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ABSTRACT

Yeast Doal/Ufd3 is an adaptor protein for Cdc48 (p97 in mammal), an AAA type ATPase associated with
endoplasmic reticulum-associated protein degradation pathway and endosomal sorting into multivesic-
ular bodies. Doa1 functions in the endosomal sorting by its association with Hse1, a component of endo-
somal sorting complex required for transport (ESCRT) system. The association of Doal with Hsel was
previously reported to be mediated between PFU domain of Doal and SH3 of Hsel. However, it remains
unclear which residues are specifically involved in the interaction. Here we report that Doal/PFU inter-
acts with Hse1/SH3 with a moderate affinity of 5 uM. Asn-438 of Doal/PFU and Trp-254 of Hse1/SH3 are
found to be critical in the interaction while Phe-434, implicated in ubiquitin binding via a hydrophobic
interaction, is not. Small-angle X-ray scattering measurements combined with molecular docking and
biochemical analysis yield the solution structure of the Doal/PFU:Hse1/SH3 complex. Taken together,
our results suggest that hydrogen bonding is a major determinant in the interaction of Doal/PFU with

Hse1/SH3.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Doal (degradation of a2 1)/Ufd3 (ubiquitin fusion degradation
3) was first found in genetic screening in Saccharomyces cerevisiae
for defects in proteasomal degradation of MATa2 transcription
repressor [1]. Major functions of Doa1 and its mammalian ortholog
phosphoslipase A2-associating protein (PLAA) are believed to play
a role in ubiquitin-dependent proteasomal degradation and to
maintain ubiquitin homeostasis in cell. Other functions of Doal in-
clude involvement in DNA damage response in yeast [2], growth
temperature and morphology in fungus Candida albicans [3], and
cell cycle progression [4]. Doal consists of three domains: WD40
domain at the N-terminus, PLAA family ubiquitin-binding (PFU)
domain in the middle and PLAA, Ufd3 and Lub1 (PUL) domain at
the C-terminus.

The cellular functions of Doal are mainly mediated by interac-
tions of the domains in Doal with other proteins. Doal interacts
with cell division cycle protein 48 (Cdc48; p97/VCP in mammals)
[1]. By interaction with Cdc48, Doal serves as an adapter for
Cdc48 which in turn functions in endoplasmic reticulum-associ-
ated degradation. Structural and biochemical studies revealed that
Doal and PLAA interact with ubiquitin via its WD40 and PFU
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domains [5-7]. The PFU domain of yeast Doal binds both mono-
ubiquitin and K29-linked polyubiquitin [5,8]. Binding of the PFU
domain of human PLAA to monoubiquitin is very weak with Ky
being about 1 mM, which is detectable by a very sensitive biophys-
ical technique such as nuclear magnetic resonance (NMR) [6]. The
WD40 domain of yeast Doal binds monoubiquitin with a higher
affinity (K4 ~ 200 pM) determined by NMR [7].

A recent study unveiled a new functional role of Doal in endo-
somal sorting by association with Hse1, a component of endosomal
sorting complex required for transport (ESCRT) system [9]. The
ESCRT system is involved in biogenesis of multivesicular bodies
(MVBs) on endosomal membrane, which finally sort the ubiquiti-
nated membrane protein to vacuole/lysosome for degradation
[10]. The association between Doal and Hsel is reported to be
achieved by the PFU domain of Doal and SH3 domain of Hse1. Loss
of Doal impairs sorting ubiquitinated membrane proteins to yeast
vacuoles, establishing the functional link between Doal and MVB
pathway [9]. Despite the biological significance of the interaction
between Doal and Hse through PFU and SH3 domains, limited
information is available about the biochemical and molecular basis
for such an interaction. For instance, two Trp residues (W2>4W?25%)
of Hse1-SH3 domain are known to be critical in the interaction
with Doal/PFU [9]. Residues 433-445 of Doal are involved in the
interaction with Hse1/SH3 domain [9,11]. Crystallographic analy-
sis revealed that residues 434-441 form a conserved hydrophobic


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.02.118&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.02.118
mailto:sangholee@skku.edu
http://dx.doi.org/10.1016/j.bbrc.2014.02.118
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

S. Han et al. / Biochemical and Biophysical Research Communications 446 (2014) 352-357 353

pocket [12], suggesting that the interaction between Doal/PFU and
Hse1/SH3 may be mediated by hydrophobic interactions. However,
it is unclear which specific residues are involved in the interaction
between Doal/PFU and Hsel/SH3. To elucidate the nature of the
association between Doal and Hsel, we investigated the interac-
tion between the PFU domain of Doal and SH3 domain of Hsel
in vitro using a combination of biochemical and biophysical tech-
niques. Surprisingly, we found that two residues, N438 of Doal
and W254 of Hsel, are critical for the interaction by hydrogen
bonding, not a hydrophobic interaction. Furthermore, we derived
the solution structural model of Doal and Hsel complex.

2. Materials and methods
2.1. Cloning and mutagenesis

Genes encoding yeast Doalygs_450, 331-450 (PFU domain) and
Hse1200-300, 217-276 (SH3 domain) were amplified using Pfu poly-
merase (SolGent). Primers for amplification of Doal gene were de-
signed to add the HA tag (YPYDVPDYA) at the C-terminus of Doal.
The PCR products were cloned into parallel GST vector and His vec-
tor [13]. Primers for site-directed mutagenesis of Doal;95_450 Mu-
tants (F434A, F434D, N438A, and N440A) and Hse1,¢9_300 mutant
(W254A) were designed by QuikChange Il primer design program
on Agilent Technologies website (http://www.genomics.agi-
lent.com). Dpnl (New England Biolabs) was used to remove the
template DNA vector. Identities of all constructs and mutants were
confirmed by DNA sequencing.

2.2. Protein expression and purification

All proteins used for this study were overexpressed in Escheri-
chia coli BL21(DE3) strain. Cells were grown at 37 °C until ODggg
reached 0.6 at which gene expression was induced with 0.1 mM
IPTG. The induced cells were further incubated for 20 h at 16 °C
with gentle agitation. The cells were harvested by centrifugation,
resuspended in 40 ml buffer A (50 mM Tris-HCl pH 7.5 and
150 mM Nac(l) and lysed by unltrasonication. The lysate including
His-Doalygs_450-HA was centrifuged and the supernatant was
loaded to Ni-NTA agarose resin (Qiagen). The resin was washed
with buffer B (50 mM Tris-HCI pH 7.5, 500 mM NacCl, and 20 mM
imidazole) and the bound protein was eluted in buffer C (50 mM
Tris—-HCI pH 7.5, 500 mM NacCl, and 300 mM imidazole). The cell ly-
sates including GST-Hsel,09-300 and GST as a control were also
centrifuged and each supernatant was loaded to glutathione-Se-
pharose resin (GE Healthcare). The resin was washed with the buf-
fer A and each bound protein was eluted in buffer D (10 mM Tris-
Cl pH 8.0 and 10 mM reduced glutathione). The eluted proteins
were further purified by size exclusion chromatography on a Hi-
Load 16/60 Superdex 200 prep grade (GE Healthcare) column
pre-equilibrated with the buffer A. Purity of purified proteins
was analyzed by SDS-PAGE.

2.3. Pulldown

Purified 100 pmol of GST or GST-Hselygg_300 Was loaded to
30 pl of 50% slurry of glutathione-Sepharose beads (GE Healthcare)
pre-equilibrated with the buffer A. After incubation for 30 min at
room temperature with gently mixing, the beads were washed
out with 500 pul of the buffer A to remove unbound proteins.
500 pmol of His-Doalygs_450-HA was then applied to the beads
and incubated at 4 °C for 2 h. The beads were washed with buffer
E (50 mM Tris-HCl pH 7.5, 300 mM NacCl, and 1% (v/v) NP-40).
Samples were analyzed by SDS-PAGE and immunoblotting.

2.4. Biolayer interferometry (BLI)

BLI measurements were performed on a BLItz system (ForteBio).
Ni-NTA biosensors (ForteBio) were used to immobilize His-
Doal,96_450-HA proteins. Sensors were pre-wetted in the buffer A
for 10 min prior to protein immobilization. His-Doa1l,96_450-HA at
10 uM was immobilized to the sensors through Ni-6xHis interac-
tion. Then, the sensors were washed with the buffer A and reacted
with various concentrations (from 2 to 32 pM) of GST-Hse1500_300
for association steps. After association reached to equilibrium, the
sensor was moved to the buffer A for dissociation steps. GST
protein was used as the reference in the association step. Steady
state analysis was performed using Prism (GraphPad Software
Inc.) to calculate the K; values. R?, a quantitative indication of
goodness of curve fitting, was calculated by the equation R?=
1.0 — (WSSmodel/WSShorizontal), Where wSS;oqe1 is the weighted
sum-of-squares of the residuals from the model and WSSyorizontal
is the weighted sum-of-squares of the residuals from the null
hypothesis model. The R? for analysis was above 0.97. All measure-
ments using mutants of Doal and Hsel were performed in the
same way.

2.5. Protein structure modeling

Structural models for Doalss;_450 and Hsel;¢7_276 Were gener-
ated by a hybrid approach. For Doal, residues 376-439 were im-
ported from the crystal structure of PFU domain (PDB ID: 3L3F)
with other regions modelled by ab initio modeling using Rosetta
[14]. Hse1317_276, corresponding to SH3 domain defined by Unit-
Prot [15], was modelled by GalaxyTBM [16]. We used the best
structure model which was selected automatically by the Galax-
yTBM out of 5 model candidates. A model for the Doal/
PFU:Hse1/SH3 complex was derived by HADDOCK webserver [17]
with the following key residues identified by BLI analysis as re-
straints: N438 of Doal and W254 of Hsel.

2.6. Small-angle X-ray scattering (SAXS) data collection and analysis

Truncated constructs, His-Doals31_450-HA and GST-Hse1,17_276,
were used to obtain a stable and well-behaving complex suitable
for SAXS measurements. Flexible loop regions for truncation in
Doal/PFU and Hse1/SH3, residues 296-330 and 200-216, respec-
tively, were predicted by Phyre2 fold recognition server [18]. His-
tag and GST were removed after affinity chromatography by TEV
(tobacco etch virus) protease and mixed to form a complex. The
resulting complex was further purified by size exclusion chroma-
tography. The purified protein complex was then concentrated
up to 3.6 mg/ml in the buffer A supplemented with 1 mM DTT.
SAXS data collection was performed at the 4C beamline of the Po-
hang Accelerator Laboratory in Korea. Data collection and process-
ing statistics are listed in Table 2. The buffer A supplemented with
1 mM DTT was used as the reference. SAXS patterns were collected
5 times and monitored whether protein sample had radiation dam-
age. The radii of gyration (Rg) were calculated from the Guinier
plot: I(s) = I(0)exp (—%Rﬁqz . Scattering profiles (I(q)) were con-
verted to distance distribution function (P(r)) though indirect Fou-
rier transform using GNOM [19].

2.7. Derivation of solution structure of Doal:Hsel complex

Ten ab initio low-resolution envelope shapes for the
Doals3q_450-HA and Hse1,,7_,76 complex were generated by DAM-
MIF [20]. Rigid body modeling of the HADDOCK-derived complex
model of Doals3q_450 and Hse1,77_576 into the SAXS-derived enve-
lopes was performed by BUNCH [21]. The HADDOCK-derived com-
plex model was compared to each ab initio envelope to choose the
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best-fit envelope model. The Phyre2-predicted flexible loops and
HA-tag in Doalssi_450-HA were also considered as loops and
BUNCH determined their positions. The resulting rigid body model
was validated using FoXS webserver [22] that fitted model-based
calculated scattering profile to experimental one. Conformational
dynamics was modeled by EOM [23,24], which suggested 5 candi-
date conformers. The FoXS webserver determined the best two
models from the candidates using a minimal ensemble search
(MES) algorithm [25] and validated whether this ensemble fits to
experimental scattering patterns.

3. Results

Doal reportedly binds to Hse1 via the interaction between PFU
domain of Doal and SH3 domain of Hsel [9]. To characterize the
interaction between PFU and SH3 domains biochemically, we pre-
pared constructs covering Doal/PFU and Hsel/SH3, respectively
(Fig. 1A). Doal construct encompasses residues 296-450 that cover
the previously defined minimal SH3-binding region (residues 426-
445) [9]. Hse1 construct (residues 200-300) contains SH3 domain
(residues 217-276). For ease of purification and differential detec-
tion, we added a hexa-histidine tag at the N-terminus and HA-tag
at the C-terminus of Doal,9s_450 (termed His-Doal;ge-450-HA) and
a glutathione S-transferase (GST) at the N-terminus of Hse1,09_300
(termed GST-Hse1,00-300). We confirmed the reported direct inter-
action between Doal/PFU and Hse1/SH3 by GST pulldown assay
using purified GST-Hsel;99_300 and His-Doal,96_450-HA (Fig. 1B).
As expected, GST-Hse1,00_300 binds to His-Doalags_450-HA specifi-
cally. Such a result implicates that Hsel,g9_300 and Doalagg_450
may be able to form a stable complex in vitro.

To study whether His-Doal,96_450-HA forms a stable complex
with GST-Hsel,go_300 in solution, we employed size exclusion
chromatography (Fig. 2). Doal,96_450-HA was eluted at a calculated
molecular weight of 23 kDa and Hse1,¢_300 at 14 kDa. By contrast,
Doal,ge_450-HA:Hse1500_300 complex was eluted at a shifted vol-
ume corresponding to a calculated molecular weight of 32 kDa.
This indicates that Doalagg_450-HA:Hse1399_300 cOomplex is stable
in solution and the binding stoichiometry is 1:1. Considering that
only Doal contains a small, 9-residue-long HA tag, we conclude
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Fig. 2. Size-exclusion chromatograms of Doa1/PFU, Hse1/SH3 and their complex on
a Superdex 200 column. Red line indicates a calibration curve for the expected
molecular mass of a protein eluted at the corresponding retention volume.
Numbers on the red line refer to the calculated molecular masses for Doal:Hsel
complex, Doal/PFU and Hse1/SH3, respectively in kDa. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

that Doal/PFU and Hse1/SH3 interact directly and form a stable
complex in solution.

Establishing the direct interaction between Doal and Hsel in
solution qualitatively, we further investigated the interaction in a
quantitative way. For this purpose, we utilized bio-later interfer-
ometry (BLI), an optical technique to assess biomolecular interac-
tions quantitatively [26,27]. His-Doal,gs_450-HA was immobilized
on Ni-NTA sensors and allowed to interact with GST-Hse1,09_300
at varying concentrations (from 2 to 32 uM) (Fig. 3). We found that
GST-Hsel,p09-300 binds to His-Doal;gs_450-HA with a moderate
affinity (K4) of 5 UM (Table 1). By contrast, GST alone did not bind
His-Doaly96_450-HA (Fig. S1). Together with the results from size
exclusion chromatography and pulldown assay, our data is fully
consistent with the previous report [9] and demonstrates that
Doal/PFU interacts directly with Hse1/SH3.
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Fig. 1. Direct interaction between Doa1/PFU and Hse1/SH3 in vitro. (A) Domain architecture of Doal and Hse1. Constructs used for this study are marked by underlines with
residue numbers. (B) Pulldown of SH3 domain from Hse1 by GST-PFU domain from Doal probed by Western blotting.
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Fig. 3. Quantitative analysis of the direct interaction between Doal/PFU and Hsel/
SH3. (A) BLI sensorgram of association and dissociation between immobilized Doa1/
PFU and Hsel/SH3 at various concentrations of Hsel/SH3 from 2 to 32 uM. (B)
Steady state analysis of binding was performed using R.q calculated by BLItz Pro
(ForteBio) with the local fitting option.

Table 1
Dissociation equilibrium constants (K;) between wild types and mutants of
Doal,gs-450 and Hselz00-300-

Kg * (UM) Doalzgs-450

WT F434A F434D N438A N440A
Hsel300-300 WT 5.2+0.97 45+13 85+2.2 nd. 16+£2.6
W254A n.d. n.d. n.d. n.d. n.d.

¢ Standard errors of K, value calculated by PRISM (Graphpad Software Inc.).
> n.d.: not determined.

To uncover which residues are responsible for the interaction
between Doal/PFU and Hsel/SH3, we attempted to generate a
structural model. Previous crystallographic and biochemical stud-
ies suggested that the conserved motif F**4[LKNTNG**! of [9] and
the tandem tryptophan residues W2>*W?2>> of Hsel are required
to interact to each other [9,12]. Using the aforementioned residues
as restraints, we modeled a complex between Doal and Hsel with
HADDOCK [17] (Fig. S2A). Based on the docked model, we hypoth-
esized that F434, N438 and N440 of Doal and W254 of Hse1 may
be involved in the direct interaction. We then investigated the role
of each residue in the interaction by BLI analysis using His-
Doalaygs_450-HA F434A, F434D, N438A and N440A and GST-
Hsel,00-300 W254A. Unexpectedly, we found that N438A of Doal
and W254A of Hsel abolished the interaction while F434A and
F434D showed no effect on binding (Table 1). Apparently the con-
served F434 of Doal, which was reported to be important in ubiq-
uitin binding via a hydrophobic interaction [5] and predicted to
form a putative ubiquitin binding pocket [12], is dispensable in
binding Hse1. Based on the results from BLI analysis, we re-gener-
ated the docked model for the Doal/PFU:Hse1l/SH3 complex so

that N438 and W254 are in direct contact (Fig. S2B). In this re-gen-
erated model, 081 in N438 of Doal and Nel in W254 of
Hsel appear to form a hydrogen bond with the distance of 2.9 A.
Our results suggest that the interaction between Doal/PFU and
Hse1/SH3 is driven mainly by forming a hydrogen bond between
N438 of Doal and W254 of Hsel.

To obtain structural information of the Doal/PFU:Hsel/SH3
complex in solution, we determined the solution structure by
small-angle X-ray scattering (SAXS). To minimize the potentially
negative effects of flexible regions of Doal and Hsel for SAXS
analysis, we used truncated constructs, Doalss;_s50-HA and
Hsel,17_376. The Guininer and pair distance distribution analysis
yielded the radius of gyration (R;) of 26.9 and 28.0 A, respectively,
for the complex (Fig. 4A and Table 2). Maximum diameter of the
complex (Dmax) Was estimated to be 90 A (Fig. 4B). The truncated
complex appeared to behave well in solution (Fig. 4C). We then cal-
culated a low-resolution molecular envelope for the Doal:Hsel
complex and docked the BUNCH-derived atomic model of the com-
plex to it (Fig. 4D). Both R; and Dp,ax values from the BUNCH-de-
rived model, which are 25 and 91A, respectively, are well
consistent with those from the Guinier and pair distance distribu-
tion analysis. The resulting Doals31_450-HA:Hse1,17_57¢ structural
model was fitted well (y =1.60) to the experimental scattering
patterns, evaluated by the FoXS webserver [22] (Fig. 4C). Since re-
gions (residues 331-375 and 440-450) are thought to be flexible
by a crystallographic study [12] and the Phyre2 server, we assessed
whether the integrity of the complex may be affected by the flex-
ible regions of Doal using the conformational dynamics. EOM
[23,24] suggested four candidate structures for the complex in
which the PFU (residues 376-439 of Doal) and SH3 (residues
217-276 of Hsel) domains remain stable with the flexible region
of Doal (residues 331-375) being highly dynamic. The FoXS web-
server implemented with MES [25] generated the minimal combi-
nation of two models with almost equal population (Fig. 4E). This
minimal combination generated by MES was fitted well (y = 1.66)
to the experimental scattering profile, also evaluated by the FoXS
webwerver. In this case, both models show R; values consistent
with those determined by SAXS measurements. Taken together,
these results demonstrate that Doal/PFU and Hse1/SH3 can form
a stable complex with some alternative conformations in solution.

4. Discussion

The binding affinity of Doal with Hse1l is found to be 5 M by
BLI, which is compatible with the interaction of Doal with Cdc48
[28], suggesting that the interaction of Doal with Hsel is impor-
tant in the MVB pathway just as that with Cdc48 in the ERAD path-
way. Canonical function of Doal in ERAD is mediated by direct
interactions with Cdc48 and ubiquitin [5]. Structural and biochem-
ical studies supported the direct interactions between Doal and
either Cdc48 [28] or ubiquitin [6]. An Armadillo motif in the PUL
domain interacts with the C-terminal fragment of Cdc48 with
3.5 uM Ky by ITC [28]. The same Armadillo motif is also involved
in the direct interaction between the PUL domain of PLAA, the
mammalian ortholog of Doal, and a peptide derived from the C-
terminal region of p97, the mammalian ortholog of Cdc48 with
5 UM Ky by fluorescence polarization [29]. By contrast, the interac-
tion of the PFU domain with ubiquitin is reported to be direct but
weak one. For example, the PFU domain of PLAA binds ubiquitin
with 1 mM K, probed by NMR [6]. WD40 domain is also reported
to bind to ubiquitin with K; being 224 pM by NMR [7]. Although
binding affinities expressed as K, values differ from pM to mM
range, it is evident that the function of Doal in ERAD is exerted
by its direct interactions with partner proteins. Our data shows
that the involvement of Doal in the MVB pathway via Hsel is
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web version of this article.)

Table 2
SAXS data collection and analysis statistics.

Doalssq_4s50-HA:Hsel,17_376

Data-collection parameters

Synchrotron beamline PAL-4C
Detector distance (m) 3.0
Wavelength (A) 1.24
Exposure time (sec) 30
Concentration range (mg/ml) 3.6
Sample parameters

Polydispersity (%)* 13
Structural parameters

Ry (A) [from Guinier”] 26.9
Ry (A) [P(r)‘] 28.0
Dmax (A) 90.0

Software employed

Primary data reduction An in-house program

Dara processing PRIMUS
Ab initio analysis DAMMIF
Validation and averaging DAMAVER
Three-dimensional representations PyMOL

2 Determined by dynamic light scattering.
b Experimental curve is trimmed for qRg < 1.3.
¢ Indirect Fourier transform is performed by GNOM.

mediated by direct interact between the two proteins, just like the
function of Doa1l in the ERAD pathway.

To our surprise, Doal/PFU interacts with Hse1/SH3 mainly via
hydrogen bonding rather than hydrophobic interaction. We found
that N438 of Doal and W254 of Hse1l are critical residues for the
interaction. Interestingly, F434 of Doal does not seem to be in-
volved in the interaction with Hse1, contrary to its role in ubiquitin
binding [5,12]. An NMR study on the interaction of PFU domain
from human homolog of Doal, PLAA, with ubiquitin showed no
significant chemical shift on F450 of PLAA, corresponding to F434
of Doal [6]. N454 of PLAA, corresponding to N438 of Doal, also
exhibited little chemical shift upon ubiquitin binding. It appears
that key residues of Doal/PFU in binding ubiquitin and Hsel are
not overlapping, implicating that the small PFU domain may have
distinct molecular determinants to specify its binding partners
unequivocally using a small number of amino acid side chains.

In this study, we report that Doal is involved in endosomal
sorting via its direct interaction with Hsel with a moderate affin-
ity. N438 of Doal and W254 of Hsel are critical in the interaction
revealed by quantitative binding analysis, which suggests that the
interaction is mediated by hydrogen bonding rather than hydro-
phobic interactions. We also determined the solution structure of
the Doal/PFU:Hse1/SH3 complex by small-angle X-ray scattering
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combined with molecular modeling. Our results identify the
chemical nature of the interaction between Doal/PFU and Hsel/
SH3, thereby shedding light on the deeper understanding of the
function of Doal in the endosomal sorting.
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