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Structure of the WD40 domain of SCAP from fission yeast 
reveals the molecular basis for SREBP recognition
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The sterol regulatory element-binding protein (SREBP) and SREBP cleavage-activating protein (SCAP) are 
central players in the SREBP pathway, which control the cellular lipid homeostasis. SCAP binds to SREBP through 
their carboxyl (C) domains and escorts SREBP from the endoplasmic reticulum to the Golgi upon sterol depletion. 
A conserved pathway, with the homologues of SREBP and SCAP being Sre1 and Scp1, was identified in fission yeast 
Schizosaccharomyces pombe. Here we report the in vitro reconstitution of the complex between the C domains of Sre1 
and Scp1 as well as the crystal structure of the WD40 domain of Scp1 at 2.1 Å resolution. The structure reveals an 
eight-bladed β-propeller that exhibits several distinctive features from a canonical WD40 repeat domain. Structural 
and biochemical characterization led to the identification of two Scp1 elements that are involved in Sre1 recognition, 
an Arg/Lys-enriched surface patch on the top face of the WD40 propeller and a 30-residue C-terminal tail. The struc-
tural and biochemical findings were corroborated by in vivo examinations. These studies serve as a framework for 
the mechanistic understanding and further functional characterization of the SREBP and SCAP proteins in fission 
yeast and higher organisms.
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Introduction

The sterol regulatory element-binding proteins 
(SREBPs) play a pivotal role in lipid homeostasis by 
controlling the synthesis of cholesterol, fatty acids, and 
triglycerides [1, 2]. In addition, mounting evidence sug-
gests critical roles for SREBPs in diabetes, immune 
responses, and cancer [3]. SREBPs represent a unique 
family of basic helix-loop-helix leucine zipper tran-
scription factors that are synthesized as endoplasmic 
reticulum (ER) membrane-anchored precursors [4]. The 
SREBP cleavage-activating protein (SCAP) forms a 
complex with the SREBP precursor through their C-ter-

minal domains. Upon sterol depletion, SCAP facilitates 
the translocation of SREBPs from the ER to the Golgi 
[5], where SREBPs are first cleaved by the Site-1 prote-
ase (S1P) in the luminal loop, producing an intermediate 
in which the N-terminal transcription factor remains 
attached to the membrane and a C-terminal fragment 
attached to SCAP. The N-terminal membrane-attached 
intermediate is further cleaved by Site-2 protease (S2P), 
liberating the transcription factor from the membrane. 
SCAP recycles from the Golgi to the ER [6, 7]. C-termi-
nal SREBP fragments are believed to be removed from 
the bound SCAP through an unknown mechanism. Then 
SCAP binds to newly-synthesized SREBP precursor for 
additional rounds of SREBP transport and cleavage.

The SREBP pathway is also present in fungi exem-
plified by fission yeast Schizosaccharomyces pombe (S. 
pombe) [8, 9], where low oxygen activates SREBP to 
promote hypoxic adaptation [10, 11]. Sre1 and Scp1 are 
the yeast orthologues of mammalian SREBP and SCAP, 
respectively [11]. Despite low sequence identities, Sre1 
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and Scp1 were predicted to share identical topologies 
with their respective mammalian homologues (Figure 
1A). S1P and S2P are absent from fission yeast [8]. Rather, 
Sre1 cleavage occurs through a different mechanism that 
requires the Golgi Dsc E3 ubiquitin ligase complex [12]. 
Despite the variation for Sre1 proteolytic cleavage, the 
mechanism of sterol-regulated ER-to-Golgi transport of 
SCAP [11] and SREBP cleavage-triggered Golgi-to-ER 
recycling of SCAP [6] is conserved.

Both mammalian and fungal SCAP proteins consist of 
an amino terminal domain of eight transmembrane heli-
ces (TM) and a carboxyl (C) terminal WD40 domain [11, 
13], TMs 2-6 of SCAP constitute a sterol-sensing domain 
[14], which is also found in several membrane proteins 
involved in sterol homeostasis and cell signaling such as 
HMG-CoA reductase [15], Niemann-Pick C1 [16, 17], 
patched [18] and dispatched [19]. The cytosolic WD40 
domain of SCAP interacts with the C-terminal regulatory 
domain of SREBPs to achieve the escort function [20]. 
Notably, the WD40 domains of mammalian SCAPs and 
fungal Scp1 consist of more than 500 amino acids, con-
siderably larger than canonical WD40 domains that typi-
cally contain 300-400 residues [21].

Despite the essential function of SREBP and SCAP 
in the regulation of lipid homeostasis [22, 23], structural 
information of these proteins is lacking due to technical 
challenges concerning the manipulation of recombinant 
proteins. For the same reason, the complex between 
SREBP and SCAP has never been reconstituted in vitro 
using purified recombinant proteins. In this study, we 
recapitulated the complex formation between the C-ter-
minal cytoplasmic domains of Scp1 and Sre1 using 
recombinant proteins purified to homogeneity. We also 
report the high-resolution crystal structure of the WD40 
domain of S. pombe Scp1. Structure-guided in vitro and 
in vivo mutational analyses allowed identification of 
Scp1 residues that are essential for the interaction with 
Sre1.

Results

Reconstitution of the Sre1-Scp1 complex in vitro
To obtain soluble and well-behaved recombinant pro-

teins of the C-terminal cytoplasmic domains of SREBP 
and SCAP for biochemical and structural analysis, we 
screened homologues from more than 10 species ranging 
from yeast to human. We also exploited multiple ex-
pression systems including E. coli, yeasts, and baculovi-
rus-infected insect cells. After extensive effort, only the 
C-terminal segments of Sre1 and Scp1 from S. pombe 
yielded soluble recombinant proteins. The Scp1-WD40 
domain expressed in Sf9 insect cells yielded well-be-

haved proteins, whereas soluble C-terminal domain of 
Sre1 could be obtained from E. coli. Importantly, the 
purified recombinant proteins formed a complex in vitro, 
supporting a direct interaction of the C-terminal domains 
between Sre1 and Scp1 free of any other co-factors (Fig-
ure 1B). 

Structure determination of the Scp1-WD40 domain
We then sought to resolve the structure of the Sre1-

Scp1 complex, as well as the individual components. 
Despite rigorous trials, these proteins defied our crys-
tallization efforts. To solve this problem, we launched 
a systematic protein engineering strategy and finally 
determined the high-resolution crystal structure of Scp1-
WD40.

Briefly, limited proteolysis and sequence alignment 
analysis of Scp1 suggested that the less conserved frag-
ment (residues 962-985) could be flexible (Supplemen-
tary information, Figure S1). Supporting this notion, 
co-expression of the two fragments containing residues 
567-961 and 986-1 085 in E. coli yielded well-behaved 
proteins that retained interaction with Sre1. Using this 
construct (hereafter named Scp1-∆24), further C-termi-
nal truncation and substitution of cysteine residues were 
screened. Eventually, the engineered Scp1-WD40 protein 
(residues 567-961 and 986-1 054, C618S/C671S/C680S/
C756S/C873S/C901S/C920S/C941S/C1010S; Figure 
2A) was crystallized and the crystals diffracted X-rays 
beyond 2 Å resolution. The structure of Scp1-WD40 
was solved by single anomalous diffraction of selenium 
(Se-SAD) and the final atomic model was refined to 2.1 
Å resolution (Figure 2B, Supplementary information, 
Figure S2 and Table S1). In the final structural model, the 
visible segments contain residues 567-941 and 992-1 054. 

Structural analysis of Scp1-WD40
In contrast to the sequence-based prediction of five 

or seven WD40 repeats in mammalian SCAPs and yeast 
Scp1 [11, 13, 24], the crystal structure of Scp1-WD40 
revealed an eight-bladed β-propeller. Following the con-
vention for illustrating WD40 propellers, these blades are 
numbered 1 to 8, and the four strands within each blade 
are labeled A, B, C, and D from the center to the outer 
ring of the propeller (Figure 2B, Supplementary informa-
tion, Figure S1). The top and bottom surfaces of the pro-
peller are formed by BC/DA loops and AB/CD loops, re-
spectively. Similar to the canonical WD40 propeller [21], 
strand D of blade 8 (strand 8D) is formed by sequences 
preceding strand A of blade 1 (strand 1A; Figure 2B). 
Although Scp1-WD40 consists of more residues than 
most eight-bladed WD40 domains, the core structure is 
similar to other eight-bladed WD40 domains such as that 
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of Sif2 [25] (Supplementary information, Figure S3). 
The number of residues in each blade of the Scp1-WD40 
propeller varies considerably due to the differences in 
the length of strands and their intervening loops (Sup-
plementary information, Figure S1). Consequently, the 
structure of Scp1-WD40 has a number of unique features 
compared to canonical WD40 propellers. 

In the structure of Scp1-WD40, an extended N-ter-
minal segment (residues 570-573) preceding strand 8D 
forms an antiparallel  strand with strand 7D (Figure 2B). 
Blades 1/2/4/5/8 of Scp1-WD40 are similar to each oth-
er, with root-mean-square deviation values of ~0.6-0.8 Å 
when superimposed pairwise (Figure 3A). Blades 3 and 
7 have longer B/C/D strands protruding from the bottom 
and top faces, respectively (Figure 3B). Blade 6 is most 
divergent among the eight blades in that it has exception-

ally elongated AB and CD loops at the bottom face (Figure 
3C). The CD loop of blade 6 (6CD loop), consisting of 
39 amino acids (residues 870-908), adopts a twisted con-
formation in a shape similar to “8”. The electron density 
of this loop is well resolved, indicating a relatively stable 
conformation. Indeed, 6CD loop is stabilized through 
extensive interactions with the 6AB loop. These unusual 
features of blades 3/6/7 result in the overall asymmetric 
contour of the WD40 propeller (Figure 2B).

Identification of the Scp1 residues for Sre1 binding
The successful in vitro reconstitution of the Sre1-Scp1 

complex, as well as structure determination of Scp1-
WD40 provided an opportunity to examine the recogni-
tion mechanism between Sre1 and Scp1. We had two ser-
endipitous discoveries during protein engineering. First, 

Figure 1 In vitro reconstitution of the Sre1-Scp1 cytosolic complex. (A) Schematic illustration of the domain organizations of 
Scp1 and Sre1. Transmembrane helices are colored red and the carboxyl terminal tail of Scp1 is colored green. “SSD” stands 
for sterol sensing domain. The eight WD40 repeats of Scp1 are numbered 1-8. (B) Purified recombinant proteins of the C-ter-
minal domains of Scp1 and Sre1 form complex in vitro. The MBP-fused regulatory domain of Sre1 (residues 628-900, and 
named MBP-Sre1) was immobilized on amylose resin to pull down Scp1-WD40 (residues 567-1 085). MBP was tested as 
negative control. Details of the experiments can be found in Materials and Methods.
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truncation of the 30 C-terminal residues of Scp1 led to 
reduced binding with Sre1 (Figure 4C, Scp1-M6, Lane 
15). Second, Scp1 variant (C618S/C680S) appeared to 
have decreased binding affinity with Sre1 (Figure 4C, 
Scp1-M4, Lane 13). As the C-terminal fragment is miss-
ing, Ser618 and Ser680 can be accurately mapped on the 
structure. These two residues are located on the top face 
of blades 1 and 2 of the propeller and distanced by ~25 Å 
(Figure 4A). Interestingly, electrostatic surface potential 
analysis reveals that the two residues are intervened by a 
continuous patch of positive potentials that are constitut-
ed by a cluster of Arg/Lys residues. We name this surface 
region the “RK patch” (Figure 4A).

To test whether the RK patch is involved in Sre1 
recognition, we generated three Scp1-WD40 variants 
(Scp1-M1: R617E; Scp1-M2: K635E/R640E/K643E; 
Scp1-M3: K659E/K685E) on the basis of Scp1-∆24. The 
three mutant proteins, which exhibited similar yield and 

solution behavior to the wild-type (WT) protein (Supple-
mentary information, Figure S4), were purified to homo-
geneity. All three variants almost completely lost binding 
with Sre1 when tested in the pull-down assay (Figure 
4C, Lanes 10-12). These observations support the notion 
that the RK patch is essential for Sre1 recognition. In-
terestingly, substitution of a negatively charged residue 
Asp1023 on blade 8 (Scp1-M5: D1023K) also led to de-
creased complex formation (Figure 4B and 4C, Lane 14), 
implying an extended Sre1-binding surface on the top 
side of Scp1-WD40 propeller.

To look for additional surface elements that may con-
tribute to Scp1-Sre1 complex formation, we generated 
more surface mutations (Supplementary information, 
Figure S5). Mutation of the charged residues in the vi-
cinity of Asp1023, including E862K (Supplementary 
information, Figure S5C, Scp1-M7) and D916K/E919K 
(Supplementary information, Figure S5C, Scp1-M8) 

Figure 2 Crystal structure of the Scp1 WD40 domain. (A) Protein purification of the Scp1-WD40 protein (residues 567-961 
and 986-1 054, C618S/C671S/C680S/C756S/C873S/C901S/C920S/C941S/C1010S) used for crystallization studies. Two 
fragments (residues 567-961 and 986-1 054) were co-expressed in E.coli. A representative chromatogram of size exclusion 
chromatography of the recombinant Scp1-WD40 is shown. Peak fractions were analyzed by SDS-PAGE and visualized by 
Coomassie blue staining. (B) Overall structure of the Scp1 WD40 domain. Two perpendicular views are shown. The structure 
is shown in rainbow color, with the N- and C-termini colored blue and red, respectively. The eight blades are numbered 1 to 8 
and the four strands in each blade are labeled A to D from the center to the outer ring. All structure figures were prepared with 
PyMol [31]. 
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had no detectable impact on Sre1 binding, suggesting 
that Asp1023 may demarcate the Sre1-binding sur-
face of Scp1 on one side (Supplementary information, 
Figure S5A). Substitutions of two Glu residues on the 
top surface of blade 3, E759K/E762K (Supplementary 
information, Figure S5C, Scp1-M9), also showed no 
effect on complex formation. Scp1 variants with resi-
due substitutions at the bottom face, including D697K/
D698K/E699K (Supplementary information, Figure S5C, 
Scp1-M10) and E722K/E724K (Supplementary infor-
mation, Figure S5C, Scp1-M11), showed no difference 
in Sre1 association either. These results further support 
the specific recognition of Sre1 by Scp1 through the RK 
patch. 

Functional analysis of Scp1 mutants in vivo 
To characterize the Sre1-Scp1 interaction in a cellular 

context, we generated fission yeast strains expressing 
Myc epitope-tagged scp1 WT or M1-M6 mutants from 
the endogenous scp1+ promoter. Our previous studies 
demonstrated that Scp1 was required to stabilize Sre1 
precursor and activate Sre1 processing. scp1∆ cells failed 
to grow in cobalt chloride-containing medium and anaer-
obic Sre1N activation was abolished in scp1∆ cells [11]. 
In addition, in scp1∆ cells, Sre1 precursor was rapidly 
degraded in the ER and the degradation required Hrd1, 
an E3 ubiquitin ligase [26]. Based on these findings, we 
expected that Scp1 mutants defective for Sre1 binding 
would (i) show reduced Sre1 precursor due to Hrd1-de-

Figure 3 Structural comparison of the eight blades in the Scp1-WD40 β-propeller. (A) Structural superimposition of the blades 
1/2/4/5/8. These five blades share similar repeat structures. (B) Blades 3 and 7 have elongated B/C/D strands. Shown here 
are structural superimpositions of blade 1 with blades 3 (left) and 7 (right). (C) Blade 6 has elongated AB and CD loops ex-
tending out of the bottom face. Left: structural comparison between blades 1 and 6. The 6AB and 6CD loops are highlighted 
in cyan and purple, respectively. Right: The 2Fo-Fc omit electron density map of 6CD loop (residues 870-908), contoured at 
1σ, is shown as blue mesh. 
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Figure 4 Identification of Sre1-binding surface based on the Scp1-WD40 structure. (A) The top surface of the Scp1-WD40 
propeller. The left and right panels depict the electrostatic surface potential and the corresponding cartoon representations, 
respectively. Six basic residues from blades 1 and 2 constitute a positively charged surface patch, the “RK patch”. (B) A 
close-up view on the residues involved in Sre1 binding. Six basic residues, one acidic residue and two Ser residues are col-
ored blue, red and yellow, respectively. (C) Interaction between Scp1-WD40 variants and Sre1 regulatory domain assessed 
by MBP-mediated pull-down assay. The WT (residues 567-1 085) and Scp1-∆24 were included as control. Scp1-M1/M2/M3 
almost completely lost association with Sre1 (Lanes 10-12, boxed in red). Scp1-M4/M5/M6 showed decreased binding with 
Sre1 (Lanes 13-15, boxed in green). The experiments were performed with the same protocol as that for Figure 1B. 
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pendent degradation, (ii) fail to accumulate Sre1N under 
low oxygen, and (iii) fail to grow in the presence of co-
balt chloride due to reduced activation of Sre1. 

We first assayed Sre1 precursor levels. Consistent with 
the in vitro analysis (Supplementary information, Figure 
S4), the expression level of scp1 mutants was similar 
to that of the WT (Figure 5A, Myc blot), supporting the 
notion that the introduction of mutations did not result in 
mis-folded products. As expected, scp1 mutants M1, M2, 
and M3 that failed to bind Sre1 showed reduced level 
of Sre1 precursor (Figure 5A, lanes 2-4). Interestingly, 

while Scp1 variants M4-M6 showed decreased binding 
to Sre1 in the in vitro test, Sre1 precursor level remained 
almost unchanged in Scp1 mutants M4-M6 (Figure 5A, 
lanes 5-7). Deletion of hrd1+ restored Sre1 precursor 
level in mutants M1, M2 and M3 (Figure 5B, lanes 3-8), 
suggesting that the reduction of Sre1 precursor resulted 
from Hrd1-dependent degradation in the ER. Consis-
tent with these data, mutants M1-M3 failed to grow in 
medium containing cobalt (Figure 5C) or activate Sre1 
under low oxygen (Figure 5D, lanes 3-8), while M4 and 
M5 behaved like WT cells in these assays. Intriguingly, 

Figure 5 Functional analysis of Scp1 mutants in vivo. (A) Western blot of membrane fractions from WT and the indicated 
scp1 mutant S. pombe strains probed with anti-Sre1 serum, anti-Myc IgG or anti-Dsc5 serum. (B) Western blot of whole-cell 
lysates from WT and the indicated scp1 mutant S. pombe strains in the presence or absence of hrd1+ probed with anti-Sre1 
serum or anti-Dsc5 serum. P denotes Sre1 precursor form. Asterisks indicate cross-reacting protein. (C) WT and mutant 
yeast (5 000, 1 000, 200, 40, and 8 cells) were grown on rich medium (3 days) or rich medium containing cobalt chloride (1.6 
mM; 6 days). (D) Western blot of whole-cell lysates from WT and the indicated scp1 mutant S. pombe strains grown in the 
presence or absence of oxygen for 3 h probed with anti-Sre1 serum or anti-Dsc5 serum. P and N denote Sre1 precursor and 
nuclear forms, respectively. Asterisks indicate cross-reacting proteins. (E) Two potential models for Sre1-Scp1 complex for-
mation.
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although mutant M6 showed normal levels of Sre1 pre-
cursor (Figure 5A, lane 7), this mutant failed to accumu-
late Sre1 under low oxygen (Figure 5D, lanes 13-14) and 
grow on cobalt medium (Figure 5C), indicating that the 
C-terminal tail of Scp1 (residues 1 055-1 085) is required 
for Sre1 activation. These cellular data demonstrate that 
the RK patch of Scp1 is essential for Sre1 binding and 
subsequent activation, corroborating the in vitro binding 
studies. 

Discussion

WD40 domains are widely-distributed scaffold mod-
ules that participate in a variety of biological processes 
[27]. They provide distinct surface features, including the 
top, the bottom, and the side surfaces, for interaction with 
diverse ligands involving proteins, peptides, and nucleic 
acids [21]. In this study, we determined the high-resolu-
tion crystal structure of the eight-bladed WD40 domain 
of Scp1 and identified two Sre1-binding elements that 
were verified by in vitro and in vivo examinations. An 
Arg/Lys-enriched surface patch (the RK patch) that is lo-
cated on the top side of the propeller is essential for Sre1 
recognition. The C-terminal tail (residues 1 055-1 085) 
also appears to participate in Sre1 binding (Figure 4C).

In the crystal structure of Scp1-WD40, the last visible 
residue is Phe1054, which is placed at the outer edge of 
the bottom face. There is one possibility that the C-tail of 
Scp1 can extend to the top surface and stay in the vicin-
ity of the RK patch to collectively constitute one single 
Sre1-binding surface (Figure 5E, left). Alternatively, the 
C-terminal tail may represent an independent binding el-
ement that recognizes a separate Sre1 surface (Figure 5E, 
right). The detailed recognition mechanism awaits the 
determination of the complex structure between Sre1 and 
Scp1.

Like mammals, S. pombe Scp1 was required to 
stabilize Sre1 precursor in the ER and activate Sre1 
processing. The RK patch scp1 mutants defective for 
Sre1 binding in the pull-down assay (M1, M2, and M3) 
phenocopied scp1∆, demonstrating that the RK patch in 
Scp1 WD40 domain plays an essential role in Scp1-Sre1 
interaction. The mutants M4 and M5 showed compro-
mised Sre1 binding in the pull-down assay, but no effect 
in the in vivo examination, suggesting that slight changes 
in the binding affinity between Scp1 and Sre1 may not 
affect their functions under physiological condition. scp1 
mutant M6 was particularly interesting. The fact that 
Scp1-M6 stabilized Sre1 precursor in the ER but failed 
to activate Sre1 processing suggests that the C-terminal 
30 amino acids are critical for Sre1 processing. Sre1 ac-
tivation requires the Golgi-localized Dsc E3 ligase [12]. 

Given that Scp1 is not required for recognition of Sre1 
by the Dsc E3 ligase [12], the Scp1 30-amino acid tail 
may function upstream of ER exit. One possibility is that 
the Scp1 tail is the site for COPII binding. Indeed, the 
30-amino acid Scp1 tail contains di-acidic and di-hydro-
phobic motifs that are common ER-exit signals found 
in the cytosolic C-terminal tails of membrane proteins 
(Supplementary information, Figure S1) [28]. Alterna-
tively, the deletion of the C-terminal tail may prevent the 
COPII binding to other ER-exit signals, such as the ME-
LADL-like motif in the Loop 6 region [29, 30].

Due to low sequence similarities between the WD40 
domain of mammalian SCAP and yeast Scp1, it is im-
practical to build a reliable structural model of the WD40 
domain of the mammalian SCAPs on the basis of the 
Scp1-WD40 structure. Nevertheless, considering the 
similar length, we speculate that the mammalian SCAP-
WD40 may also be an eight-bladed β-propeller. Notably, 
the corresponding sequence for the RK patch of Scp1-
WD40 cannot be identified in the mammalian SCAP-
WD40. Co-evolution may have occurred to SCAP and 
SREBP in other organisms to preserve the complex 
formation, which allows the functional conservation 
of SCAP. The structural, biochemical, and cell-based 
studies reported here have laid a foundation for further 
mechanistic characterizations of the SREBP and SCAP 
proteins in fission yeast, as well as higher organisms.

Materials and Methods

Protein expression and purification
The complementary DNA of the Scp1-WD40 (residues 567-1 

085) was subcloned into pFastBac1 vector (Invitrogen) with N-ter-
minal 10× His tag. The recombinant protein was then expressed in 
Sf9 insect cells (Invitrogen) using the pFastBac baculovirus system 
(Invitrogen). After infection for 48 h, the Sf9 cells were harvested 
and the protein was purified to homogeneity as described below. 
The two fragments of Scp1-WD40 (residues 567-961 and resi-
dues 986-1 085 or 986-1 054) were co-expressed in E.coli BL21 
(DE3). Briefly, the cDNAs of the two fragments were subcloned 
into pETDuet-1 vector (Novagen) with 6× His tag at the N-termi-
nus of the small fragment. Co-expression was induced by 0.2 mM 
isopropyl--D-thiogalactoside at an OD600nm of 1.2. After growing 
at 20 °C for 16 h, the cells were collected and homogenized in a 
buffer containing 25 mM Tris-HCl, pH 8.0, and 150 mM NaCl. 
After sonication and centrifugation, the supernatant was applied 
to Ni2+ affinity resin (Ni-NTA; Qiagen) and further purified by 
ion-exchange chromatography (Source 15Q; GE Healthcare) and 
size-exclusion chromatography (Superdex 200; GE Healthcare). 
The peak fraction was collected and concentrated to ~10 mg/ml for 
crystallization. Selenomethionine (SeMet)-substituted Scp1-WD40 
was prepared in E.coli following the same protocol. All the mu-
tants were generated using two-step PCR or standard PCR-based 
cloning strategy and subcloned, expressed and purified in the same 
way. The complementary DNA of the regulatory domain of Sre1 
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(residues 628-900) was cloned into pET15b vector (Novagen) with 
N-terminal MBP fusion. Similar protocol was applied to the over-
expression and purification of the regulatory domain of Sre1.

Crystallization, data collection, and structure determination
Crystals of an engineered Scp1 WD40 domain (residues 567-

961 and 986-1 054, C618S/C671S/C680S/C756S/C873S/C901S/
C920S/ C941S/C1010S) were grown at 18 °C by the hanging drop 
vapor diffusion method by mixing 1 µl protein with 1 µl reservoir 
solution containing 20% (v/v) PEG3350, and 0.2 M Na3Citrate (pH 
8.3). Crystals appeared in 1-2 days and grew to full size in 1 week. 
SeMet-labeled protein was crystallized in the same way. Both na-
tive and Se-Met crystals were soaked in mother liquor plus 20% 
ethylene glycol before flash-freezing in a cold nitrogen stream at 
100 K. 

The native data sets were collected at SSRF beamline BL17U 
or Spring-8 beamline BL41XU, and the SeMet-derived data were 
collected at SSRF beamline BL17U. All data sets were integrated 
and scaled using HKL2000 [32]. Further processing was carried 
out using programs from CCP4 suite [33]. Data collection statistics 
are summarized in Supplementary information, Table S1. To begin 
with, molecular replacement methods were tried by using struc-
tures composed of WD40 repeats from PDB. However, no suitable 
models were able to provide the correct phase. To solve the phase 
problem, SeMet-derived crystals were generated and a set of SAD 
data was collected. The selenium positions were identified by 
SHELXD [34], and initial phases were generated by SHELXE. A 
starting model was traced automatically using the program BUC-
CANEER [35]. The initial model was then manually rebuilt in 
COOT [36] and refined with PHENIX [37]. The resulting map was 
in good quality for unambiguous sequence assignment with the aid 
of selenium sites in the anomalous difference Fourier map. Using 
this as initial model for native data sets, a higher resolution struc-
ture was solved by molecular replacement in PHASER [38]. The 
final model was refined with COOT and PHENIX. The atomic co-
ordinates of Scp1-WD40 have been deposited in the Protein Data 
Bank with the accession code 4YHC.

MBP-mediated pull-down assay
Approximately 240 µg MBP-Sre1 protein was incubated with 

50 µl amylose resin (GE Healthcare). Approximately 300 µg of 
WT or Scp1-WD40 variants were incubated with the Sre1-bound 
resin at room temperature for 30 min. The resin was then exten-
sively rinsed with the buffer containing 25 mM Tris, pH 8.0, and 
150 mM NaCl to remove unbound proteins. The resin was resus-
pended in 500 l buffer containing 25 mM Tris, pH 8.0, and 150 
mM NaCl. Then 7.5 µl suspension was directly applied to SDS-
PAGE followed by Coomassie blue staining.

Circular dichroism (CD)
CD scanning spectra were collected between 190 and 260 nm 

at 25 °C using a quartz cuvette with 1 mm path length on Chiras-
can-plus CD Spectrometer (Applied Photophysics). Measurements 
were performed with protein samples at concentrations of ~5 μM 
in 50 mM Na2HPO4/NaH2PO4 (pH 7.5). Spectra were collected at 
1.0 nm interval at a scan rate of 120 nm/min and subtracted for 
buffer signal. 

Reagents
We obtained yeast extract, peptone, agar from BD Biosciences; 

glass beads (G8772, for yeast cell lysis) from Sigma; Geneticin 
from GIBCO for the kanMX marker selection (final 100 µg/l); 
clonNAT from Werner BioAgents for the natMX marker selection 
(final 100 µg/l); Protein G magnetic beads (#S1430S) from NEB; 
EDTA-free protease inhibitor cocktail tablets (#11873580001), and 
Alkaline phosphatase (10713023001) from Roche Diagnostics.

S. pombe strains
We obtained WT haploid S. pombe KGY425 and KGY461 from 

ATCC. Strains scp1∆ and hrd1 have been described previously [11, 
26]. To generate scp1+ WT and mutants (M1-M6) with C-terminal 
Myc epitope tagging, scp1+ integrating plasmids were linearized, 
transformed into scp1∆ strain PEY1748 and selected on medium 
containing 100 μg/l Geneticin. scp1∆ strain PEY1748 marked 
with natMX marker was generated by transforming linearized 
pFA6a-NatMX [39] into PEY554 and selecting on medium con-
taining 100 µg/l clonNAT. To construct scp1+ integrating plasmids 
for strain generation, pFA6a-13XMyc-kanMX6 [40] was digested 
by BglII and NcoI to remove TEF promoter upstream of kanMX, 
and a fragment containing 500 bp ura4+ promoter flanked by BglII 
and NcoI restriction sites was inserted. We then inserted a 2 443 bp 
fragment starting 619 bp upstream of the scp1+ coding sequence 
to the sequence coding for Scp1 proline 589 into the SmaI site by 
Gibson Cloning to generate the intermediate plasmid pWS569. 
Fragments coding for WT or mutated scp1 were inserted between 
sequences coding for P589 and Myc epitope tag of the plasmid 
pWS569 to generate scp1+ integrating plasmids, respectively. To 
further delete hrd1+ from scp1+ WT and mutants (M1-M3), hrd1∆ 
strain PEY1756 was mated to scp1+ WT and mutants (M1-M3), re-
spectively, and selected on medium containing both clonNAT (100 
µg/l) and Geneticin (100 µg/l). hrd1∆ strain PEY1756 marked 
with natMX marker was generated by transforming linearized 
pFA6a-NatMX into PEY893 and mating with KGY461 to switch 
the mating type. Supplementary information, Table S2 contains a 
complete list of strains used in this study.

S. pombe cell culture 
All strains were grown to log phase at 30 °C in YES medium 

(5 g/l yeast extract plus 30 g/l glucose and supplements, 225 mg/
l each of uracil, adenine, leucine, histidine, and lysine). On day 0, 
yeast cells were inoculated from saturated cultures into 10 ml fresh 
YES medium and grown overnight at 30 °C. On day 1, exponen-
tial phase cells were inoculated into 10 ml fresh YES medium un-
der aerobic or anaerobic conditions for 3 h. For hypoxic treatment, 
cells were grown in YES medium, collected by centrifugation, 
and oxygenated medium was removed by aspiration. Cells were 
resuspended in deoxygenated YES medium inside an in vivo 400 
hypoxic workstation (Biotrace). Anaerobic conditions were main-
tained in the workstation using 10% hydrogen gas with balanced 
nitrogen in the presence of palladium catalyst. Deoxygenated me-
dium was prepared by preincubation for > 24 h in the workstation. 
After resuspension, cultures were agitated at 30 °C for the indicat-
ed time, and 2 × 107 cells (whole-cell lysates) or 5 × 107 cells (mi-
crosomes) of exponential phase culture were harvested for protein 
extraction and immunoblotting.

Protein extraction and immunoblotting 
Whole-cell extracts were prepared and treated with phosphatase 

as described previously [11]. Microsome extracts were prepared 
as described previously [6]. Protein concentration was measured 
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using the BCA Kit (Pierce), and the samples were mixed with 5× 
SDS loading buffer (150 mM Tris-HCl, pH 6.8, 15% SDS, 25% 
glycerol, 0.2% Bromophenol Blue, and 12.5% β-mercaptoethanol). 
After heating at 37 °C for 30 min, proteins were subjected to SDS-
PAGE and transferred to nitrocellulose membranes (Amersham). 
The filters were incubated with the antibodies described in the 
figure legends. Bound antibodies were visualized with IRDye-con-
jugated goat anti-mouse or anti-rabbit IgG using the LI-COR 
Odyssey CLx Infrared Imaging System. Gels were calibrated with 
pre-stained molecular mass markers (Bio-Rad). Working concen-
trations of antibodies were: 0.2 µg/ml mouse monoclonal anti-Myc 
IgG 9E10 (Santa Cruz Biotechnology), 1:2 500 diluted rabbit an-
ti-Sre1 anti-sera [11], 1:20 000 diluted rabbit polyclonal anti-Dsc5 
anti-sera [41], 1:20 000 diluted IRDye-680/800 conjugated goat 
anti-mouse/rabbit secondary IgGs (LI-COR Biosciences).
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