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FSP27 (CIDE-3 in humans) plays critical roles in lipid metabolism and apoptosis and is known to be
involved in regulation of lipid droplet (LD) size and lipid storage and apoptotic DNA fragmentation. Given
that CIDE-containing proteins including FSP27 are associated with many human diseases including can-
cer, aging, diabetes, and obesity, studies of FSP27 and other CIDE-containing proteins are of great biolog-

Keyword.s: ical importance. As a first step toward elucidating the molecular mechanisms of FSP27-mediated lipid
/époptosns boli droplet growth and apoptosis, we report the crystal structure of the CIDE-N domain of FSP27 at a reso-
F?;;gy metabolism lution of 2.0 A. The structure revealed a possible biologically important homo-dimeric interface similar to

that formed by the hetero-dimeric complex, CAD/ICAD. Comparison with other structural homologues
revealed that the PB1 domain of BEM1P, ubiquitin-like domain of BAG6 and ubiquitin are structurally
similar proteins. Our homo-dimeric structure of the CIDE-N domain of FSP27 will provide important
information that will enable better understanding of the function of FSP27.
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1. Introduction

DNA fragmentation factor 40 and 45 (called DFF40/45), which
are hetero-dimeric complexes, have been identified as the main
executor and regulator of apoptotic DNA fragmentation, which is
the best known biochemical hallmark of apoptotic cell death [1-
4]. DFF40 (CAD in mouse) and DFF45 (ICAD in mouse) contain a
common domain known as the CIDE domain, which is a protein
interaction module of ~90 amino acid residues [5,6]. After discov-
ering DFF40 and DFF45, CIDE-containing proteins including CIDE-
A, CIDE-B and CIDE-3 (FSP27 in mouse) were identified based on
their sequence homology [7,8]. Five CIDE-containing proteins have
been identified in mammals to date, DFF40, DFF45, CIDE-A, CIDE-B,
and CIDE-3 (called FSP27 in mouse). Splicing variants of CIDE-3
and DFF45 have also been identified and named CIDE-3a and
DFF35, respectively [8,9]. Drep1, Drep2, Drep3, and Drep4 are
CIDE-containing proteins in fly [7,10]. Although no clear evidence
has been presented, the nuclease activity of Drep2 was recently re-
ported and shown to be inhibited by Drep3 via tight interaction
with CIDE domains [11].

Previous biochemical studies showed that all CIDE-containing
proteins are involved in apoptosis. However, several current stud-
ies including a knock-out mouse study showed that CIDE-A, CIDE-
B, and CIDE-3 localize to lipid droplets and the endoplasmic
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reticulum and are involved in lipid metabolism [12-15]. Because
the disruption of lipid metabolism results in development of met-
abolic disorders such as diabetes, obesity and cardiovascular dis-
eases, CIDE-containing proteins have been suggested as novel
targets for therapeutic intervention of metabolic disorders.

FSP27 (CIDE-C in humans) is particularly involved in the regula-
tion of lipid droplet (LD) size and lipid storage during lipid metab-
olism. This protein contains two CIDE domains at the N-terminus
and C-terminus. Since CIDE-containing proteins (including FSP27)
perform critical roles in apoptosis and lipid metabolism and are
associated with many human diseases such as cancer, aging, diabe-
tes, and obesity, studies of CIDE domains and CIDE-containing pro-
teins are of great biological importance [16,17]. Although several
CIDE domains and hetero-dimeric complex structures have been
reported, no structural information is available for the homo-olig-
omeric complex of the CIDE domain [18-22]. Structural studies of
many CIDEs are essential for understanding the molecular basis of
lipid metabolism as well as apoptosis. Here, we report the crystal
structure of the CIDE-N domain of FSP27 at a resolution of 2.0 A.
Although the CIDE-N domain of FSP27 has a typical o/p roll fold
with two o helices and five (or four) B strands similar to other
CIDEs, the high resolution structure reveals a possible biologically
important homo-dimeric interface. The interface is similar to that
formed by the hetero-dimeric complex between CAD and ICAD
[21]. However, there are massive interactions formed by more
highly charged residues. Comparison with other structural
homologues revealed that the PB1 domain of BEM1P, ubiquitin-like
domain of BAG6 and ubiquitin are structurally similar proteins.
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The first homo-dimeric structure of the CIDE-N domain of FSP27
will provide important information enabling understanding of
the function of FSP27 in lipid metabolism, especially lipid droplet
(LD) growth and apoptosis.

2. Materials and methods
2.1. Sequence alignment

The amino acid sequence of CIDEs was analyzed using Clustal W
(http://www.ebi.ac.kr/Tools/clustalw2/index.html).

2.2. Protein expression and purification

The expression and purification methods used in this study
have been described in detail elsewhere. Briefly, FSP27 (amino acid
32-120) was expressed in Escherichia coli BL21 (DE 3) under over-
night induction at 20 °C. The protein contained a carboxyl terminal
His-tag and was purified by nickel affinity and gel filtration chro-
matography using a 200 gel filtration column 10/30 (GE health-
care) that had been pre-equilibrated with a solution of 20 mM
Tris-HCI at pH 8.0 and 500 mM NaCl. The protein was then concen-
trated to 7-8 mg/ml.

2.3. Crystallization and data collection

The crystallization conditions were initially screened at 20 °C by
the hanging drop vapor-diffusion method using various screening
kits. Initial crystals were grown on the plates by equilibrating a
mixture containing 1 pl of protein solution (7-8 mg/ml protein in
20 mM Tris-HCl at pH 8.0, 500 mM NaCl) and 1 pl of a reservoir
solution containing 28% polyethylene glycol (PEG) 1.500, 20 mM
MMT buffer/NaOH pH 6.2 against 0.4 ml of reservoir solution. Crys-
tallization was further optimized by searching over a range of con-
centrations of protein and precipitant and pH ranges. The
diffraction data set was collected at the BL-4A beamline of Pohang
Accelerator Laboratory (PAL), Republic of Korea. Data processing
and scaling was carried out in the HKL2000 package (28). A 2.0A
native data set was collected.

2.4. Structural determination and analysis

The molecular-replacement (MR) phasing method was used
with the program Phaser [23] and a CIDE domain of human CIDE-
B (PDB code 1d4b) [20], which has 31% amino-acid sequence
homology with the CIDE-N domain of FSP27 as a search model.
Probable MR solutions with rotation-function and translation func-
tion Z-scores of 6.1 and 10.2, respectively, for one monomer, and
6.8 and 21.8, respectively, for another monomer were initially ob-
tained. Model building and refinement were performed using COOT
[24] and Refmac5 [25], respectively. Water molecules were added
automatically with the ARP/wARP function in Refmac5 and then
examined manually for reasonable hydrogen bonding possibilities.
The quality of the model was checked using PROCHECK [26].
Ribbon diagrams and molecular surface representations were
generated using the Pymol program [27].

2.5. Protein data bank accession codes

Coordinates and structure factors have been deposited in the
RCSB Protein Data Bank. The PDB ID code is 4MAC.

3. Results and discussion
3.1. Structure of FSP27 CIDE-N domain

The CIDE domain is a protein interacting module of ~90 amino
acids. Five CIDE-containing proteins have been identified in mam-
mals including CIDE-A, CIDE-B, CIDE-3 (FSP27 in mouse), DFF40
(CAD in mouse), and DFF45 (ICAD in mouse). All CIDE domains
contain central hydrophobic residues and several charged residues
that are critical for formation of the hetero-dimeric complex
(Fig. 1A). FSP27 contains two CIDE domains known as CIDE-N
and CIDE-C. The CIDE-N domain is known to bind to several pro-
teins, including Plin1, and to be directly involved in lipid droplet
growth [28]. To better understand the function of FSP27 in lipid
metabolism, we purified the CIDE-N domain of FSP27 using affinity
chromatography followed by gel-filtration chromatography. The
FSP27 CIDE-N domain eluted at approximately 14 ml, which corre-
sponds to a molecular weight of around 24,000 Da, indicating that
this domain exists in dimeric form in solution (Fig. 1B). After inten-
sive crystallographic studies, the 2.0A high resolution crystal
structure of the FSP27 CIDE-N domain was solved using a molecu-
lar replacement (MR) method and refined to an Ryok of 22.4% and
Riee Of 29.2%. The high resolution structure of FSP27 CIDE-N
showed that it comprises two helices, o1 and o2, and four strands,
B1-p5, which form the typical o/p roll fold characteristic of the
CIDE domains (Fig. 1C). There was one dimer (or two monomers)
in the asymmetric unit, which was referred to as chain A and chain
B (Fig. 1C). A model of chain A was built from residue 38 to residue
119, while that of chain B was built from residue 42 to residue 119.
Overall, 97.44% of the residues were located in the most favorable
region, while 2.56% were in the allowed regions of the Ramachan-
dran plot. The data collection and refinement statistics are summa-
rized in Table 1. Two chains formed an asymmetric dimer. Helix a2
was obviously detected and strand p4 was not well-defined in the
structure of the FSP27 CIDE-N domain (Figs. 1C and 2A).

3.2. Comparison with other structural homologues

A typical CIDE domain fold is an o/ roll fold with two o helices
and five B strands. Despite having the typical fold of CIDE domains,
several CIDEs, including DFF40 CIDE and ICAD CIDE, do not contain
a distinct o2 helix, which is the shortest helix. In addition, strand
B4 was replaced by a flexible loop in DFF40 CIDE, DFF45 CIDE, ICAD
CIDE, and CIDE-A. The structure of the FSP27 CIDE-N domain
exhibited a typical CIDE domain fold that contains the o2 helix
but not strand p4 (Fig. 2A). The two helices comprising residues
62-74 and 94-101 are indicated as a1 and o2. The four strands
comprising the residues 43-48, 55-60, 81-85, and 106-110 are
indicated as B1, B2, B3, and B5, respectively (Fig. 2A). Missing p4
was shown as (p4).

A structural homology search with DALI [29] revealed that the
FSP27 CIDE-N domain is highly similar to the PB1 domain and
ubiquitin-like domain, as well as other CIDE domains (Table 2).
The top six matches, which had Z-scores of 8.6-6.3, were
CIDE-A (PDBid: 2eel), PB1 domain of BEM1P (PDBid: 2kfk), CAD
(PDBid: 1f2r-I), ICAD (PDBid: 1f2r-C), ubiquitin-like domain (UBL)
of BAG6 (PDBid: 4eew), and ubiquitin (PDB id: 2g3q). Detection of
the PB1 domain and ubiquitin domain as structurally similar to
the CIDE-N domain of FSP27 indicates that the structure of CIDE
is relatively close to that of the PB1 domain and ubiquitin domain.

Pair-wise structural alignments of the FSP27 CIDE-N domain and
structural homologues showed that the length and orientation of o2
helices in FSP27 differed slightly from those of the others (Fig. 2A-F).
For example, when compared with CAD, BAG6, and ubiquitin, the o2
helice of FSP27 showed differences in orientations (Fig. 2D-F). The
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ChainA:

Fig. 1. Crystal structure of the FSP27 CIDE-N domain. (A) Sequence alignment of the FSP27 CIDE-N domain with other CIDE domains. Conserved residues are shown in green.
Critical residues for the protein-protein interaction identified in previous studies are shown in blue for basic residues and red for acidic residues. (B) Multi-angle light
scattering (MALS) measurement of the FSP27 CIDE-N domain showing the absolute molecular mass of the protein. The x-axis and y-axis indicate the elution volume and
molecular mass respectively. (C) Ribbon diagram of the FSP27 CIDE-N domain. Chain A and Chain B are shown separately. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Table 1

Crystallographic statistics.
Data collection Native
Space group P3,
Cell dimensions
a, b, c 63.3A, 63.3A, 37.6A
y 120.0°
Resolution 50-2.0A
Reym® 12.6% (78.8%)
Mean I/ (I)* 27.5 (2.9)
Completeness” 98.9% (99.4%)
Redundancy*® 5.1 (5.0)
Refinement
Resolution 30-2.0A
No. of reflections used (completeness) 10,752 (99%)
Rwork/Rfree 22.4%/29.2%
No. atoms
Protein 1288
Water and other small molecules 74
Average B-factors
Protein 31.5 A?
Water and other small molecules 36.0 A?
R.ML.S. Deviations
Bond lengths 0.022 A
Bond angles 1.972°
Ramachandran plot
Most favored regions 97.44%
Additional allowed regions 2.56%

2 Highest resolution shell is shown in parentheses.

PB1 domain of BEM1P contains a relatively longer o2 helix (Fig. 2C).
Due to the structural similarity between the CIDE domain and PB1
domain and UBL domain, functional characterization and compari-
son of those domains will be interesting.

3.3. Dimer interface within the FSP27 CIDE-N domain

The structure of the FSP27 CIDE-N domain reveals interesting
insights into the homo-dimeric interfaces. The two FSP27 CIDE-N

domains in the asymmetric unit are packed as an asymmetric di-
mer with an interface composed predominantly of electrostatic
interaction (Fig. 3). A total dimer surface buries 968 A? (a monomer
surface area of 484 A2), which represents 9.1% of the dimer surface
area. The principal contacts are made by R46, R55 and K56 (basic
patch) from one FSP27 molecule (chain A) and by E87, D88 and
E93 (acidic patch) from the second molecule (chain B) (Fig. 3).
Among the acidic patch residues on chain A, R46 forms a salt
bridge with E87 and D88 on chain B. K56 also forms a salt bridge
with E93. Several H-bonds are also formed and contribute to stabil-
ization of the dimer. G57 and R55 from chain A can form an H-
bond with 191 and E87 from chain B, respectively. Because the iso-
lated FSP27 CIDE-N behaves as a dimer in solution, the stoichiom-
etry of FSp27 CIDE-N is that of a dimer, which might be critical for
the biological activity of FSP27. The relationship between homo-
dimerization and the function of FSP27 should be investigated in
future studies.

3.4. Comparison of homo-dimeric interface with hetero-dimeric
interface formed by the CIDE domain

Because the hetero-dimeric structure of CIDE domains between
CAD (DFF40) and ICAD (DFF45) was previously solved [21], we
compared the hetero-dimeric structure with the current homo-di-
meric structure. The CAD/ICAD complex was well-superimposed
with the current homo-dimeric structure with a root mean square
deviation (RM.S.D.) of 2.8 A (Fig. 4A). The superimposition study
also indicated that the orientation of the interface formed by the
homo-dimeric complex was similar to that formed by the hetero-
dimeric complex. Analysis of the interface formed by CAD/ICAD
showed that the main force was a salt bridge formed by R39 on
CAD and D71 on ICAD (Fig. 4B). There was also an H-bond between
K21 and 169. Although K21 on CAD, which is aligned to R55 in
FSP27, and D71 on ICAD, which is aligned to E93 in FSP27, contrib-
ute to the formation of the hetero-dimeric complex, the main res-
idue in the hetero-dimeric complex is R39, which is aligned to
uncharged residue 173 in FSP27, indicating that the homo-dimeric
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FSP27

FSP27 with CAD FSP27 with BAG6 FSP27 with Ubiquitin

Fig. 2. Superposition of the FSP27 CIDE-N domain with their structural homologues. (A) Ribbon diagram of monomeric FSP27 CIDE-N domain. The chain from the N to the C-
termini is colored from blue to red. Helices and sheets are labeled. The FSP27 CIDE-N domain and five structural homologues are superimposed pairwise. The FSP27 CIDE-N
domain is light blue and its counterparts are magenta for CIDE-A (B), blue for the BEM1P BP1 domain (C), cyan for CAD (D), red for the BAG6 UBL domain (E), and orange for
ubiquitin (F). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Structural similarity search using DALIL
Proteins and accession numbers Z-score RMSD (A) Identity (%) References
CIDE-A (2eel) 8.6 1.21 54 Not published
BEM1P PB1 domain (2kfk) 6.3 1.98 15 [30]
CAD (1f2r-1) 8.5 1.99 34 [21]
ICAD (1f2r-C) 7.5 2.62 24 [21]
BAG6 UBL domain (4eew) 6.9 2.03 9 Not published
Ubiquitin (2g3q) 7.5 2.07 15 [31]

ChainA:

Fig. 3. Dimeric interface of the structure of the FSP27 CIDE-N domain. The dimeric structure is shown on the left side and a close-up view of the interacting residues in the
interface between the two dimers is shown on the right side. The residues involved in the contact are shown in blue (from chain A) and pink (from chain B). Salt bridges
formed between one chain and its counterpart are shown as red-dashed lines. H-bonds are shown as black-dashed lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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FSP27A 46 RVSTADRKVRKGIMAHSLEDLLNKVQDILK 75
CAD 11 KLRALHSACKFGVAARSCQELLRKGCVRFQ 40
FSP27B 46 RVSTADRKVRKGIMAHSLEDLLNKVQDILK 75
ICAD 23 -LRRNHSRDQHGVAASSLEELRSKACELLA 51
FSP27A 76 LKDKP--FSLVLEEDGTIVET 94

CAD 41 L--PMPGSRLCLYEDGTEV-T 58

FSP27B 76 LKDKP--FSLVLEEDGTIVET 94

ICAD 52 IDKSLTPITLVLAEDGTIVDD 72

Fig. 4. Comparison with hetero-dimeric CIDE domain complex. (A) Superposition of homo-dimeric FSP27 with hetero-dimeric CAD CIDE/ICAD CIDE complex. (B) The hetero-
dimeric structure of CAD CIDE/ICAD CIDE is shown on the left side. Close-up view of the interacting residues in the interface between the two dimers is shown on right side.
The residues involved in the contact are shown. Salt bridges and H-bonds are shown as red-dashed and black-dashed lines, respectively. (C) Critical residues for the hetero-
dimeric interaction for CAD CIDE/ICAD CIDE and homo-dimeric interaction for the FSP27 CIDE-N domain are shown. Blue and red indicate basic and acidic residues,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

complex uses more charged residues to form massive salt-bridges
in the interface (Fig. 4B and C).

The structure of the FSP27 CIDE-N domain provides the first
step towards elucidating the function of FSP27 in the lipid droplet
growth and dimerization mechanism of FSP27, which is similar to
the hetero-dimerization formed by CAD/ICAD. The dimerization
and larger interactions detected at the homo-dimer of the FSP27
CIDE-N domain might be important for the function of FSP27 in li-
pid metabolism.
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