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NAD(P) has long been known as an essential energy-carrying
molecule in cells. Recent data, however, indicate that NAD(P) also
plays critical signaling roles in regulating cellular functions. The
crystal structure of a human protein, HSCARG, with functions
previously unknown, has been determined to 2.4-Å resolution. The
structure reveals that HSCARG can form an asymmetrical dimer
with one subunit occupied by one NADP molecule and the other
empty. Restructuring of its NAD(P)-binding Rossmann fold upon
NADP binding changes an extended loop to an �-helix to restore
the integrity of the Rossmann fold. The previously unobserved
restructuring suggests that HSCARG may assume a resting state
when the level of NADP(H) is normal within the cell. When the
NADP(H) level passes a threshold, an extensive restructuring of
HSCARG would result in the activation of its regulatory functions.
Immunofluorescent imaging shows that HSCARG redistributes
from being associated with intermediate filaments in the resting
state to being dispersed in the nucleus and the cytoplasm. The
structural change of HSCARG upon NADP(H) binding could be a
new regulatory mechanism that responds only to a significant
change of NADP(H) levels. One of the functions regulated by
HSCARG may be argininosuccinate synthetase that is involved in
NO synthesis.

Rossmann fold � signal transduction

NAD and its phosphorylated form, NADP, is a universal
cofactor in a large number of redox reactions carried out by a

variety of enzymes, especially dehydrogenases. It is widely recog-
nized that NAD(P) is an essential molecule in energy metabolism
in all organisms. More recently, mounting evidence suggests that, in
addition to its central role in energy metabolism, NAD(P) is also
involved in signaling pathways that regulate fundamental processes
of cellular functions, including gene transcription and apoptosis (1,
2). This realization generated a link between the energy metabolism
and the regulated networks of biological processes.

One of the NAD signaling mechanisms is through gene silencer
proteins known as sirtuins, such as Sir2 in yeast, a NAD-dependent
histone deacetylase. Increased activities of Sir2 induced by an
increase in NAD production extended lifespan (3). It was shown
that a product of NAD-dependent deacetylation by Sir2, nicotin-
amide, strongly inhibits the activity of Sir2 (4, 5). Similar mecha-
nisms are present in other eukaryotes, including humans (6). NAD
is also directly related to transcription regulation. PolyADP-ribose
polymerases (PARPs) can modify the acceptor proteins by synthe-
sizing a polyADP-ribose molecule using NAD� as the substrate.
The transcription factors that can be modified by PARPs include
p53, YY1, NF-�B, and TATA-binding protein (1). In other cases,
transcription regulation is not carried out by any enzymatic reac-
tion. For instance, the C-terminal-binding protein CtBP is a core-
pressor that has an increased affinity to its partners, such as
adenovirus E1A or cellular repressor ZEB, when NADH binds to
CtBP (7). Crystal structures showed that NADH binding to CtBP
induced a conformational switch that stabilizes the dimerization of
CtBP, which in turn promotes its binding to the repressors (8). In

the case of the negative transcriptional regulator NmrA, NAD�

binding to NmrA controls the rate of nuclear entry of the GATA
transcription-activating protein AreA (9, 10). NmrA has a similar
structure to short-chain dehydrogenase/reductase (SDR) family
proteins but no enzyme activities, because of the lack of conserved
active-site residues (9).

NAD(P) exerts its functions by association with proteins. The
protein fold that binds NAD(P) was discovered by Rossmann when
the crystal structure of lactate dehydrogenase was determined (11).
The Rossmann fold is the most common fold, based on its predicted
occurrence from the genes known today (12). This motif consists of
six �-strands connected by �-helices with the NAD(P) molecule
bound at the top [supporting information (SI) Fig. 5]. The Ross-
mann fold has always been present as a rigid-body domain in all
other known crystal structures until the structure of HSCARG was
determined. We found that the common �E that connects �5 to �6
in the Rossmann fold is deformed as an extended loop when NADP
is not bound with HSCARG. This allows the formation of an
asymmetric dimer between a subunit with NADP bound and an
empty subunit. The NADP(H)-free HSCARG form with the
deformed Rossmann fold could stay as a resting state when the level
of NADP(H) is normal in the cell and be restructured only in
response to a higher intracellular level of NADP(H). Responses
could also be in the reverse direction by restructuring to the
deformed Rossmann fold if the cofactor is released at lower
NADP(H) levels. The immunofluorescent imaging study showed
that HSCARG switched from being associated with intermediate
filaments to being dispersed in the nucleus and the cytoplasm when
the intracellular NADPH/NADP level was changed by dehydro-
epiandrosterone (DHEA). Interactions of HSCARG with argini-
nosuccinate synthetase (ASS), a possible limiting step in NO
synthesis (13), were detected by coimmunoprecipitation, which
suggests that HSCARG may regulate the activity of ASS in
response to an increased level of NADP, thus potentially correlating
NADP signaling with that of NO. The restructuring of HSCARG
represents a mechanism to mount a rapid response to high levels of
intracellular NADP while staying dormant under normal NADP
levels.
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Results
Overall Structure of Human HSCARG. The topology of HSCARG is
nearly identical to that of NmrA (Fig. 1a). The protein can
essentially be divided into two domains, the N-terminal domain
composed of residues 1–219 and the C-terminal domain composed
of residues 220–299. The N-terminal domain contains a typical

Rossmann fold with a central � sheet (strands �1–�6 and �1–�6). �5
is a short helix that proceeds the helix �6 (�6 is equivalent to �E in
a conventional Rossmann fold). Residues 238–280 in the C-
terminal region actually extend to the N-terminal domain, forming
an additional � strand (�10) parallel to strand �6. As a result,
residues 238–280 should be structurally considered as part of the
N-terminal domain. The C-terminal domain is composed of two
small � sheets and seven �-helices. � sheet I is formed by three short
� strands, �7, �8, and �12. �7 and �8 are antiparallel to each other,
whereas �12 is parallel to �8. � sheet II is also formed by three short
� strands, the C-terminal half of �8, �9, and �11. All three are
antiparallel to each other. Helix �7 is between strands �6 and �7; �8,
between strands �9 and �10; �9, between strands �10 and �11. Helices
�10 and �11 follow strand �11 and are antiparallel to each other.
Helix �12 proceeds strand �12, and helix �13 is the last helix at the
C terminus. The NADP�-binding site is located between the two
domains. No dehydrogenase activity could be associated with
HSCARG, because the catalytic tyrosine in the active site triad of
Ser-Tyr-Lys is replaced by a histidine.

NADP-Binding Site. The asymmetric unit of the HSCARG crystal
contains a dimer with a NADP� molecule bound only in one
(molecule I) of the two monomers (Fig. 1b). No additional NADP�

was added during purification or crystallization. Our data showed
that NADPH was bound in HSCARG when first purified but
oxidized later to NADP�. From the absorbance of freshly purified
HSCARG examined (10 h after cells were lysed), bound NADPH
was calculated to be 57 �M in 300 �M HSCARG by comparison
with the absorbance of A340 nm � 0.0042 by 1 �M NADPH,
suggesting �20% of the protein is bound with NADPH when
expressed in Escherichia coli. The cofactor must be bound during
expression of human HSCARG in E. coli and retained through
purification and crystallization. Therefore, the association of the
cofactor appears to be very tight, because it survived two steps of
chromatographic purification without the addition of any cofactor
in the buffer.

The NADP� molecule binds to a similar region in the Rossmann
fold as the NAD molecule in NmrA. However, there are nine
hydrogen bonds between the nicotinamide-pyrophosphate and the
protein and 11 between the AMP moiety and the protein. The
details of these interactions are tabulated in Table 1. The AMP
moiety is lifted up from the protein in comparison with that of NAD
in NmrA.

It is unusually high for a typical SDR family protein to have a total
of 20 hydrogen bond interactions between a bound NADP� mol-
ecule and the protein. This may explain the tight association of the
NADP� molecule with one monomer in the HSCARG dimer.
Moreover, the unoccupied monomer (molecule II) also interacts
directly with the NADP� molecule, which could further stabilize
the NADP� molecule in molecule I. The side chain of Lys-92 in
molecule II bonds to the phosphate in the dinucleotide, and the side
chain of Gln-62 bonds to the phosphate in the AMP moiety.

Restructuring upon NADP Binding. SDR family proteins usually form
dimers or tetramers, which is required for their enzyme activities.
Binding of the coenzyme causes only subtle changes around the
binding site (14, 15). HSCARG is also found as a dimer in the
crystallographic asymmetric unit. However, it is completely unex-
pected that the two monomers form an asymmetrical dimer, with
one monomer (molecule I) bound with a NADP� molecule and the
other (molecule II) unoccupied, and the two protein molecules
have dramatically different conformation (Fig. 2). The most visible
changes are from residue 123 to residue 133. In the NADP� free
form (molecule II), residues 123–126 are part of a short �-helix (�5),
followed by residues 127–133 that form an extended stretch. Res-
idues 134–143 form an �-helix that is similar as the �5 connecting
�5 and �6 in a conventional Rossmann fold but only half of the
normal size near strand �6. Upon NADP� binding, residue 123
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Fig. 1. Crystal structure of HSCARG. (a) The tracing of HSCARG in complex
with the NADP� molecule. The protein is shown as ribbons, and the NADP�

molecule is shown as the stick model (35). The color scheme of the protein is
from the N terminus (dark blue) to the C terminus (magenta). Secondary
structure elements are labeled according to their positions in the protein
sequence. (b) The asymmetric dimer of HSCARG with molecules I (red) binding
one NADP� molecule (stick model) and molecule II empty (blue).
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makes a 180° rotation around its original �-helix. Residues 127–133
now change to �-helical to complete the �-helix (�E) continuous to
residue 143. Residues 123–126 are in a new loop connecting the two
helices. This structural change corresponds to three residues com-
ing out of an �-helix and seven residues moving into a new �-helix.
This large structural change may be caused by the reorientation of
Tyr-81 that has to be moved out of the way to allow NADP� to bind
to the Rossmann fold. As a result, residue 129 is permitted to get
closer to the bound NADP� molecule and the long helix is allowed
to be completed. Helix �4 also moves closer to the NADP� binding
site. In addition, helix �10 and �11 in the C-terminal domain are
translated away from the NADP�-binding site by one turn of an
�-helix. Residues 249–252 are disordered in the NADP� free form
and become an ordered loop in the NADP�-bound form. Another
region, residues 174–182, also becomes ordered only in the
NADP�-bound form. All of the structural changes caused by
NADP� binding occur in one continuous area near the NADP�-
binding site (Fig. 2).

This unusual restructuring suggests that after a HSCARG pro-
tein molecule binds NADP(H), a second HSCARG protein mol-
ecule that is free of cofactor can associate with the occupied
HSCARG to form this asymmetrical dimer. The presence of the
dimeric form of HSCARG in solution was confirmed by dynamic
light-scattering studies (SI Text and SI Table 3). Binding of the
second protein molecule further stabilizes the NADP molecule
bound in the first protein molecule and prevents the second protein
molecule from binding a cofactor, as shown by the fact that addition
of NADP or NADPH did not increase the presence of monomers
in the dynamic light scattering studies (SI Text). The asymmetrical
dimer presents unique surface characteristics that are different
from a completely cofactor free protein or a fully cofactor occupied
protein (Fig. 2). HSCARG may therefore exist in possibly three
different forms in the cell: a cofactor free form, an asymmetrical
dimer, and a cofactor occupied form (SI Fig. 6). Based on this
observation, we hypothesized that when the concentration of
NADP(H) increases, HSCARG becomes occupied by NADP(H)
and assumes a new conformation. The cofactor occupied
HSCARG can form an asymmetrical dimer with another cofactor-
free HSCARG molecule. If the concentration of NADP(H) de-

creases, on the other hand, HSCARG can be changed to having the
deformed Rossmann fold by releasing the cofactor. The restruc-
turing of HSCARG upon binding to the cofactor prompted us to
study whether HSCARG will change its subcellular distribution
when the concentration of NADP changes in the cytoplasm,
because the homologous protein NmrA appears to change the
nucleus nuclear entry of AreA when bound with NAD� (9, 10).

Subcellular Localization of HSCARG. To investigate its subcellular
localization, human HSCARG was overexpressed as a fusion
protein with an N-terminal Flag tag by transfection of HeLa cells.
The intracellular distribution of HSCARG was visualized by flu-
orescence microscopy. HSCARG is predominantly localized in the
cytoplasm surrounding the nucleus (Fig. 3a). The localization of
endogenously expressed HSCARG in the cytoplasm was further
confirmed by an immunofluorescence assay. HeLa cells were
stained with a mouse antiserum raised against human HSCARG.
The nucleus was stained with a DNA dye, DAPI. There is no
overlap between the fluorescent stain of HSCARG (green) and the
nucleus (blue). Inspired by the similar distribution pattern of
HSCARG and intermediate filaments, possible association of
overexpressed Flag-tagged HSCARG with cytokeratin was first
investigated in HeLa cells. Cells were transfected with Flag-
HSCARG plasmid, cultured for 24 h, and then incubated with
mouse anti-Flag antibody and rabbit anticytokeratin antibody si-
multaneously. There was a significant overlap between overex-
pressed HSCARG (red) and cytokeratin (green) in the cytoplasm,
especially around the nucleus (Fig. 3b). Colocalization of endoge-
nously expressed HSCARG with cytokeratin was also observed by
immunofluorescence microscopy (Fig. 3b). These results indicate
that HSCARG is associated with the intermediate filaments in the
cytoplasm under normal growth conditions.
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Fig. 2. Structural changes of HSCARG upon NADP� binding. Restructuring of
HSCARG NADP� upon binding. The blue regions represent the conformation
of HSCARG before NADP� binding and the red after NADP� binding. The full
structure of HSCARG and the bound NADP� molecule is shown as white
ribbons and the stick model, respectively. The residues that define the restruc-
tured regions are labeled by their residue numbers.

Table 1. Hydrogen bonds between NADP� and HSCARG

NADP� HSCARG

2�-P-AMP Adenine–NH2 Asp-58–O�1of molecule I
Adenine–N1 Gln-59–N of molecule I

2�-phosphate-O2 Arg-37–N� of molecule I
Arg-37–N of molecule I

2�-phosphate-O3 Thr-13–O� of molecule I
Lys-41–N� of molecule I

2�-phosphate-O4 Lys-41–N� of molecule I
Gln-62–N�2 of molecule II
Arg-37–NH2

�2 of molecule I
Ribose-OH3’ Gly-11–N of molecule I

Gly-11–O of molecule I
5�-phosphate-O2 Lys-92–N� of molecule II
5�-phosphate-O3 Ala-15–N of molecule I

NMP Nicotinamide-O Asn-158–NH2
�2 of molecule I

Tyr-155–N of molecule I
Ribose-OH2’ Lys-133–NH2

� of molecule I
Ribose-OH3 Lys-133–NH2

� of molecule I
Tyr-81–N of molecule I
Thr-79–O of molecule I

Ribose-O1’ Gln-16–O�1 of molecule I
5�-phosphate-O2 Tyr-155–O	 of molecule I
5�-phosphate-O3 Gln-16–N of molecule I

The hydrogen bonds were calculated by using Xfit.
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DHEA Treatment-Induced Redistribution of HSCARG Within Cells. The
Kd values determined for NADPH and NADP� from the fluores-
cence measurements were 4.86 � 10�7 M and 1.35 � 10�5 M,
respectively (SI Fig. 7). The stoichiometry n values determined for
NADPH and NADP� were 0.88 and 0.79, respectively, which is
consistent with one cofactor molecule binding in one HSCARG
molecule. Under normal conditions, intracellular HSCARG that is
cofactor occupied is likely to be associated with NADPH because
of the 360-fold higher affinity than that for NADP�. NADPH/
NADP� ratio is a critical modulator of intracellular redox states and
is mainly determined by the pentose phosphate pathway through
the action of glucose-6-phosphate dehydrogenase (G6PD) (16, 17).
DHEA is an endogenous steroid (18, 19), which is known to be an
uncompetitive inhibitor of G6PD, among other functions (20).
Inhibition of G6PD could lead to a 30–40% decrease in the
NADPH/NADP� ratio (21). To detect whether the change of
NADPH/NADP� concentration will induce redistribution of
HSCARG within cells, we treated HeLa cells with DHEA and
examined the subcellular location of HSCARG by immunofluo-
rescence microscopy. The results showed that in cells treated with
DHEA, HSCARG was observed both in the cytoplasm and the
nucleus (Fig. 4a). This suggests that changes of NADPH/NADP�

levels induce relocalization of HSCARG from being associated
with intermediate filaments to being distributed in the cytoplasm
and the nucleus, which may be associated with the regulatory
functions of HSCARG. Immunoprecipitation experiments fol-
lowed by mass spectrometry analysis were performed to identify
what target proteins that HSCARG may act on. When protein
samples precipitated from HeLa cell lysates with the anti-
HSCARG sera were analyzed, several specific bands were found in

SDS/PAGE, and mass spectrometry analysis revealed that ASS was
one of the proteins that are associated with HSCARG (SI Text).
Coimmunoprecipitation using lysates of human 293T cells trans-
fected with expression plasmids for Flag-tagged HSCARG and
HA-tagged ASS showed that HSCARG and ASS were able to
coprecipitate (Fig. 4 b and c), suggesting that ASS, an enzyme in
NO synthesis, may be a target that HSCARG regulates. HSCARG
targeted proteins in the nucleus remain to be identified.

Discussion
The absence of the active tyrosine that is highly conserved among
SDR enzymes suggests that HSCARG, like NmrA, most likely plays
a regulatory role in a cellular process, rather than a metabolic
pathway. However, the presence of the Rossmann fold that can
tightly bind a NADP molecule indicates that HSCARG may be
sensitive to the redox potential when carrying out its possible
regulatory functions. This functional feature defines a group of
NAD/NADP-dependent proteins that play a regulatory role by
sensing the cellular level of NAD/NADP. This group of proteins
includes NmrA, HSCARG, CC3, and CtBP, which seem to regulate
the activities related to gene transcription factors. It may also be
possible that such proteins are involved in regulation of the func-
tions of other proteins.

The most remarkable discovery from the crystal structure of
HSCARG is the restructuring of the Rossmann fold induced by
association with the cofactor. An asymmetrical dimer can be
formed by the association of one protein molecule that contains a
NADP molecule tightly bound in its Rossmann fold with an empty

Fig. 3. Subcellular localization of HSCARG in HeLa cells. (a) Overexpressed
HSCARG was detected by using monoclonal anti-flag antibody (Upper). En-
dogenously expressed HSCARG was detected by using polyclonal anti-HSCARG
generated from rat (Lower). (b) Colocalization of HSCARG with cytokeratin in
HeLa cells. In Upper, HeLa cells were transfected with an expression plasmid
for Flag-tagged HSCARG and double immunofluorescent stained with poly-
clonal anticytokeratin and anti-Flag. In Lower, untransfected HeLa cells were
double-stained with polyclonal anticytokeratin and polyclonal anti-HSCARG.
(Right) The overlay image of cytokeratin and HSCARG.

Fig. 4. Effects of NADPH/NADP� levels. (a) Changes in NADPH/NADP�

concentrations induced redistribution of HSCARG within cells. HeLa cells were
treated with 25 �M DHEA for 1 and 24 h, respectively. Immunofluorescence
analysis was performed as described in Materials and Methods. Images shown
represent three independent experiments. (b and c) In vivo interaction of
HSCARG with ASS. 293T cells were cotransfected with expression plasmids for
Flag-tagged HSCARG and HA-tagged ASS. Cell extracts were prepared after
48 h and immunoprecipitated with an anti-Flag monoclonal antibody (lane 3)
in b or an anti-HA monoclonal antibody (lane 6) in c or control IgG (lanes 2 and
5). Western blot analysis was performed with anti-HA antibody (b) or anti-Flag
antibody (c) followed by an anti-mouse IgG secondary step that also recog-
nizes the IgG heavy chain. Expression of HSCARG and ASS was confirmed by
Western blot analyses of the cell lysates with anti-Flag antibody (c, lane 4) and
anti-HA antibody (b, lane 1), respectively. IP, immunoprecipitation.
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subunit. The structure switch and the formation of the unique
dimer can be considered as a unique response mechanism to
changes of intracellular NADPH or NADP levels. In the normal
cellular redox state, it is possible that HSCARG is expressed and
associated with intermediate filaments. Depending on the intracel-
lular concentration of NADPH/NADP, HSCARG may exist in one
of the three possible forms; a cofactor-free form, an asymmetrical
dimer, and a cofactor-occupied form. When the concentration of
intracellular NADPH/NADP changes, restructuring of HSCARG
will be triggered, and HSCARG is activated to act on other
proteins, such as ASS. This hypothesis describes a mechanism of a
regulatory role by a NADP(H)-binding protein, which senses the
fine concentration of intracellular NADP(H). HSCARG swings
into action only when the intracellular NADPH/NADP concentra-
tion changes. The preexisting reservoir of the HSCARG forms
allows a rapid response as soon as a certain cofactor level is reached,
because no new expression of HSCARG genes needs to be turned
on. The identification of ASS as a potential target protein regulated
by HSCARG suggests that the redox state may be correlated the
NO signaling pathway, because ASS is one of the limiting enzymes
in NO synthesis (13, 22). This link between the two processes may
be significant, because changes of NADP� levels and NO signaling
are involved in apoptosis (23, 24).

Materials and Methods
Protein Expression and Purification. Molecular cloning of HSCARG
and purification of recombinant protein from E. coli were carried
out as described (25) by using the Gateway cloning system. The
Selenium-labeled protein was overexpressed in E. coli strain B834
(Novagen, Madison, WI). A two-step purification strategy by using
a Ni chelating column followed by a Superdex-75 size-exclusion
column was performed to obtain near homogenous protein. Ap-
proximately 3 mg of HSCARG could be achieved from 1L culture
with purity �95%. The amount of NADPH in freshly purified
HSCARG protein was evaluated by absorbance at 340 nm by using
a spectrophotometer (Ultrospec 2000, GE Healthcare, Piscataway,
NJ) and the protocol reported (26), because only NADPH has
significant absorbance at 340 nm. Oxidation of bound NADPH in
HSCARG was measured in cell-free solution containing 300 �M
HSCARG in 20 mM Tris�HCl/150 mM NaCl (pH 7.5) buffer, by
following the decrease of NADPH absorbance at different time
points: 0, 3, 9, 17, and 72 h. As a control, a known amount of
NADPH (50 �M) was evaluated alone in the same buffer following
the same time course.

Fluorescence Measurements of Kd. Fluorescence measurements
were conducted in a spectrof luorimeter (Synergy HT, BioTek,
Winooski, VT) to determine the binding constant Kd and
stoichiometry n values for the binding of NADPH and NADP�

to HSCARG, following the procedure described by Venard et
al. (27). The f luorescence of NADPH was measured with
excitation at 340 and emission at 450 nm. The experiments
were carried out in 200 mM Tris�HCl (pH 8.0) buffer by mixing
9.7 �M HSCARG (�80% cofactor free) with various concen-
trations of NADPH (2–16 �M) in a final volume of 500 �l.
Fluorescence of NADPH at 450 nm was enhanced when
HSCARG was added, which allowed us to follow NADPH
binding to HSCARG to determine its Kd.

Because the binding of NADP� to HSCARG cannot be mea-
sured by fluorescence, we determined the K�d of NADP� binding to
HSCARG by an indirect method. When the fluorescence enhance-
ment of NADPH by HSCARG binding was measured in the
presence of 15 �M NADP�, the K�d of NADP� could be derived
from the Kd of NADPH and the n factor according to the following
modified Klotz equation:

1
1 
 Y 
 X

�
1

Kd
� LNADPH

Y

 nE� [1]

1
1 
 Y 
 X

�
1

K�d
� LNADP

X

 nE� , [2]

where X � fraction of molecules occupied by NADP� for a total
NADP� concentration [LNADP], whereas Y and LNADPH refer to
those corresponding to NADPH. Kd and K�d are the binding
constants of NADPH and NADP�, respectively. E indicates the
concentration of HSCARG monomer, whereas n is the n factor.

Crystallization and Data Collection. The purified protein was con-
centrated to �13 mg/ml, and crystallization was performed at 277
K by using hanging-drop method of vapor diffusion. Hampton
Research Crystal Screen kit I, kit II and Index kit (Hampton
Research, Aliso Viejo, CA) were used for initial screening. Two
microliters of protein solution mixed with 1 �l of reservoir solution
was equilibrated against 400 �l of reservoir solution. Crystals
appeared in many initial conditions. Large crystals were obtained
from the solution contains 1.2 M sodium potassium phosphate pH
7.3 after optimizing the pH and the concentration of precipitants.

X-ray diffraction data were collected on Mar225 CCD De-
tector at SER-CAT 22BM synchrotron source at a wavelength of
0.97928 Å.

During data collection, the crystal was maintained at 100 K by
using nitrogen gas, with 20% glycerol as the cryoprotectant. The
data were collected and processed with in-house software at
SER-CAT and HKL2000 (28), respectively. The crystallographic
parameters and data collection statistics are given in Table 2.

Structure Determination and Refinement. The structure of
HSCARG was solved by Se-SAD method (Protein Data Bank ID
code 2EXX). The sites of Se were determined with program of
SHELXD (29) by using data from 20 Å to 3.5 Å. Refinement of
heavy atom parameters and phasing work was carried out with the
program SHARP (30). The electron-density map for automatic
model tracing was calculated by using the program Resolve (31).
Approximately 50% of proportions of the amino acids were auto-
traced, and the remainder of HSCARG structure was built man-
ually by using the program O (32).

Structure refinement was conducted to 2.4 Å by using the
program CNS (33), which contained simulated annealing, energy

Table 2. Refinement statistics for HSCARG structure

Space group F23
Unit cell a, b, and c, Å a � b � c � 223.30
Resolution 50–2.4 (2.49–2.4)
Reflections, unique/total observed 34,021/365,081
Completeness (50–2.40 Å) 95.3 (100)*
I/� (50–2.40 Å) 20.87 (7.19)
Rmerge (50–2.40 Å)† 0.123 (0.435)
Rcryst

‡ 0.228
Rfree

§ 0.264
Model

Number of atoms 4,736
Number of reflections 33,998

rmsd
Bonds, Å 0.008
Angles, ° 1.720

*Values in parentheses are for the last resolution shell.
†Rmerge � �I � 	I
 /� 	I
.
‡Rcryst � ��Fo � Fc�/� Fo.
§Rfree is the Rcryst for the selected subset (10%) of the reflections not included
in prior refinement calculations.
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minimization, and individual B factor refinement. Reference and
model modulation were made with 2Fo�Fc and Fo�Fc by using the
program O. The quality of the model was checked with the program
PROCHECK. The final statistics are tabulated in Table 2, and the
coordinates have been deposited in the Protein Data Bank (ID code
2EXX).

Transfection and Immunofluorescence Assays. To determine the
subcellular localization of the HSCARG protein in human cells, the
cDNA of HSCARG was inserted downstream of flag cDNA into
the SalI-NotI sites of the pRK-Flag vector (a gift from H. Shu,
Peking University, Beijing, China) by using the following primers,
5�-ACGCGTCGACTATGGTGGACAAGAAACTG and 5�-
ATAAGAATGCGGCCGCTCACAGCAGGTTGAAGTC, and
transfected into HeLa cells by the standard calcium phosphate
precipitation (34). The cells were incubated with monoclonal
anti-flag generated from mouse (Sigma, St. Louis, MO) followed by
a fluorescent-labeled secondary antibody (1:100 in PBS) (goat
anti-mouse IgG conjugated with FITC or TRITC), and visualized
under Zeiss (Thornwood, NY) Axioskop fluorescence microscope
(Axiovert 2000M). Nuclear DNA was stained by using 1 �g/ml
DAPI, a fluorescent DNA-intercalating dye.

Immunofluorescence assays with the mouse antiserum raised
against HSCARG were carried out following similar procedures to
those described but without the step of transfection.

Colocalization of HSCARG with cytokeratin was performed in
HeLa cells by using mouse anti-HSCARG and monoclonal anti-
cytokeratin antibody, respectively. A radiance confocal microscope
system (Leica, Wetzlar, Germany; Tcs-spII) was used to visualize
the distribution of cytokeratin and HSCARG.

Measurements of Redistribution of HSCARG. HeLa cells were seeded
on 13-mm coverslips with 105 cells/cm2 density and incubated for
16 h at 37°C 5% CO2 with 10% calf serum in DMEM, followed by
further 1- or 24-h incubation in the absence or presence of 25 �M
G6PD inhibitor DHEA. Cells were washed three times with PBS,
fixed with 3.7% paraformaldehyde in PBS for 20 min at room
temperature, and then permeabilized for 10 min with 0.3% Triton
X-100 in an ambient environment. After blocking with 3% BSA in
PBS for 20 min at room temperature, the cells on coverslips were
incubated with mouse polyclonal antibody against human
HSCARG (dilution 1:50) overnight at 4°C followed by FITC-
conjugated goat anti-mouse IgG (1:50) (Zhongshan Biotech, Bei-

jing, China) for 1 h at 37°C in dark. Cells were counterstained with
DAPI and visualized by using fluorescence microscopy.

Immunoprecipitation Experiment. To look for the partner of
HSCARG protein, the immunoprecipitation experiment was
carried out as follows. HeLa cells (�109) were lysed in 20 ml of
lysis buffer (1% Nonidet P-40/1 mM EDTA/150 mM NaCl/50
mM Tris�HCl, pH 8.0/1 mg/ml leupeptin/1 mM PMSF) for 2 h on
ice and were centrifugated at 15,000 � g for 30 min at 4°C. The
cell lysates were precleared with protein G Sepharose (50%
slurry) (GE Healthcare) for 3 h at 4°C, and the supernatants
were divided into two parts and incubated with 10 �g of
polyclonal antibody against HSCARG and 10 �g of rabbit IgG
(Zhongshan), respectively, for 12 h at 4°C. Then 800 �l of protein
G Sepharose was added to precipitate the protein complexes
followed by washing three times with cell lysis buffer. The
proteins bound to protein G were eluted with SDS loading buffer
and examined on 10% SDS-polyacrylamide gels. The identified
specific bands were analyzed in an Ultraflex MALDI TOF mass
spectrometer (Bruker Daltonik, Bremen, Germany).

Coimmunoprecipitation and Western Blot Analysis. To examine the
interaction between the HSCARG and ASS, the hscarg and ass
genes were inserted in the expression vectors pRK-Flag and pRK-
HA, respectively. Ten micrograms of the Flag-tagged HSCARG
and 10 �g of HA-tagged ASS plasmids were cotransfected in
HEK-293T cells by the standard calcium phosphate precipitation.
Forty-eight hours later, cells were collected and lysed in 1 ml of lysis
buffer. The cell lysates were precleared with protein G Sepharose
for 1 h, and the supernatant was incubated with anti-Flag or -HA
monoclonal antibodies or control IgG (Sigma) overnight at 4°C.
The following day, 80 �l of protein G Sepharose was added and
incubated for 3 more hours. The Sepharose beads were washed
three times with lysis buffer. The precipitated proteins were frac-
tionated on 15% SDS/PAGE and transferred to nitrocellulose
membrane (Hybond Extra, GE Healthcare). Subsequent Western
blotting analyses were performed by using anti-Flag or -HA mono-
clonal antibodies, respectively, followed by a HRP-conjugated goat
anti-mouse secondary antibody (Huamei, Beijing, China).
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