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Introduction. Polyamines including putrescine, spermi-
dine, and spermine are important polycationic small mol-
ecules for life. They are involved in protein synthesis, cell
growth, and regulation of several metabolic processes in a
cell.1 Overaccumulation of the polyamines is toxic to cells.
The intracellular concentration of polyamines is carefully
controlled by a combination of regulated enzymatic steps,
including biosynthetic enzymes such as ornithine decarbox-
ylase, and catabolic enzymes such as spermidine/spermine
N1-acetyltransferase (SSAT).2,3

SSAT is one of the diamine N-acetyltransferases and a
rate-limiting enzyme, which has a key role in polyamine
metabolism. It catalyzes the N1-acetylation of spermine
and spermidine to form less charged derivatives that are
either excreted from the cell or undergo further metabo-
lism. It is the turning point of the polyamine metabolism
pathway.4 So far 11 proteins have been identified as
belonging to the SSAT homologous family, as shown in
Figure 1. Although the function of SSAT is important, the
three-dimensional structure as well as the mechanism of
enzyme reaction and actual activity site of SSAT are still
unknown.

Human SSAT (hSSAT), containing 171 residues, is
related with many serious diseases, such as human colon
cancer and infection of human immunodeficiency virus-
1.5,6 Herein, we report the crystal structure of hSSAT,
which is the first structure of diamine N-acetyltrans-
ferases. The fold of hSSAT belongs to the transferase
homologous superfamily. The comparisons of sequence
and structure show that the hSSAT structure is the
representative of a new sequence family of transferase
superfamily. Three-dimensional structure also suggests
the potential enzyme activity site of hSSAT.

Materials and Methods. Cloning, expression, and purifi-
cation. Polymerase chain reaction primers, including NdeI
and XhoI restriction sites, were designed to amplify the
hSSAT gene (GenBank: NP_002961) from reverse tran-
scriptase-polymerase chain reaction products of human
hemopoietic stem cell. The gene was inserted into the

pET22b(�) vector (Novagen), and the recombinant protein
was overexpressed as a C-terminal His-tagged protein in
Escherichia coli BL21(DE3). The cells were grown in LB at
37°C and induced with 1 mM IPTG when the culture
reached an O.D600 of 0.6–0.8. The harvested cells were
resuspended in the lysis buffer (50 mM NaH2PO4, pH8.0;
300 mM NaCl; 10 mM imidazole) with 0.1 mM PMSF and
sonicated. The lysate was centrifuged at 15,000 revolu-
tions per minute (rpm) at 4°C for 20 min. The supernatant
was loaded directly into a Ni-NTA column (Novagen)
preequilibrated with lysis buffer. Then the column was
washed with wash buffer (50 mM NaH2PO4, pH8.0; 300
mM NaCl; 20 mM imidazole) and the target protein was
eluted with elution buffer (50 mM NaH2PO4, pH 8.0; 300
mM NaCl; 250 mM imidazole). The eluate was concen-
trated by ultrafiltration (Millipore) and then loaded into a
Superdex75 HR16/60 column (Amersham Pharmacia) pre-
equilibrated with buffer of 20 mM Tris-HCl pH 8.0 at 16°C.
Further purification was performed with a global Mono Q
HR5/5 (Amersham Pharmacia). Finally, hSSAT was de-
salted with the buffer of 20 mM Tris-HCl pH 8.0. The
purified protein was analyzed using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.
Crystallization. The purified protein was concentrated to
50 mg/mL for crystallization. Crystallization experiments
were performed with the hanging-drop vapor-diffusion
method combined with micro-seeding at 20°C. The diffu-
sion drops were formed with 1 �L of protein solution and 1
�L of reservoir solution and seeded immediately. Then the
drops were equilibrated against 0.5 mL of reservoir solu-

Grant sponsors: Ministry of Science and Technology of China and
Chinese Academy of Sciences; Grant numbers: KSCX1-SW-17, KSCX2-
SW-322.

*Correspondence to: Da-Cheng Wang, National Laboratory of Bi-
omacromolecules, Institute of Biophysics, Chinese Academy of Sci-
ences, No. 15 Datun Road, Beijing 100101, People’s Republic of China.
E-mail: dcwang@sun5.ibp.ac.cn

Received 7 December 2005; Accepted 11 January 2006

Published online 16 March 2006 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/prot.20965

PROTEINS: Structure, Function, and Bioinformatics 63:1127–1131 (2006)

© 2006 WILEY-LISS, INC.



tion containing 2.6 M NaCl, 0.1 M Tris-HCl pH 8.0, and 0.1
M potassium sodium tartrate. The qualified crystals suit-
able for X-ray diffraction were obtained after one night.
Data collection and processing. All diffraction data were
collected on a Rigaku FRE diffraction system using a
Rigaku R-Axis IV�� image plate detector. For prepara-
tion of the iodine-derivative crystals, quick-soaking method
was used. The crystal was soaked in the heavy-atom
soaking solution (2.6 M NaCl, 0.1 M Tris-HCl, 0.1 M
potassium sodium tartrate and 0.5 M KI) for 30 s before
mounting the crystal. Native crystal was soaked the same
way using native-soak solution (2.6 M NaCl, 0.1 M Tris-
HCl pH 8.0, and 0.1 M potassium sodium tartrate) to
maintain the same isomorph. Then the crystals were
flash-cooled in the nitrogen-gas stream at 95 K. Two sets of
data were collected with the crystal-to-detector distance of
220 mm and exposed for 3 min with 1° oscillation per
frame. The iodine-derivative data were collected to 360
frames and native data to 107 frames. MOSFLM, SCALA,
and TRUNCATE from the CCP4 program suite7 were used
for processing, reduction, and scaling of the diffraction
data. Data statistics are summarized in Table I.
Structure determination and refinement. The structure of
hSSAT was successfully determined through the iodine
short-cryo soaking approach.8 The program SHELXD was
used to search initial iodine atom sites. The iodine atom
sites were detected again and refined by SHARP9 using
isomorphous and anomalous signals. There are 22 iodine
sites found in an asymmetric unit. After initial phasing by
SHARP and density modification by SOLOMON, further
density modification was performed with DM10 (average)

from the CCP4 program suit7 to refine the phase. The
initial model consisting of 70% of the hSSAT structure was
built automatically by using ARP/wARP.7,11 The remain-
der of the model was manually built using O.12 The
structure was refined to the resolution of 2.3 Å with CNS
version 1.1.13 The final model was built up with R-factor of
0.201 and Rfree of 0.269. The quality of the structure was
checked using PROCHECK.14 The statistics are listed in
Table I.

Results and Discussion. The final structure model of
hSSAT contains two protein molecules (residues 3–169 for
chain A, residues 3–170 for chain B) and 359 water
molecules. The whole hSSAT sequence has 171 residues.
Because of lack of electron density, seven residues at N-
and C-terminal, including A1, A2, A170, A171, and B1, B2,
B171, are missed. The His-tag at C-terminal also does not
appear in the electron density map. Two residues (Glu-B48
and Glu-B67) are in disallowed regions of the Ramachand-
ran plot, which are well defined by the clear density maps.
At the moment, there is no special reason to be found for
these strained conformations.

There are two hSSAT molecules related by a noncrystal-
lographic twofold axis in the asymmetric unit, which are
integrated into a stable dimer via a unique way [Fig. 2(a)].
The tertiary structure of the hSSAT monomeric partner
adopts a compact �/� fold mode, which consists of seven
�-strands which consists of seven �-strands (�1–�7) con-
nected by six �-helices (�1–�2, �4–�7) and a 310 helix (�3)
[Fig. 2(b)]. The core structure of monomer contains a
central five-stranded antiparallel �-sheet (�1–�5) and four

Fig. 1. Secondary structure of hSSAT and sequence alignment between SSAT proteins and Hpa2.
SSAT � spermidine/spermine N1-acetyltransferase. Hpa2 is the histone acetyltransferase from yeast. The
secondary-structure elements (�-sheet, �-helix) found in hSSAT are shown above the sequence. The identical
and homologous residues are shaded in dark gray and light gray, respectively. The consensus sequence for
the acetyl CoA binding site is highlighted by box. Eleven aligned SSAT homologous proteins were obtained
from UniProt.21 The sequence alignment was performed with ClustalW22 and the figure was prepared with
ALSCRIPT.23
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helices (�1–�4). The helices of �1 and �2 connect strands �1

and �2 and are located on the convex face of this five-
stranded antiparallel �-sheet, whereas the helices of �3

and �4, which connect strands �4 and �5, are located on the
concave face. It is interesting that the remaining struc-
tural elements at the C-terminal, including �5, �6, �6, �7,
and �7, are rather separately arranged out of the core
structure to form a long tail of the tertiary structure [Fig.
2(b)]. Evidently, this separated C-terminal segment needs
to be stabilized by special structural factors. Actually, this
special structural requirement is notably satisfied by the
dimerization of two hSSAT molecules. In the dimeric form
of hSSAT, the long �-strand at C-terminal, �7 of one
molecule, is subtly inserted into the space between �5 and
�6 of the partner molecule to form a heterogeneous three-
stranded antiparallel �-sheet through 11 pairs of intermo-
lecular main-chain hydrogen bonds (eight between resi-
dues 123–131 of Mol A and residues 153–161 of Mol B and
three between residues 146–149 of Mol A and residues
158–156 of Mol B) [Fig. 2(c)]. This heterogeneous three-
stranded �-sheet is further combined with �1–�4 to con-
struct an integrated seven-stranded antiparallel �-sheet
as a more stable molecular scaffold for hSSAT monomer.
By accompanying, the C-terminal helix �7 of one molecule
is also moved and stabilized by interacting with helix �4 of

the partner molecule [Fig. 2(c)]. We refer to this unique
way for the dimerization of hSSAT as C-terminal ex-
change. Through C-terminal exchange, two hSSAT mol-
ecules are firmly assembled to an intact dimer, which is
the main structural character of hSSAT. It implies that
the dimeric form of hSSAT is its basic structural and
functional unit. In fact, our experiment data showed that
hSSAT is really a dimer in solution (data not shown here).

The structure similarity search with Dali revealed that
the core fold of hSSAT, consisting of six strands with four
surrounding �-helices, is generally consistent with the
typical transferase fold in CATH,15,16 in which the protein
domain structures are hierarchically classified. Through
analysis with the combinatorial extension (CE),17 all of the
structures similar to hSSAT belong to the transferase
family. So it strongly identified that hSSAT belongs to the
transferase homologous superfamily (CATH code:
3.40.630.30). So far, there are 22 sequence families found
in the transferase homologous superfamily. The PSI-
BLAST18 result indicates that there is no obvious se-
quence similarity between hSSAT and all other structures
of the transferase homologous family. Further sequence
comparison was performed with SSAP.19 It indicates that
hSSAT has less than 20% sequence identity to each
representative member of 22 sequence families. According
to CATH criteria of S-level classification, hSSAT should be
assigned to a new sequence family of the transferase
homologous superfamily.

The structural comparisons showed that the closest
structural homolog of hSSAT was the histone acetyltrans-
ferase Hpa220 from yeast (Hpa2, PDB ID 1QSM; SSAP
score, 85.03%, overlap, 88%; root-mean-square deviation,
2.47 Å for equivalent 147 aligned residues). However,
there is only 16% sequence identity between hSSAT and
Hpa2. The main structure difference between these two
structures is located at the C-terminal segment where
hSSAT has an additional � helix (�7). Hpa2 is a member of
the Gcn5-related N-acetyltransferase (GNAT) family. It
has a conserved acetyl CoA binding site, which is character-
ized with the sequence of RXXGXG (X can be any amino
acid residue).20 This characterized sequence is also con-
served in 11 proteins of the SSAT family (residues 101–106
with sequence RGFGIG) (Fig. 1). The structural compari-
son between hSSAT and Hpa2-acetyl CoA complex showed
that hSSAT has a similar tertiary structure at this acetyl
CoA binding site. It indicates that hSSAT should adopt a
similar acetyl CoA binding site and activity site as Hpa2.

The hSSAT is the first structure of diamine N-acetyl-
transferases and the SSAT homologous family. So far, the
detailed mechanism of bioactivity of hSSAT is still in
question. The tertiary structure of hSSAT reported in this
article provides a sound basis for the in-depth study of its
structure–function relationship.

Protein Data Bank Accession Code. Coordinates and
structure factors for the structure of hSSAT have been
deposited at the Protein Data Bank with accession code
2F5I.

TABLE I. Data Collection, Phasing, and Structure
Refinement Statistics of hSSAT

Native KI-derivate

A. Data collection
Space group P43 P43

Molecules/ASU 2 2
a (Å) 46.336 46.358
b (Å) 46.336 46.358
c (Å) 180.489 178.878
Wavelength (Å) 1.5418 1.5418
Resolution range (Å) 40–2.30 40–2.4
Observation (I/� (I) � 0) 59925 152246
Unique reflections (I/� (I) � 0) 15,954 14,135
Last shell (Å) 2.36–2.30 2.46–2.40
Rsym (%)a: overall (last shell) 0.052 (0.115) 0.078 (0.509)
� I/�(I)	: overall (last shell) 18.9 (6.7) 28.5 (3.1)
Completeness (%): overall (last shell) 95.2 (72.8) 94.9 (78.6)
Redundancy: overall (last shell) 3.8 (1.8) 10.8 (6.2)

B. Phasing
Iodine atom sites 22
Resolution range of data used 25.2–2.4
Phasing power iso ano

0.88 0.86
FOM 0.25
FOM after SOLOMON 0.73
FOM after DM (average) 0.87

C. Structure refinement
Resolution range (Å) 25.2–2.30
Sigma cutoff 0.0
R-factor 0.201
Rfree

b 0.269
Ramachandran statistics (%)c

Most favored regions 88.6
Additionally allowed regions 10
Generously allowed regions 0.7
Disallowed regions 0.7

aRsym�
 (|I| � |�I	|)/
|I|.
bRfree calculated using 10% of total reflections omitted from refine-
ment.
cRamachandran statistics calculated using PROCHECK.14
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