,
chains (/4).

As evidenced in Figure 4i—l, the situation is somewhat
different when dealing with the interaction of VHS with K48-
Ub,. Indeed, the distal domain exhibits higher CSPs than the
proximal domain. The latter observation could be due to stronger
binding but also to the opening—closing dynamics of the K48-
Ub, chains (67). Although areas surrounding Leu8 and Val70
have similar peak shift magnitude for the K48-Ub, distal and
proximal domains, peaks located close to lle44 show weaker
perturbations for the proximal domain (Figure 4k). This is most
likely related to the fact that this region is bordered by the
isopeptide bond linkage between the two Ub units. This linkage
can play the role of a hinge and give rise to some steric hindrance,
occluding the region surrounding Ile44. Most of the perturbed
residues are located at the Ub/Ub interface in the closed
conformation of the free Ub,, suggesting a transition in the
K48-Ub, conformation to allow the hydrophobic patch to
become accessible. Moreover, the directions of the peak shifts
affecting residues of the hydrophobic core (Leu8, GIn49, Leu50,
Val70, Leu73) of the K48-Ub, proximal domain are significantly
different from those experienced by the distal domain, the two
subunits of K63-Ub, and monoUb. This suggests a different
mode of binding for the proximal domain upon interaction with
VHS. This assumption is also supported by the significant signal
intensity decrease observed at a [VHS]/[Ub,] ratio of 0.15.
Indeed, Glyl0, Alad6, Gly47, Val70, and Leu71 of the K48-
Ub, distal domain experience a 50—80% signal intensity decrease
whereas only residues located in the C-terminus of the K48-Ub,
proximal domain are affected by a 30% signal intensity decrease,
thus indicating a possible stronger binding of the distal domain to
VHS.

VHS Binds Differently K48- and K63-Linked Ub,. When
observing the distal and proximal domains of both K48- and
K63-Ubss, a striking contrast is apparent. In the case of K48-
Ub,, the CSP pattern exhibits a significant difference across the
two domains in K48-Ub, (Figure 4i—I). The CSPs for the
proximal domain of K48-Ub, exhibit much less perturbation
than for the distal domain, indicating a stronger preference for
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FIGURE 4: CSP mapping of the interaction of '>’N-VHS with K48-Ub, (a, b) and K63-Ub, (c, d) as well as the '’N-K 63-Ub, distal domain with
VHS (e, ), the ""'N-K63-Ub, proximal domain with VHS (g, h), the '"N-K48-Ub, distal domain with VHS (i, j), and the '*N-K48-Ub, proximal
domain with VHS (k, 1). Residues experiencing intermediate exchange during the course of titration are represented by gray bars whereas residues
affected by slow exchange are represented by black stars. Residues that exhibit significant shifts are colored red (Ad > 0.1) and yellow (0.1 = Ad >
0.05) except for the interaction of the '’N-K48-Ub, proximal domain with VHS (1) where yellow residues indicate 0.1 = Ad > 0.04. CSPs have

been represented on the K48-Ub, (j, 1) and K63-Ub; (f, h) structures (PDB codes 1AAR (89) and 2JF5 (14)).

VHS to bind to the distal domain. This conclusion is supported
by several observations. First, more residues in the distal domain
of K48-Ub, exhibit strong attenuations early in the titration with
VHS, in contrast with the proximal domain (see gray bars in CSP
plots in Figure 4i,k). Second, the Ky for residues in the distal
domain is on average 5—6 times lower than for the proximal
domain, suggesting tighter binding (compare 16 uM with
101 uM; see Table 1 and Supporting Information Figure SF12)
whereas the derived Ky from the VHS side does not discriminate
between the interaction with the distal and the proximal domain.
Third, critical interacting residues around Lys48 in the proximal
domain participate in the K48-G76 Ub, linkage which may
occlude them from interacting with VHS. Conversely, these
residues are available for interaction in the K63-linked Ub2. Fourth,
under saturating conditions of the K48-Ub, distal domain,
residues having a well-defined secondary structure yielded an
average R, of 26.0 + 1.8 s~! with a standard deviation of 4.1 s~
corresponding to a molecular mass range of 27.9—38.4 kDa with
an average of 32 kDa. This result is consistent with an expected
molecular mass of 34 kDa if one assumes a 1:1 stoichiometry.
These important findings demonstrate that K48-Ub, can accom-
modate only one VHS molecule which can bind either one of the
Ub, subunits with different binding affinities.

From the K63-Ub;, side, the distal and the proximal domains
each exhibit the same mode of binding for VHS. The latter
assessment is supported by several observations. First, the CSP
pattern at saturation is identical for both distal and proximal
domains. Second, the same residues of the distal or the proximal
domain of K63-Ub, (Gly47, Lys48, GInd9, Leus0, Val70) experience
strong attenuation (>70%) early in the titration. Third, the K for
residues in the distal domain is similar to the proximal domain
(see Table 1 and Supporting Information Figure SF12). Fourth,
K63-Ub, chains can accommodate up to two VHS molecules
under saturating conditions as stated by our R, measurement on
the K63-Ub, distal domain. The average R, is 35.7+ 2.1s™ " with
a standard deviation of 6.2 s~' giving rise to a molecular mass
range of 42.4—58.1 kDa with an average of 45.4 kDa, consistent
with both 2:1 stoichiometry and the known elongated structure of
the K63-Ub2 chains (/4).

A Possible Model for the Interaction of VHS with K48-
and K63-Ub, Chains. According to our CSPs data for the VHS
interaction with K48-Ub,, it is clear that the VHS molecule did
not experience any extended perturbation surface compared to
the monoUb/VHS interaction. To better understand these re-
sults, we modeled the structure of both K48- and K63-Ub, chains
in complex with VHS. We engineered T12C mutants for both the
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FIGURE 5: Analysis of the PRE data for VHS in the presence of a 1:1 equivalent of SL attached to the proximal domain of K48-Ub, at position
C12 (a) and the proximal domain of K63-Ub, at position C12 (c). The reconstruction of the paramagnetic center yields two positions
corresponding to two populations of the K48-Ub,/VHS complex. Putative models of the K48-Ub,/VHS complex are shown in (b). They show a
relatively good agreement with the position of the paramagnetic centers (magenta and green sphere) and the theoretical position of MTSL for both
populations. The distal and the proximal domains of K48-Ub, are represented in red and blue, respectively, whereas VHS is colored orange.
Putative model of the K63-Ub,/VHS complex (d) based on the monoUb/VHS complex. This model has been obtained by assuming that the
paramagnetic spin label affects both VHS molecules under saturating conditions. The residues showing the largest chemical shift perturbations are
represented by a red surface on the distal and the proximal domains of K63-Ub,. (e) Sequence alignment of different VHS domains. The VHS
surface affected upon binding to monoUb or Ub, is represented by gray squares whereas stars indicate the residues experiencing the highest CSPs.

K48- and K63-Ub; in their proximal domain (see Materials and
Methods). We then recorded 'H,'’N-HSQC spectra of VHS in
the presence of SL attached to the proximal domain of K48-Ub,
or K63-Ub, in oxidized and reduced conditions. As can be seen in
Figure 5a for K48-Ub,, the spin label affects regions on VHS
which are different from the one seen for the interaction with
C12-monoUb (Figure 3b). Indeed, it is noteworthy that three
main areas are affected by at least a 60% decrease of signal
intensity. These regions are characterized by residues Thr29,
Thr30, Glu31, Ser45, Thr46, Ala50, Asn82, Ile86, Phe87, and
Lys129, which are significantly affected by the spin label. Sur-
prisingly, we were not able to reconstruct the position of the spin
label by using one paramagnetic center only. Thus, we hypothe-
sized that our PRE data could only originate from two popula-
tions (see Materials and Methods). The processing of our PRE
data by means of two centers significantly improved the quality
of the fit. Increasing the number of degrees of freedom is also
supported by our F test calculation (see Supporting Information
Figure SF13). Our results indicate two populated structures of
20% and 80% that correspond to two distinct positions of the
paramagnetic center. For the highest populated structure, the

distal domain interacts with the VHS domain in the same mode as
for the monoUb/VHS interaction. The reconstruction of the two
paramagnetic centers allowed us to model two different K48-
Ub,/VHS complexes by means of the Haddock software (46). As
constraints, we used (i) CSPs obtained for VHS as well as the
distal and the proximal domain of K48-Ub,, (ii) unambiguous
distances derived from MTSL attached to the proximal domain
of K48-Ub, and a given proton of VHS, and (iii) unambiguous
distances describing the isopeptide linkage between the distal and
the proximal domain. A closer look at the modeled structure
(Figure 5b) reveals the involvement of distal K48-Ub, residues
Leu8, Val70, Iled44, Gly47, and Leu73 making contact with
Trp33, Ala78, Ala81, and Asn82 of VHS, whereas the proximal
residues Ile44, Val70, and Leu73 are in close proximity from
Thr30 and Asn28 of VHS. The latter findings are consistent with
our CSPs and titration data indicating that the VHS domain can
bind the distal or the proximal domain. For comparison, we
recorded a HSQC spectrum of '"N-labeled VHS in the presence
of K63-Ub, harboring a MTSL spin label at position C12 on its
proximal domain. As can be seen in Figure Sc, the picture is dif-
ferent from K48-Ub, as residues located around Glu31 experience
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a stronger decrease in signal intensity. Surprisingly, regions sur-
rounding Ser45 and Asn§2 are also slightly affected. It is impor-
tant to remember that our CSPs and spin relaxation data indicate
that K63-Ub, can accommodate two VHS molecules under
saturating conditions. As a consequence, our data suggest that
the spin label could affect not only the VHS molecule bound to
the proximal domain but also the VHS molecule bound to the
distal domain if sufficiently close. This led us to consider two
possible positions of the spin label. To check our hypothesis, we
aligned the previously determined monoUb/VHS structure with
the crystal structure of K63-Ub, (/4). As can be seen in Figure 5d,
our putative model can account for the position of the attached
spin label. The latter one would affect VHS bound to the distal or
the proximal domain of K63-Ub2 at the same time. This gives rise
to a K63-Ub, structure where the proximal domain is somewhat
rotated around the G76-K63 isopeptide bond which is, in fact,
not surprising if one considers a certain flexibility of this bond as
previously reported (15).

DISCUSSION

According to our CSP data analysis, VHS binds monoUb with
an average Ky of 60 = 7 uM (Table 1) where electrostatic inter-
actions play a role. The kinetics of binding between monoUb and
VHS is characterized by k,, and ko values of (~1.3 +0.1) x 10°
M~!s7 and 7040 + 350 s, respectively. This fast dissociation
rate has important implications and suggests that the VHS domain
interactions are optimized for the rapid assembly and disassem-
bly of protein complexes, consistent with cargo sorting. The Ky
value is consistent with affinities usually reported for different
UBD/monoUb complexes (26, 27) (in the micromolar range).

The affinity of various VHS domains for monoUDb varies in a
range 190—2100 uM (68). Additionally, the Stam2-VHS domain
shows slightly stronger affinity for polyUb chains and more parti-
cularly for the distal domain of K63-Ub,. Thus, suitable questions
are (1) “Why do different VHS domains exhibit different binding
affinities for monoUb?” and (2) “Is there a unique structural
feature that allows a tighter binding between VHS and K63-linked
polyUb chains?”

How Different Are VHS Domains? The VHS domain is
present in eight mammalian proteins (GGA1/2/3, Hrs, Stam1:2,
Toml, and Srcasm) where it occupies the N-terminal end suggest-
ing that its positioning is important for its function (30, 69). The
VHS domain of Stam?2 interacts with monoUb via its concave
surface and primarily involves residues located on helices a2 and
a4. We find that the VHS domain recognizes a region on
monoUb centered on Ilel3, Lys48, and Val70 which is essential
for its function as a sorting signal (70—73). The latter surface isin
sharp contrast with the one observed on monoUb in previous
studies in solution (74). The observed differences could be due to
the fact that the Ub/Stam?2 interaction was carried out in the cell
in the presence of full-length Stam2. Moreover, it is noteworthy
that the relative orientation of monoUb with respect to VHS
(Figure 3c) allows Lys63 to be freely available for Lys63 poly-
ubiquitin chain formation whereas Lys48 is sequestered at the
interface between VHS and monoUb. This observation might
have further implication in the binding mode of Lys63-diubiqui-
tin chains to VHS, as Lys63-polyubiquitin chains have been
shown to facilitate endocytosis (11, 22, 75).

Among the eight mammalian proteins containing a VHS
domain, the VHS domain of the Stam family has been reported
to bind monoUb with the lowest K4 (30, 32, 33), and the deletion
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of the VHS domain from the full-length Stam1 or 2 dramatically
reduced their ubiquitin binding (30), thus indicating that the VHS
domain of Stam proteins is of prime importance.

The Stam1 protein is a Stam2 isoform (76) and shares 74%
identity with Stam?2 (Figure 5e). If one considers the orientation
of Ub with respect to VHS, our monoUb/VHS structure is
slightly different from the recently published Ub/Stam1-VHS
structure (PDB code 3LDZ) (68). Indeed, monoUb is translated
3.5 A toward the VHS a2 helix whereas the monoUb o-helix is
rotated approximately 20° with respect to monoUb in the
monoUb/Stam1-VHS crystal structure. Moreover, our structure
is in sharp contrast with a predicted model using the Dsk2 UBA
domain (33) in a sense that the o2 helix of the VHS domain is
tilted by 50° from the predicted model. The interaction surfaces
on Stam| and Stam?2 are similar and mainly involve conserved
residues except Stam2 Ser34 and Ala81 which are replaced in
Staml by Gly27 and Ser74, respectively. Thus, the residues
conserved only in Stam proteins are likely to play an important
role in ubiquitin binding because the sequence homology of the
VHS domains between Staml and 2 is much higher than that
between Stam proteins and others (<37%).

Stam? is tightly associated with Hrs to form the ESCRT-0
complex which sorts ubiquitinated transmembrane proteins for
lysosomal degradation through the ESCRT machinery (23, 29,
77—81). Furthermore, Hrs binds Ub by its DUIM (double-sided
ubiquitin interacting motif) with a Ky in the range of 200—
400 uM (32, 82, 83) whereas the VHS domain of Hrs yields a 23
times higher Ky than the VHS of Stam2 (68). Interestingly, the
FYVE domain, which is located in-between the VHS and UIM
domains, is interacting with VHS in an intra- and intermolecular
manner (84). The interaction between the VHS and FYVE
domains of Hrs mainly occurs through residues located on the
VHS o2 helix. Hrs residues Trp23 and Asp31 which are conserved
in Stam2 (counterpart Trp33 and Asp4l) are engaged in hydro-
phobic and hydrogen-bonding interactions, respectively. Other
interacting residues of Hrs Pro21, Pro24, and Leu27 which are
not conserved in Stam2 (counterpart Glu31, Ser34, and Met37)
are involved in hydrophobic contacts with FYVE. Thus, the
counterpart residues of Hrs which are involved in the interaction
of the Stam2 VHS domain with monoUb are sequestered at the
interface between VHS and FYVE. As a consequence, the FYVE
domain might compete with monoUb and is likely to decrease the
binding affinity of VHS for monoUb. As can be seen, Ub binding
is a general property of most of the VHS domains where highly
conserved residues Asp32, Trp33, and Asn82 are likely to play an
important role. The replacement of these residues or surrounding
residues by residues harboring different electrostatic charges is
prone to lower the interaction with Ub.

Insights into the VHS Preferences for Polyubiquitin
Chains. The question of “How does the VHS domain bind
polyubiquitin and more particularly K48- and K63-linked Ub,”
remains open. The question is of prime importance as K63 poly-
ubiquitination appears to be the major signal for cargo sorting
into the MVB pathway (20). Our results show a slightly higher
affinity for Ub, chains than for monoUb with linkage-dependent
modes of binding with respect to VHS. Specifically, we report
here asymmetric binding of K48-Ub, to VHS where the proximal
domain exhibits a 5-fold weaker dissociation constant than the
distal domain. Moreover, we found two different populated
structures in solution, likely reflecting the complexity of this
binding event. Such a situation has been reported earlier for other
UBD:s (85). The apparent dissociation constant measured on the
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VHS side is 43 uM, which is a 1.5 times increase with respect to
the binding affinity for monoUb (Table 1). This noticeable
difference between the two Ub, chains with respect to their
VHS binding sheds light on the possible consequences in cargo
sorting and a possible explanation of the preference for K63- over
K48-Ub, chains.

The lower Ky (hence tighter binding) seen from the distal K48-
Ub, side may have different explanations if one looks at the most
populated structure (Figure 5b): First, as seen from CSPs, Gly76
exhibits a much stronger perturbation compared to monoUb. It
is then likely that this residue offers another anchoring point for
VHS by extending the binding interface toward the proximal
domain. The analysis of the interface reveals that the side chains
of the distal residues Arg74 and Gly76 could interact with Asp41
and Ser 34 of VHS. It is noteworthy that these interactions were
not present in the structure of the monoUb/VHS complex. At the
same time, Gly47, GIn49, and Arg74 of the proximal domain are
in close contact with Asp32 and Tyr 27 of VHS. Second, the
interaction of the K48-Ub, chain gives rise to an extended burried
surface area of 1803 A? compared to 1138 A? for the monoUb/
VHS complex, thus rendering the formation of the complex in
this case entropically favorable.

To understand the difference in binding affinity observed for
each of the K48-Ub, subunits, we investigated chemical shift
perturbations at an early stage in the titration ([VHS]/[Ub,] =
0.1). Here, Phed5, Gly47, Leu50, Val70, and Leu71 are the first
perturbed residues on the distal domain and also experience
intermediate exchange with a decrease of their signal intensity of
70%, indicating possible strong interaction with VHS. In contrast,
Thr9, Arg42, Val70, Leu71, and Leu73 are the first perturbed
residues on the proximal domain and are located in an opposite
region from the one constituted by the Gly76—Lys48 isopeptide
bond. On the proximal domain, Val70, Leu7l, and Leu73
experience a decrease of their signal intensity by 60% early in
the titration. Moreover, the magnitude and the directions of the
shifts in the signals are different with those associated with the
opening and closing of K48-Ub,. Thus, it is unlikely that the weak
perturbations seen for the proximal domain are due to the loss of
hydrophobic contactes between the two Ub moieties. As previous
studies have shown that the Ub/Ub interface of K48-Ub, is
dynamic in solution (5), we can consider a possible mechanistic
event where VHS binds first the partially open Ub, interdomain
interface. As the interface opens further upon titration with VHS,
the distal residues Arg72 to Gly76 become strongly perturbed. To
date, this is the first experimental evidence that the VHS domain
of Stam2 enters the hydrophobic pocket of K48-Ub, to bind
directly to each Ub subunit with a different affinity.

The observed weaker binding of the proximal domain to VHS
may be explained by the fact that Lys48, which is the most
affected residue in the monoUb/VHS interaction (Figure 1d),
participates in the Gly76—Lys48 isopeptide bond. As a conse-
quence, the Lys48 residue of the proximal domain may be less
able to interact with VHS and may have a negative effect on the
Ub,/VHS binding. Conversely, the Gly76 residue of the distal
domain is significantly perturbed compared to its interaction
with monoUb. A possible explanation is a higher accessibility of
Gly76 owing to the opening of the hydrophobic interface,
allowing the Gly76 residue to directly interact with VHS. Our
observations are unique with respect to what has been previously
reported with other protein interactions involving diverse UBDs
and K48-Ub, chains. For instance, the proximal Ub appears to
be the primary binding site for h(HR23A-UBA which binds to
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Ub;, in a sandwich-like fashion whereas the UQI1-UBA does not
show any preference for either of the two Ub, subunits. Diverse
modes of binding to K48-Ub, may arise from a compromise
between the size of the receptor which could give rise to steric
constraints (hence preventing K48-Ub, to wrap around the
ligand) and the electrostatic surface of the receptor which could
offer a second binding site to another Ub, subunit. Binding
between VHS and K48-linked chains could be complicated by the
fact that the functionally important hydrophobic residues are
sequestered at the interface at neutral pH. K48-Ub, chains are
predominantly closed at neutral pH whereas binding to the VHS
domain requires the open conformation of the K48-Ub2 chain.
Indeed, the opening of the hydrophobic interface is essential for
polyubiquitin’s binding, and locking the interface would preclude
any VHS (or other lingands) binding (86). As a consequence, the
VHS domain, or possibly other UBD components of the Stam?2/
Hrs complex, must find the proper open candidate prior to
binding. The sequestered nature of the Ub/Ub interface would
then slow down the entry into the MVB pathway. Considering
that the VHS domain is present in many proteins involved in the
endocytic pathway, our results provide a possible explanation for
the increased efficiency of multimonoubiquitination or K63-
linked polyubiquitination signals over K48-linked chains for
cargo delivery to the lysosome (22, 87).

K63-Ub, adopts a different mode of binding to VHS that is
more similar to monoUb/VHS binding. Each of the K63-Ub,
subunits can accommodate one VHS molecule under saturating
conditions. Indeed, VHS binds K63-Ub, chains with no pre-
ference for the distal or the proximal domain and exhibits a
dissociation constant in the range 30—40 uM (Table 1). It has to
be recalled here that K63-Ub, adopts an elongated structural
conformation. Consequently, the hydrophobic patch of K63-Ub,
presents a higher accessibility to VHS and can bind as two
independent Ub sites with no cooperativity as exhibited by the
titration curves (Supporting Information Figure SF12).

According to our results, it is likely that the VHS domain
recognizes a given topology/structure of polyUb chains which
favors its interaction with the Ub hydrophobic patch. The
extended conformation of K63-Ub, exposes the Ub hydrophobic
patch on both subunits and offers the possibility for direct
interactions with VHS without the need to compete with an
opening/closing equilibrium of the Ub/Ub interface. We can
speculate that K63-linked chains harbor a better accessibility of
Ub subunits and can then accommodate more than one UBD per
chains owing to avid binding (88). Our predicted model for the
interaction of VHS with K63-Ub, along with the 2:1 stoichio-
metry of this complex has further implication in the binding of
Stam?2 to polyubiquitin and cargo sorting. In the context of the
whole Stam?2 protein which contains the VHS and UIM domains
connected by a 20 amino acid linker, we can reasonably predict a
possible structural organization involving VHS-UIM and K63-
Ub,. According to the orientation of the VHS domain with
respect to monoUb as well as K63-Ub,, it is likely that the VHS
domain might bind one Ub moiety whereas the UIM domain
might bind the other Ub subunit of K63-Ub,, leading to an
increase of the affinity of the interaction. Nevertheless, we cannot
exclude other lowly populated structures giving rise to another
organization. Conversely, it seems unlikely that K48-Ub, chains
can accommodate more than one UBD (besides VHS), because
of steric hindrance and the 1:1 stoichiometry of the VHS/K48-
Ub, equilibrium. Recognition of the K48-Ub, chains by the
VHS-UIM domains might be complicated by several factors.
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First, according to the stoichiometry of the VHS/K48-Ub2
complex, we can reasonably predict that two K48-Ub, will be
necessary to bind the VHS-UIM domains. Second, according to
the fact that an average of 15% of K48-Ub, chains are in an open
conformation at neutral pH (5), it is likely that the recognition of
K48-linked chains by the VHS-UIM domains will not be
kinetically favorable. The combination of these factors could
give rise to a less efficient sorting of K48- compared to K63-
polyubiquitinated targets. These hypotheses, of course, have to
be confirmed by further structural studies which should provide
insight into the advantages (if any) that might be offered by such
structural organization.
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