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The perchloric acid-soluble protein (PSP) is an endoribonuclease and on the basis of sequence similarity
has been assigned to the YjgF/YER057c/UK114 family. These family members are ubiquitous and highly
conserved in evolution, and participate in regulating basic cellular metabolism. Here we present the 2.1 Å
crystal structure of the PSP protein from Pseudomonas syringae pv. tomato str. DC3000 (PSPTO-PSP), in
complex with D-glucose. The quaternary structure of PSPTO-PSP is a homologous trimer. Glucose is
located in the cavity between each two monomers. Comparison of the hydrogen bonds between ligands
and YjgF/YER057c/UK114 family homologues confirms that the conserved Arg103 of PSPTO-PSP is a key
amino acid in this cavity for ligand binding. It indicated that the involvement of PSPTO-PSP in essential
cellular mechanism was regulated by glucose occupying this active site.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction tion. It has been reported that rat L-PSP has endoribonuclease
The perchloric acid-soluble protein from Pseudomonas syringae
pv. tomato str. DC3000 (PSPTO-PSP) contains 126 amino acids and
has been assigned to the YjgF/YER057c/UK114 family based on
sequence similarity. A high level of sequence identity between
members of this family, which includes different species from
single-celled to multicellular organisms, implies that this family of
proteins is ubiquitous and highly conserved in evolution. The func-
tions of family members are broad, including isoleucine and purine
biosynthesis, L-threonine deamination, mitochondrial maintenance,
and protein synthesis inhibition [1–4].

Some members, such as the UK114 protein from goat liver, hp14.5
protein from human monocytes and perchloric acid-soluble protein
(L-PSP) from rat liver, have been characterized as translational inhibi-
tors [5,6]. The L-PSP of mouse has shown an inhibitory activity on cell
proliferation [7]. The expression of PSP in rat hepatoma was down
regulated as comparing with intact tissue, but was up regulated in
the central of region of tumor tissue [8]. A human homologue named
hp14.5 isolated from monocytes was described as a translational inhib-
itor which undergoes up-regulation during cellular differentiation [6].
All these results from different laboratories show a fact that PSP expres-
sion has an opposite relationship with the cellular protein synthesis,
and that PSP is involved in cellular growth and differentiation.

This inhibitory activity of PSP on protein synthesis results from
its ribonuclease activity which inhibits the initial steps of transla-
ll rights reserved.

as syringae pv. tomato str.

ang).
activity and its specific substrate is mRNA, rather than rRNA or
tRNA. This activity is not inhibited by cycloheximide, suggesting
that L-PSP protein is unique among liver RNAase’s [9].

Rat P23, a homologue of PSP, which belongs to the YjgF family, has
100% identity with rat L-PSP from amino acids 38–136. P23 mRNA
expression in the liver of starved animals was enhanced, but de-
creased when glucose was added to the diet for 1 day before sacrifice
[10]. In addition, L-PSP is a fatty acid-induced protein. Intestinal
L-PSP expression increases approximately 3-fold by oral administra-
tion of dietary fat [11]. L-PSP protein extracted from rat liver con-
tains six major fatty acid components identified by GC-MS lipid
analysis [12]. These various results show that the expression of
L-PSP is regulated by nutrients and that L-PSP is related to glucose
and lipid metabolism.

Even though it has been reported that some nutrients affect PSP
mRNA expression, there are still no structures or other biochemical
proofs available to help elucidate how glucose, fatty acids or other
nutrients regulate PSPs. Here, the 2.1 Å crystal structure of PSPTO-
PSP in complex with glucose showed that the inhibition of PSP on
protein synthesis might be regulated by glucose directly occupying
PSPs’ active site. This complex structure supported the Levy–
Favatier’s proposal [10].
2. Materials and methods

2.1. Protein expression, purification, crystallization and data collection

Recombinant PSPTO-PSP was expressed with an N-His-tag
using the Phat2 plasmid in Escherichia coli BL21 cells. Expressed
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proteins were bound to Ni–NTA beads, eluted with 250 mm imid-
azole, and further purified by anion exchange (R-source Q™) and
size exclusion (Superdex™ 75) chromatography. The purity of
PSPTO-PSP was over 95%.

Crystals were obtained using the hanging drop vapor diffusion
method with a 1:1 mixture of protein (10 mg/ml protein in
5 mM Tris–HCl, 50 mM NaCl, pH 8.0) and reservoir solution
(PEG8000 20%, 0.05 M NaKHPO4). Needle-like crystals appeared
after 1 month. The optimized crystal was grown in a well solution
of 26% PEG8000, 0.05 M NaKHPO4, and 15% D-glucose, and matured
after 1 month. The crystal was cryo-protected with a 7:3 mixture
of paraffin oil and NVH oil prior to freezing in nitrogen vapor.
The data were collected to 2.1 Å at 100 K on the Rigaku FR-E Vari-
Max at the Institute of Biophysics, Chinese Academy of Sciences,
Beijing. Data were processed by HKL2000 [13] and are shown in
Table 1.

2.2. Solving the crystal structure

The structure of PSPTO-PSP was solved by the molecular
replacement method using the program PHASER [14] and the coor-
dinates of Bacillus subtilis YabJ (PDB code 1QD9, 49% sequence
identity to PSPTO-PSP). PHASER was run with a resolution range
of 20.0–2.1 Å in the space group P212121. Five percent of the reflec-
tions were excluded from the total for cross-validation with the
Rfree value. A crude model was built using the ARP/wARP program
[15]. The rigid-body model was initially refined with the program
Refmac5, and several cycles of manual model rebuilding and model
refinement were then performed using Coot and Refmac5 [16,17].
Water molecules were automatically detected by the ARP/wARP
Table 1
Summary of X-ray data and model parameters for PSPTO-PSP.

Dataset Data

Wavelength 1.5418 Å
Cell parameters a = 66.89 Å, b = 75.71 Å, c = 79.30 Å
Resolution 20–2.1 (2.1) Å
Unique reflections 23,719
Completeness 97.9% (96.2%)
Redundancy 13.1 (13.1)
Rmerge

a,b 0.08 (0.34)
<I/r(I)>a 35.6 (8.0)

Refinement
Rwork

c (based on 95% of data; %) 18.06
Rfree

c (based on 5% of data; %) 23.40
Ramachandran plotsd (%) 99.2
Rmsd bond distances (Å) 0.009
Rmsd bond angles (�) 1.554

Contents of model
Protein (residues) 370
Water (molecules) 248
Ligands 3
Ligand (identitye/sites occupied) BLC/D–F

Average temperature factors (Å2)
Main-chain atoms 21.01
Side-chain atoms 23.8
Water molecules 29.9
Ligand molecules 29.6
Overall 22.48
PDB accession code 3K0T

a The figures in brackets indicate the values for the outer resolution shell.
b Rmerge = RhRl|Ihl � < Ih>|/RhRl < Ih>, where Il is the lth observation of reflec-

tion, and h and < Ih > is the weighted average intensity for all observations l of
reflection h.

c R-factors and Rfree were calculated as follows: R = R (|Fobs � Fcalc|)/R |Fobs| � 100,
where Fobs and Fcalc are the observed and calculated structure factor amplitudes,
respectively.

d Residues with most favoured U/W angles as calculated using PROCHECK.
e BGC = D-b-glucose.
program, and confirmed based on peak heights and distance crite-
ria in the Fo-Fc and 2Fo-Fc maps. The quality of the model was
evaluated with Procheck [18]. The coordinates have been depos-
ited in the Protein Data Bank (Accession number (3K0T). Data col-
lection and refinement data are summarized in Table 1.

3. Results and discussion

3.1. Overall structure of PSPTO-PSP

PSPTO-PSP is patterned as a trimer in an asymmetrical unit,
each subunit of which shows an a + b fold with a b b ba b a b b
arrangement. b4 and b5 are parallel, and all other strands in the
sheet are anti-parallel. Two parallel a-helices are opposite to the
b sheet (Fig. 1A). The center of the trimer is an empty triangular
barrel-like conformation, the bottom of which is comprised of
three long and meandering loops from three subunits while the
top is open. Twelve longer b strands form the inner surface and
the surrounding a-helices form the outer surface of the barrel
(Fig. 1B). A deep cavity in the interface between each two subunits
contains a D-glucose.

3.2. The triangular barrel-like cavity of the PSPTO-PSP trimer

Viewed from top to bottom, the barrel is comprised of four
interacting layers (Fig. 2a). The body of the barrel consists of a
hydrophobic layer, and a hydrophilic layer located between the
cover and bottom hydrophobic layers. The barrel is covered by
three Tyr29 and three Ile122 residues and one water molecule
(Fig. 2b). Three hydrogen bonds are formed between the water
molecule and the three Tyr29. The benzene rings of the three
Tyr29, and three Ile122 (one from each subunit) have hydrophobic
interaction (Fig. 2b). The hydrophilic layer includes three sets of
Lys74, Asn76, Asp120 (one set from each subunit) arranged in a circle,
with a hydrogen bond formed between each neighboring amino
acid (Fig. 2c). The following hydrophobic layer is composed of
three sets of Phe78 and Ile106 (Fig. 2d). The bottom of the barrel is
sealed by three Ala109 and three Val108 (Fig. 2e). All these amino
acids, highly conserved in evolution, maintain the stability of the
trimer by strong hydrogen bonds and hydrophobic interactions.

In addition, hydrophobic interactions occur between the Ile22 of
one subunit and the Val73 of the adjoining subunit. Hydrogen
bonds between the oxygen of Ser31 and the oxygen or nitrogen of
Arg103 from neighboring subunits locked adjoining subunits, sealed
Fig. 1. Cartoon diagram of the PSPTO-PSP. Panel A is the monomer; panel B is the
trimer in complex with glucose. The inner surface of the barrel-like cavity of the
trimer consists of 12 b-strands (yellow), and the outer surface consists of two a-
helices (red).Glucose is bound as a ligand (purple). The loop is shown as green. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)



Fig. 2. Panel a is the whole barrel-like cavity of PSPTO-PSP. The view orientation of the trimer is from top to bottom. Three monomers are colored green, blue and pink,
respectively. The water is represented by blue sphere; the carbon sticks are colored as its own monomer. Oxygen is red and nitrogen is blue. The hydrogen bonds are shown as
purple dash line. Panels b–e show the cover, hydrophilic layer, hydrophobic layer and the bottom of the barrel-like cavity, respectively. The distance of the hydrogen bonds in
the cover and hydrophilic layer is marked. Panel f shows the interface between adjoining subunits. The carbon of the glucose is colored yellow and the oxygen is colored red.
The hydrogen bonds and its distances between Arg103 and Ser31 are shown as blue dash line and marked. (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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the walls of the barrel, and further separated the deep cavities from
the barrel-like cavity (Fig. 2f).

3.3. Comparison of homologous structures

Alignment of eight homologous sequences of members of the
YjgF/YER057c/UK114 family from different species, ranging from
single-celled to mutli-cellular organisms, revealed that about 50–
90% of the amino acids have similar characteristics and that 15%
of the amino acids are 100% conserved (Supplementary Fig. 1).
Most of the conserved amino acids interact with glucose in the
deep cavities or stabilize the quaternary structure.

These homologous structures were fitted to that of PSPTO-PSP
with RMS deviations of 0.66–1.05 Å for the Ca positions of the
full-length protein (Table 2). This shows that the quaternary struc-
tures of YjgF/YER057c/UK114 proteins from different species are
highly conserved just as was the case for their sequences. However,
the overall structure of PSPTO-PSP is more similar to that of mam-
malian PSPs than to that of single-celled organisms. This suggested
that PSPTO-PSP have the same function with that of mammalian
PSPs such as endoribonuclease activity. The structural alignment
Table 2
Comparison of YjgF/YER057c/UK114 homologues.

Protein Source Identity PDB code Rmsd

PSPTO-PSP Pseudomonas syringae 100% 3K0T 0.00
YjiF E. coli 0.43 1QU9 1.01
TdcF E. coli 0.42 2UYN 0.99
YabJ B. subtilis 0.49 1QD9 0.89
Hmf1 S. cerevisiae 0.44 1JD1 1.03
L-PSP Rat 0.45 1QAH 1.05
UK114 Goat 0.43 1NQ3 0.70
Hp14.5 (benzoate) Human 0.45 1ONI 0.66
TdcF (ethylene glycol) E. coli 0.42 2UYJ 0.90
TdcF (propionate) E. coli 0.42 2UYP 1.00
TdcF (Serine) E. coli 0.42 2UYK 0.94
TdcF (2-ketobutyrate) E. coli 0.42 2UYN 0.99
of the homologues revealed that PSPTO-PSP appears no conforma-
tional changes despite of the bound glucose.

3.4. Active cavity interactions with glucose

The PSPTO-PSP crystal co-crystallized with D-glucose. During
structure refining, a large and clear electron density appeared be-
tween adjoining subunits in the OMIT map. After test and refine-
ment this was identified as D-glucose. The average B-value of D-
glucose in the final structure is 29.6 Å2.

The amino acids Ser31, Gly32, Asn33, Ile34, Arg113, and Arg103 of
neighboring subunits in the active cavity surround the glucose
(Fig. 3). Tyr18 covers the glucose ring, while the bottom of the cav-
ity consists of Pro112 and Glu118 from one subunit and Phe85 from
Fig. 3. The active cavity for binding glucose. The color of water and molecules and
glucose are as in the Fig. 2. The hydrogen bonds are represented by hot-pink dash
lines in order to differentiate from the blue omit map, and its distances are marked;
the OMIT map of the glucose is represented by the blue grid line. (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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its neighboring subunit. The six oxygen atoms from glucose form
strong hydrogen bonds with the oxygen atom of the Gly32, the
NE atom of Arg113, the OE2 atom of Glu118, atoms NH2 and NE of
the Arg103 from the neighboring subunit, and a water molecule
above the glucose ring (Fig. 3, Table 3). The glucose is stabilized
by the strong hydrophobic interactions among the benzene rings,
long aliphatic chains, and the glucose ring.

3.5. Comparison of the active cavities of the homologues

All known quaternary structures of YjgF/YER057c/UK114 family
members have three cavities for binding ligands or substrates. The
human homologue hp14.5 (PDB code 1ONI) can bind benzoate in
this cavity, and the E. coli homologue Tdcf can bind serine (PDB
code 2UYK), ethylene glycol (PDB code 2UYJ), propionate (PDB
code 2UYP), and 2-ketobutyrate (PDB code 2UYN). Comparison of
the hydrogen bonds connecting different ligands with the active
cavities in the YjgF/YER057c/UK114 family showed that the con-
served Arg103 of the PSPTO-PSP is a crucial amino acid for different
ligands. Arg103 makes hydrogen bonds with the ligand via its NE
and NH, or O atom, or N atom. As reported, a single mutation of
Arg107 to Ala107 (which aligns to the Arg103 of PSPTO-PSP) in
hp14.5 results in the dissociation of some trimers into monomers,
and greatly decreases ligand binding capacity. Double mutations of
Arg107 and Pro105 in hp14.5 destroy the quaternary structure com-
pletely [19]. From previous reports and the structure of this com-
plex, we can confirm that the highly conserved Arg103 is a very
important amino acid in the active cavity for binding both the li-
gand and the substrate. It has been reported that mRNA is the sub-
strate of rat L-PSP [9]. The basic amino acid Arg103 appears suitable
for binding ribonucleotides as substrate.

We compared the active cavities of homologues, including li-
gand-bound and free-state examples. Even though the angles of
the ring planes of Phe85 and Tyr18 showed some variation, and
the position of the Arg103 side-chains vary slightly, these confor-
mational changes are most likely not related to ligand binding
since free-state homologues also exhibited similar conformational
variation. In other words, the conformation of the active site is
insensitive to the binding of ligands.

3.6. Implications of glucose binding to PSPTO-PSP

Six compounds bound to HI0719, a member of the YjgF/
YER057c/UK114 family, are identified by a targeted screening ap-
proach. The compounds are either a-keto acids or a, b-unsaturated
acids [19]. The complex structures of some family members bind
benzoate, ethylene glycol, serine, propionate, and 2-ketobutyrate
[20,21]. Even though so many ligands, only 2-ketobutyrate is re-
ported as an intermediate of the L-serine which is available for iso-
leucine biosynthesis. Taken together, this report first showed that
glucose was a ligand of the YjgF/YER057c/UK114 member.
Table 3
Hydrogen bonds in the glucose-bound active cavity of the PSPTO-PSP.

Hydrogen bonds between BGC atoms and
protein (Å)

Hydrophobic interaction
between BGC and protein
(Å)

BGC-O6–113R-NE 2.9 BGC–18Y (3.4–3.95)
BGC-O6–113R-NH 2.9 BGC–32G (3.4–3.9)
BGC-O5–HOH 3.16 BGC–34I (3.5–3.8)
BGC-O1–32G-O 3.09 BGC–85F (3.4–3.6)
BGC-O1–118E-OE2 3.15 BGC–112P (3.7)
BGC-O3–103R-NE of neighbor subunit 2.79 BGC–103R (3.3–3.9)
BGC-O2–32G-O 2.53 BGC–113R (3.4–3.9)
BGC-O4–103R-NH2 of neighbor subunit 2.74 BGC–118E (3.5)
According to the previous report, when the cell is under low
glucose, the translation inhibition activity of the increased PSP
can avoid wasting amino acids. This phenomenon is similar and
consistent with the characteristics of the stress protein family,
such as heat shock proteins HSPs, glucose-regulated proteins GRPs
which are responded to the stressors in ER and help repair the pro-
teins hurt by stressors. In addition, PSP is present in ER [22].The
change in localization of PSP from the ER to the nucleus suggests
that PSP is involved in the cellular response to ER stressors [23].
When the nutrients such as glucose is deficient, they will be recog-
nized as a stress signal which will be transferred by some proteins.
In line with previous reports and our structure, PSPs seem have the
characteristics similar to the stress proteins.

Moreover, the PSP expression decreased when glucose is sup-
plied to the fasting organism [10]. Glucose supplement retrieve
the cells from the stress. The PSPTO-PSP structure in complex with
glucose showed that the signals of the stress relief might be trans-
ferred by glucose occupying the active cavity of the PSP, which re-
moves the inhibition of PSP on protein synthesis. So we speculated
that PSPs might be involved in the cellular response to stressors on
one hand, and on the other hand might be responsible to transfer
the signals of stress relief to cells.
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