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ABSTRACT: In archaea and eukaryotes, the nascent polypeptide-associated complex (NAC) is one of the cytosolic
chaperones that contact the nascent polypeptide chains as they emerge from the ribosome and assist in post-
translational processes. The eukaryotic NAC is a heterodimer, and its two subunits form a stable complex through
a dimerizing domain called the NAC domain. In addition to acting as a protein translation chaperone, the NAC
subunits also function individually in transcriptional regulation. Here we report the crystal structure of the human
NAC domain, which reveals the manner of human NAC dimerization. On the basis of the structure, we identified a
region in the NAC domain of the human NAC a-subunit as a new nucleic acid-binding region, which is blocked
from binding nucleic acids in the heterodimeric complex by a helix region in the -subunit.

A ribosome is the molecular factory where protein synthesis
occurs. Newly synthesized proteins exit the ribosome as unfolded
polypeptide chains that must achieve a specific three-dimensional
structure to become functionally active. A large number of
molecular chaperones, including the nascent polypeptide-asso-
ciated complex (NAC), heat-shock proteins, prefoldin, etc.,
associate with the newly synthesized polypeptide chains to
protect them from aggregation and degradation by cytosolic
proteolytic enzymes and to help them fold properly (Z, 2).

In archaea and eukaryotes, NAC is one of the first cytosolic
chaperones to contact the nascent polypeptide chains as they
emerge from the ribosome (3). It is located at the nascent polypep-
tide exiting site of the ribosome by binding to ribosomal protein
L23 (or its homologues), which is positioned near the exiting site
and functions as a binding platform for cytosolic factors interacting
with nascent chains (2, 4). NAC interacts with unfolded polypep-
tide chains and is proposed to contribute to the fidelity of
cotranslational processes such as folding and targeting of the
nascent proteins (3, 5, 6). It also regulates translocation of protein
into the endoplasmic reticulum and mitochondria (7—10). Recent
studies showed that its stability and functions are regulated by
ubiquitination (//—13). In addition, the individual subunits of
NAC also have roles in transcriptional regulation-related processes
and in cell differentiation (/4—22). Despite extensive investigations,
the exact function of NAC is still not fully understood.

Human NAC (hNAC) contains two subunits, t-NAC (NACA)
and S-NAC (BTF3). Both contain a featured domain named the
NAC domain that mediates dimerization of the two subunits, and
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the NACA subunit has an extra ubiquitin-associated (UBA)
domain at the C-terminal end (Figure 1). To better understand
the NAC, we elucidated the crystal structure of the NAC domain
of human NAC at 2.5 A resolution. The NAC domains of the two
subunits form a compact f-barrel with their f-strands. The
structure is highly similar to the NAC domain of the archaeal
NAC, but with additional features (23). A positively charged
region on NACA was shown to be covered by a helix region from
BTF3. On this basis, we identified this region on NACA as a
nucleic acid-binding region. These results provide possible expla-
nations for the functional regulation of NAC and improve our
understanding of the biological functions of NAC in eukaryotes.

MATERIALS AND METHODS

Plasmid Construction, Protein Expression, and Purifi-
cation. Genes of NACA (GenelD 4666) and BTF3 (GenelD 689)
were amplified from the human ¢cDNA library by using a standard
polymerase chain reaction (PCR) protocol. Primers used in
cloning were synthesized by Sangon (Shanghai, China), and the
sequences are summerized in Table S1 of the Supporting Informa-
tion. The N-terminal 83-residue truncated NACA (NACAAN)
gene was then cloned into the Ndel and Xhol sites of pET22b(+)
(Novagen), and the N-terminal 95-residue truncated BTF3
(BTF3AN) gene was cloned into the same sites of a modified
pET28a(+) vector (p28, removed the thrombin cleave site). The
plasmids were cotransformed into Escherichia coli BL21(DE3)
(Merck) for protein expression. Cells were grown to an ODy of
1.0 at 37 °C and induced with 1 mM IPTG' for 20 h at 27 °C.

! Abbreviations: IPTG, isopropyl 1-8-p-thiogalactoside; Tris, 2-ami-
no-2-(hydroxymethyl)propane-1,3-diol; PEG, polyethylene glycol;
DTT, 1,4-dithiothreitol; EDTA, diaminoethanetetraacetic acid;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; SDS, so-
dium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; 5'-
FAM, 5'-carboxyfluorescein; dsDNA, double-stranded DNA; ssDNA,
single-stranded DNA; ssRNA, single-stranded RNA; PBS, phosphate-
buffered saline; BSA, bovine serum albumin; DAPI, 4',6-diamidino-2-
phenylindole; PISA, protein interfaces, surfaces, and assemblies service
PISA at the European Bioinformatics Institute; rmsd, root-mean-square
deviation.

©2010 American Chemical Society
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FI1GURE 1: Schematic representation of conserved domains in human
NAC and the archaebacterial homologue aeNAC from Mortierella
marburgensis.

Expressed proteins were NACAAN and BTF3AN with a
MGHHHHHH tag at the N-terminus. Cells were harvested and
disrupted by sonication in 50 mM Tris-HCI (pH 8.0) and 250 mM
NaCl. After centrifugation, the supernatant was loaded onto a Ni
chelating column (GE Healthcare), and proteins were purified
following the protocols. The purified product was mainly a
heterodimeric complex of the two truncated subunits, NACAAN
and BTF3AN. That was further purified with HiLoad 16/60
Superdex 200 (GE Healthcare). The purified NAC complex was
dialyzed in 20 mM Tris-HCI (pH 7.0), 80 mM NaCl, and 5 mM
p-mercaptoethanol and concentrated to 20 mg/mL. To obtain the
NACAAN homodimer, we cloned the relevant gene into p28 and
expressed and purified the protein by the same process as described
above. NACA and BTF3 mutations were introduced using the
TaKaRa MutanBEST Kit.

Crystallography. Crystals of the hNAC complex suitable for
X-ray diffraction were grown in 15% PEG 6000 and 0.1 M
sodium citrate (pH 5.5) using the hanging drop vapor diffusion
method at 12 °C for 2 weeks. X-ray diffraction data were
collected at 100 K with a cryoprotectant [12% PEG6000, 80
mM sodium citrate (pH 5.5), and 20% glycerol] on beamline
3WIA of the Beijing Synchrotron Radiation Facility at the
Institute of High Energy Physics, Chinese Academy of Sciences
(detector: marced). Data were processed using HKL.2000 (24)
and programs in the CCP4 package (25).

The crystal structure of the homodimeric NAC domain of the
nascent polypeptide-associated complex from M. marburgensis
[Protein Data Bank (PDB) entry 1TRS] was used as an initial
search model for determining the structure of hNAC by the stan-
dard molecular replacement method with MOLREP in the CCP4
package (23, 26). The model was further built and refined at 2.5 A
resolution using Refmac5 (27) and COOT (28) by manual model
correction. Cycles of refinement and model building were con-
ducted until the crystallographic R-factor and free R-factor con-
verged to 21.5 and 25.3%, respectively. The CNS package (29) was
used during the refinement, and TLS refinement (30) was executed
in Refmac5 at the last stage. Structure stereochemistry was checked
with PROCHECK (31). Details about data collection and proces-
sing are given in Table 1. Figures were prepared using PyYMOL (32).

Analysis of NAC—DNA Interactions by an Electro-
phoretic Mobility Shift Assay. The DNA probe used in the
electrophoretic mobility shift assay (EMSA) was synthesized by
Sangon with a 5-CCTTACAGCAAAGCTACTTT-3' sequence
selected at random. Two strands of complementary ssDNA were
annealed to form dsDNA. dsDNA (100 nM) was mixed with
different amounts of protein and incubated in 20 mM HEPES
(pH 7.0), 80 mM NaCl, | mM DTT, and 2mM EDTA at 4 °C for
1 h, before electrophoresis on 8% native-PAGE gels at 60 V in
0.5x TBE buffer at 4 °C. After electrophoresis, the gel was
stained with the nucleic acid gel stain GelRed (Biotium, Inc.).

Fluorescence Polarization Assays. The sequences of fluore-
scently labeled (5-FAM) DNA and RNA probes were the same
as those used in the EMSA (TaKaRa). Fluorescence polarization
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Table 1: Crystallographic Statistics

Data Collection

resolution (A) 50.0—2.50 (2.54—2.50)"

wavelength (A) 1.0000
oscillation width (deg) 1
exposure time (s) 5
space group P6,22

unit cell parameters (A) a=>b=59.76,c=176.82

no. of unique reflections 7011 (280)¢
redundancy 17.1 (5.3)¢
completeness (%) 98.8 (86.4)"
average I/o(1) 35.8 (1.6)¢
Rmergeh (0/0) 6.7 (443)“
Refinement
resolution (A) 50.0—-2.50
no. of reflections for refinement/test 6407/529
Ryork’ (%)/ Riree (%) 21.5/25.3
rmsd for bonds (A) 0.009
rmsd for angles (deg) 1.374
mean B factor (Az) 25.6
no. of non-hydrogen protein atoms 903
no. of water oxygen atoms 19
Ramachandran plot (%)
most favored regions 93.1
additional allowed regions 5.9
generously allowed regions 1.0

“Values in parentheses are for the highest-resolution shell. ”Rmerge =
Sonol () = (IS > (), where I(h), is the /th observation of
reflection 4 and (I(h)) is the weighted average intensity for all observations
[ of reflection h. ‘Ryork = D_nllFobs()| — |Feat(M)||/> 1l Fobs(h)|, wWhere
Fops(h) and F.(h) are the observed and calculated structure factors for
reflection /i, respectively. deree was calculated as Ry using the 8% of
reflections that were selected randomly and omitted from refinement.

assays (FPA) were performed in 20 mM HEPES (pH 7.0), 80 mM
NaCl, | mM DTT, and 2mM EDTA at 25 °C using a SpectraMax
M35 Microplate Reader system. The wavelengths of fluorescence
excitation and emission were 490 and 524 nm, respectively. Each
384-well contained 100 nM 5'-FAM-labeled dsDNA probe or 200
nM 5-FAM-labeled ssDNA or ssRNA probe and different
amounts of proteins (concentrations from 0 to 180 uM) in a final
volume of 80 uL. For each assay, nucleic acid-free protein-only
controls (proteins only) were included. The fluorescence polariza-
tion P (in mP units) was calculated with eq 1

:Iu—h
L+1

(1)

The fluorescence polarization change AP (in mP units) was fit to
eq 2

[protein]

AP = APpyy——"—""—
" Ky + [protein]

(2)

Immunofluorescence. Hela cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco) containing 10%
fetal bovine serum (FBS) (Gibco). The P3xFLAG-myc-CMV-
24 vector (Sigma) expressing NACA or NACA_Q was trans-
fected into cells using Lipofect AMINE 2000 reagent (Invitrogen)
at ~60% confluence in Opti-MEM (Gibco). Twenty-four hours
after transfection, cells were fixed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 in PBS and blocked with
1% BSA in PBS plus 0.05% Tween 20. Cells were incubated with
anti-myc antibody (1:300, Santa Cruz) for 1 h at room tempera-
ture and washed with PBS plus 0.05% Tween 20 three times,
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FIGURE 2: Structural features of the human NAC domain. (A) Stereoview of the human NAC domain. NACA is colored purple and BTF3 yellow
and red. (B) Overall structure superposition of the hNAC domain with aeNAC. Human NAC is colored yellow and purple and aeNAC green and
blue. (C) Residues forming hydrogen bonds between the helix region of BTF3 and the S-sheet region. (D) Residues contributing to hydrophobic
interactions between the BTF3 helix region and the f-sheet region. (E) Highlighted leucines and isoleucines in the BTF3 helix region. These

residues are conserved between human and yeast 5-NAC homologues.

before being incubated for 1 h at room temperature with Texas
Red-conjugated anti-mouse IgG secondary antibody (1:300,
Santa Cruz) to detect myc-tagged NACA proteins. Digital
images were acquired using an IX71 inverted system microscope
(Olympus, Tokyo, Japan).

RESULTS

Structure of the Heterodimer of NAC Domains. Human
NAC is a heterodimer of NACA and BTF3 subunits. We were
unable to obtain full-length complex crystals, so we made
truncations of the two subunits based on the structure of an
archaebacterial NAC (aeNAC) from M. marburgensis (23)
(Figure S1 of the Supporting Information). NACA with the 83
N-terminal residues truncated (NACAAN) and BTF3 with the
95 N-terminal residues truncated (BTF3AN) still formed a
heterodimer, as copurified by Ni affinity chromatography when
the six-His tag was linked to the BTF3 subunit, and a sharp
elution peak was observed in the gel filtration experiment
(Figures S2A and S3 of the Supporting Information). Because
of partial degradation during the crystallization process, as
proven via SDS—PAGE of dissolved crystals (Figure S2B of

the Supporting Information), and the natural disorder of protein
in crystal, the final crystal structure exhibited only residues
84—136 of NACA and residues 97—162 of BTF3. This included
most of the NAC domains that mediated the heterodimerization,
and a short helix region after the NAC domain on the BTF3
subunit (Figure 2A). The two subunits each have six S-strands
(S1—S6) and formed a two-side flattened p-barrel with one
antiparallel S-sheet on each side. The S1, S4, and S5 strands of
the two subunits formed a concave antiparallel 5-sheet designed
as the “outer” surface, with the S2, S3, and S6 strands forming the
“inner” surface. The S2 strands and S5 strands of the two
subunits formed intrasubunit antiparallel -sheets, respectively
(Figure S4A of the Supporting Information). A series of highly
conserved hydrophobic residues built up the hydrophobic core of
the -barrel (Figure S4B of the Supporting Information).
Structural Comparison with aeNAC. The crystal structure
of NAC from M. marburgensis (aeNAC) had been deter-
mined (23). In eukaryotes, NAC is a heterodimer of a- and
B-NAC subunits, while aeNAC is a homodimer of one NAC
subunit (Figure 1). Both of the two subunits of human NAC
(hNAC) are homologous to aeNAC in the NAC domains. In
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these domains, the level of sequence identity is 28% between
human NACA and aeNAC and 26% between human BTF3 and
aecNAC. The structure of the heterodimerized NAC domain of
the human nascent chain-associated complex shows a high degree
of similarity to that of aeNAC, with the same dimerization
pattern. Both of the subunits align well with the NAC domain of
aeNAC (Figure 2B). Superimpositions of the hNAC domain
with that of aeNAC (residues 26—72) showed a root-mean-
square deviation of 1.7 A over the Ca atoms of NACA
(residues 84—130) and 1.4 A over the Ca atoms of BTF3
(residues 98—142). The high degree of similarity of the two
structures indicates the evolutionary conservation of NAC
domains.

A main difference between the two complexes is that at the end
of the NAC domain ($6), a short loop in aeNAC links the NAC
domain and UBA domain, while in hNAC, three helices from
BTF3 cover the inner surface of its NAC domain (Figure 2B).
This conformation does not appear to result from crystallization
but represents the natural state of the protein. Analysis by
PISA (33) showed that the interface between the helix region
and the inner surface was 517 A% and the conformation was
predicted to be stable in solution. Several hydrogen bonds formed
between the residues of these helices and the NAC domain inner
surface; also, a cluster of hydrophobic interactions formed
between them. Residues N152 and Q153 of the helix region of
BTF3 form hydrogen bonds with R93 and L131 of NACA and
with E105 and N107 of BTF3 (Figure 2C). Residues L143, L147,
1150, L151, L154, and L159 of the BTF3 helix region form a
hydrophobic core with F109 and V115 on the strands of BTF3
(Figure 2D). These interactions between the BTF3 helix region
and the inner surface of the complex stabilize the helix region
relative to the fS-barrel. The leucine and isoleucine in the helix
region are highly conserved between yeast and human NAC
(Figure 2E), indicating functional conservation. The inner sur-
face of the hNAC domain is buried by the helices and may be
blocked from interacting with other proteins or nucleic acids.
Instead, the hydrophobic surface of the helices formed by the
series of leucines may be involved in interacting with other
partners.

Comparison with the NACA Homodimer Model. In the
absence of BTF3, NACA alone forms a homodimer and has
functions aside from being a polypeptide chaperone, such as
regulating transcription (23). On the basis of the heterodimer
crystal structure, we made a model of the NACA homodimer.
Comparing the structure of the hNAC heterodimer with the
model of the NACA homodimer, we found that the NACA
homodimer inner surface was rich in the positively charged
residues arginine and lysine (Figure 3A), while in the hNAC
heterodimer, only one lysine was positioned on this surface of
BTF3 and the major part of the heterodimer inner surface is
masked by the helix region of BTF3 (Figure 3B). The positively
charged residues on this surface of the NACA are highly
conserved between yeast and human species (Figure 3E). In
aeNAC, this surface also has clusters of positively charged
residues and was supposed to bind nucleic acids (23). The domain
architecture of aeNAC and the relatively high level of sequence
identity between aeNAC and human NACA suggest that the
aeNAC homodimer is more like a human NACA homodimer
than a NAC heterodimer. Therefore, the inner surface of the
NACA homodimer is also a candidate for binding nucleic acids.
On the other side of the 8-barrel, a cluster of conserved aromatic
(Y112 and F123) and hydrophobic (L85 and 1121) residues of the
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FIGURE 3: Structural comparison of the human NAC domain with
the NACA homodimer model. (A) Inner surface of the NACA
homodimeric domain model. The positively charged residues on
NACA are labeled. (B) Inner surface of the hNAC heterodimeric
domain. (C) Outer surface of the NACA homodimeric domain
model. The hydrophobic residues on NACA are labeled. (D) Outer
surface of the hNAC heterodimeric domain. (E) Highlighted con-
served positively charged and hydrophobic residues in the NAC
domain of NACA. These residues are conserved between human
and yeast a-NAC. Positively charged residues are colored red and
hydrophobic residues green.

NACA form a hydrophobic surface (Figure 3D,E). In the NACA
homodimer, the number of hydrophobic residues on this outer
surface also increases, which may change the function of this
surface (Figure 3C). These differences possibly contribute to the
different behaviors of NACA in homodimeric and heterodimeric
forms.

The Inner Surface of the NACA Homodimer Binds
Nucleic Acids. The N-terminally truncated NACAAN still
formed a homodimer (Figures S2C and S3 of the Supporting
Information). NACA was previously shown to bind nucleic acids
with high affinity (34). Its binding to the osteocalcin promoter
DNA through residues 69—80 is required for potentiation of c-
Jun-dependent transcription of the osteocalcin gene (/7). To test
if the inner surface of the NACA homodimer also bound nucleic
acids, we expressed and purified NACAAN and tested its affinity
for DNA. The complex of NACAAN and BTF3AN was used as
a control. Since residues 69—80 were excluded from the NA-
CAAN segment in both the homodimer and the heterodimer, the
NACAAN and BTF3AN heterodimer (NACAN) were not
expected to bind DNA, while the NACAAN homodimer might
bind through the patch of exposed positive residues on the inner
surface. We tested dsSDNA binding via an electrophoretic mobi-
lity shift assay (EMSA). As shown in Figure 4A, the NACAN
heterodimer did not cause DNA band shifts, while the NACAAN
homodimer did. This fit with our hypothesis that the NACAAN
homodimer retained DNA binding activity, while in the hetero-
dimer, the NACAAN DNA-binding surface was covered by the
BTF3 subunit.
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FiGure 4: Human NACAAN interacts with nucleic acids through the inner surface. (A) EMSA assessing the interaction of NACAAN and
NACAN with a random sequence 20 bp dsSDNA. Each lane included 10 uM dsDNA. The NACAAN concentrations were 100, 150, and 200 uM in
lanes 2—4, respectively. The NACAN concentrations were 100, 150, and 200 #M in lanes 5—7, respectively. (B) FPA of NACAAN, NACAN, and
mutants with 5-FAM-labeled 20 bp dsDNA. (C) FPA of NACAAN, NACAN, and NACAAN_Q with 5-FAM-labeled 20 bp ssDNA. (D) FPA
of NACAAN, NACAN, and NACAAN_Q with 5-FAM-labeled 20 bp ssRNA. Data for NACAAN in each diagram were fitted according to eq 2
(see Materials and Methods). Others did not interact sufficiently strongly for reliable constants.

We then measured the DNA binding abilities of the NACAAN
homodimer and NACAN by the fluorescence polarization assay
(FPA). The dissociation constant (Ky) between the NACAAN
homodimer and dsDNA was approximately 26 uM, and the
NACAN heterodimer caused almost no change in fluorescence
polarization (Figure 4B). To test if the positive residues on the inner
surface of NACA were responsible for the interaction, we mutated
residues R93, R97, K100, and K108 to Q and tested the mutant’s
affinity for dsSDNA. As expected, the affinity of this mutant (NA-
CAAN_Q) for dsDNA was significantly reduced (Figure 4B). To
confirm that the loss of DNA affinity resulted from a block of this
surface by the BTF3 helix region in the heterodimer, we made a
mutant that truncated the helix region (residue 143—176) from the
BTF3AN subunit. The new truncated version of BTF3AN (BT-
F3AN_T) still formed a heterodimer with NACAAN (Figures S2A
and S3 of the Supporting Information). As measured by FPA, this
heterodimer (NACAN_T) partially recovered the ability to bind
dsDNA (Figure 4B). These results indicated that the inner posi-
tively charged surface of the NACA homodimer is a novel dssDNA-
binding surface that is different from the previously identified
DNA-binding region of residues 69—80, and in the NAC hetero-
dimer, this region is blocked by the BTF3 helix region.

We also tested the ability of the NACAAN homodimer to bind
ssDNA using FPA and found that it bound them with a similar
but slightly higher Ky (47 uM) (Figure 4C). Similar to the re-
sults with dsDNA, NACAN did not bind ssDNA (Figure 4C).
The affinity of NACAAN_Q for ssDNA was decreased signi-
ficantly compared to that of NACAAN, indicating that the

inner surface was also responsible for interaction with ssDNA
(Figure 4C).

Finally, we tested these proteins’ ssRNA binding abilities,
which were generally similar to their DNA binding abilities. A
striking difference was that NACAAN bound ssRNA with a
much higher affinity than DNA (K4 = 2.5 uM) (Figure 4D). This
illustrated that while both DNA and RNA interact with the
NACA inner surface, RNA is more likely to be a natural
substrate.

The Inner Surface Affects the Subcellular Localization
of the NACA Homodimer. Hela cells were transfected with
full-length NACA and NACA_Q mutant expression vectors to
determine the effect of the positively charged residues of the inner
surface on the subcellular localization of NACA. Wild-type
NACA was observed in both the cytosol and nucleus in 61%
of the cells, and exclusive cytosolic localization was observed in
39% of the cells (Figure 5). In contrast, in NACA_Q-expressing
cells, the percentage of those exhibiting both cytosolic and
nuclear sublocalization of the protein decreased to 21%, and in
the other 79% of the cells, NACA_Q localized exclusively in the
cytosol (Figure 5). Therefore, we concluded that the positively
charged inner surface is crucial for NACA localization in the
nucleus.

DISCUSSION

NAC is a conserved protein chaperone that shields nascent
polypeptides and helps target ribosomes to the endoplasmic
reticulum and mitochondria properly. The o- and S-subunits
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FIGURE 5: Inner surface that affects NACA subcellular localization. (A) HeLa cells were transfected with NACA and NACA_Q expression
vectors, and myc-tagged recombinant proteins were detected by indirect immunofluorescence (top row). Nuclei were stained with DAPI (bottom
row). The bar is 10 um. (B) Statistics of the ratios of cells in which NACA or NACA_Q was localized both in the cytosol and in the nucleus.

of NAC form a heterodimer to perform this function. In this
study, we determined the crystal structure of the dimerization
domain of the human NAC. This is the first report to use the
crystal structure to determine the manner of heterodimerization
of eukaryotic NAC. The structure suggests that from archaea to
humans, NAC changes from a homodimer to a heterodimer, but
the mechanism of dimerization of NAC domains is highly
conserved, with binding by two pairs of f-sheets to form a
p-barrel. Six f-strands from each subunit are the minimal
components for the formation of an NAC complex.

Besides the function as a protein chaperone, the NACA
subunit has a high affinity for nucleic acids and is a coactivator
in transcription regulation (/7, 34). It binds the osteocalcin
promoter DNA through residues 69—80 (/7). We identified the
inner surface of the NAC domain as another nucleic acid-binding
region of the NACA homodimer. This region may function in
several possible ways. First, since residues 69—80 are just
N-terminal to the NAC domain of NACA, the two DNA-
binding regions are spatially close. Therefore, this region may
also be required for transcription coactivator function. The inner
surface may assist in NACA’s correct location of the specific
promoter regions and in strengthening the interaction between
NACA and the promoter DNA. Our results showed that NACA
bound RNA through the inner surface of the NAC domain with
much higher affinity than DNA. This suggests the possibility that
NACA functions in post-transcriptional processes such as assist-
ing in RNA stability and translocation.

While the NAC heterodimer is located mainly in the cytosol,
NACA is distributed to both the cytosol and the nucleus (14, 34).
The transport of NACA from the cytosol to the nucleus is
prompted by phosphorylation of serine 43 (35, 36). In our
experiments, after the nucleic acid-binding residues on the
NACA inner surface had been mutated, the degree of localization
of NACA in the nucleus diminished remarkably. This indicates
that the nucleic acid-binding inner surface is also important for
assuring the correct distribution and function in the nucleus. The
transcription coactivator activity of NACA is inhibited by the
existence of BTF3 (74). Also, in certain types of cells, NACA is
far more abundant than BTF3 (/4). Combined with our results, a
model for regulation of NACA subcellular distribution and
function through regulation of the proportion of NACA relative
to BTF3 has emerged. When the two proteins are expressed in
stoichiometric amounts, NACA remains in the cytosol to form a
heterodimer with BTF3 and functions as a molecular chaperone
in post-translational processes. Under certain conditions, NACA
is expressed at higher levels than BTF3, causing it to form a

homodimer and to enter the nucleus to function in the transcrip-
tion-related processes. The exposed inner surface assists NACA’s
localization and/or functions in the nucleus by binding nucleic
acids. BTF3 blocks the inner surface of NACA from binding
nucleic acids, providing a regulatory mechanism for NACA
homo- and heterodimer functions.

The cell is an economic system, and its components are usually
employed with high efficiency. Therefore, it is common for one
protein to carry multiple functions. The switching of NACA
between protein chaperone and transcription coactivator func-
tions through the formation of hetero- or homodimers provides a
link between translation and transcription. The exact mechan-
isms of NAC and NACA functions are still unknown, and the
biochemical difference between the NAC heterodimer and
NACA homodimer is still not fully understood. The NAC
domain may serve only as a module for forming dimers, or it
may have other functions. The crystal structure of the human
NAC domain shows new features in the subunit conformations,
and the newly identified nucleic acid-binding region of NACA
provides possible explanations about the regulation of its func-
tion. These results also provide more details about the biological
function of NAC.
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Figure S1 shows the sequeuce alignments between human
NAC subunits and aeNAC. Figure S2 summarized the SDS-
PAGE analysis results of proteins used for crystal and biochem-
ical analyses. Figure S3 shows the results of analyses of the
proteins’ homogeneities by Gel Exclusion Chromatography.
Figure S4 shows the residues forming intersubunit S-sheets and
hydrophobic core of hNAC heterodimer. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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