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La is a RNA-binding protein implicated in multiple pathways related to the production of tRNAs,
ribosomal proteins, and other components of the translational machinery (D. J. Kenan and J. D. Keene,
Nat. Struct. Mol. Biol. 11:303–305, 2004). While most La is phosphorylated and resides in the nucleo-
plasm, a fraction is in the nucleolus, the site of ribosome production, although the determinants of this
localization are incompletely known. In addition to its conserved N-terminal domain, human La harbors
a C-terminal domain that contains an atypical RNA recognition motif and a short basic motif (SBM)
adjacent to phosphoserine-366. We report that nonphosphorylated La (npLa) is concentrated in nucleolar
sites that correspond to the dense fibrillar component that harbors nascent pol I transcripts as well as
fibrillarin and nucleolin, which function in early phases of rRNA maturation. Affinity purification and
native immunoprecipitation of La and fluorescence resonance energy transfer in the nucleolus reveal close
association with nucleolin. Moreover, La lacking the SBM does not localize to nucleoli. Lastly, La exhibits
SBM-dependent, phosphorylation-sensitive interaction with nucleolin in a yeast two-hybrid assay. The
data suggest that interaction with nucleolin is, at least in part, responsible for nucleolar accumulation of
La and that npLa may be involved in ribosome biogenesis.

La is an abundant protein, found in the nucleoplasm, nucle-
olus, and cytoplasm, that interacts with a wide variety of RNAs.
Most La (�85%) is phosphorylated on S366 and resides in the
nucleoplasm, where it binds the UUU-OH 3� ends of RNA
polymerase III (pol III) transcripts, which include precursors
to tRNAs, 5S rRNA, and other snRNAs, and chaperones them
during their maturation (39, 47–49, 75). La has also been found
associated with certain small nucleolar RNAs (snoRNAs)
whose precursor intermediates contain 3� oligo(U) (37; re-
viewed in references 48, 49, and 75). The importance of proper
nuclear localization of La is revealed by disruption of its nu-
clear retention, which causes dysfunctional processing of asso-
ciated pre-tRNAs (38).

The conserved N-terminal domain of human La (hLa) is
composed of two different RNA-binding motifs, a La motif and
a canonical RNA recognition motif (RRM) that cooperate to
recognize UUU-OH, while its C-terminal domain (CTD) is
composed of an atypical RRM with an integral helix that serves
as a nuclear retention element, as well as a short basic motif
(SBM), a nuclear localization signal (NLS), and phospho-S366

(see below and Fig. 3P) (1, 8, 14, 42; reviewed in reference 45).
S366-phosphorylated La (pLa) is active for tRNA maturation,
while nonphosphorylated La (npLa) is not (40).

pLa is almost exclusively nucleoplasmic and associated with
pre-tRNAs and other pol III transcripts, while npLa is also
cytoplasmic and is bound to a set of specific mRNAs that bear

5�-terminal oligopyrimidine, a common motif found on mR-
NAs that produce ribosomal proteins, translation elongation
factors, and snoRNAs involved in rRNA biogenesis (39, 51,
68). La also associates with poliovirus and other viral and
cellular mRNAs that bear internal ribosome entry site ele-
ments and promotes their translation, as it does for Mdm2
mRNA (13, 34, 49, 50, 57, 71, 75).

Although La is mainly nuclear, its redistribution to the
cytoplasm is directed by poliovirus 3C protease, which
cleaves La at Q358, removing its C-terminal NLS (50, 65).
As another example of regulated localization, La is dephos-
phorylated and cleaved at D374 by caspase 3 or a related
protease and redistributed to the cytoplasm during apopto-
sis (3, 63), which is potentially related to translation of the
internal ribosome entry site mRNA for X-linked inhibitor of
apoptosis (34).

Although the profile of La-associated pre-tRNAs, pre-5S
rRNA, pre-snoRNAs, and 5�-terminal oligopyrimidine mRNAs
suggests a role for La in the coordinate production of the trans-
lation machinery (45), the molecular determinants of involvement
of La in the nucleolus, the site of ribosome biogenesis, are only
beginning to be characterized (35). Here, we report that npLa is
most concentrated in distinct nucleolar sites colocalized with nas-
cent pol I transcripts and with fibrillarin and nucleolin, which bind
to snoRNAs and pre-rRNA, respectively, during the early stages
of rRNA maturation (26). The data show that the SBM is re-
quired for efficient interaction with nucleolin and that this inter-
action is sensitive to phosphorylation. The data suggest that in-
teraction with nucleolin is responsible, at least partly, for
nucleolar accumulation of npLa and that npLa may participate in
ribosome biogenesis.
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MATERIALS AND METHODS

Immunofluorescence. Coimmunofluorescence was performed as described
previously (18) by using HSC172 cells (cultured human fibroblasts; gift of B.
Howard, Bethesda, Md.) (29). Ab1, AbP, and AbNP were described previously,
as was polyclonal anti-La (Go), which was a gift of J. D. Keene and D. J. Kenan
(Duke Medical Center) (39). Fibrillarin was detected with autoimmune serum S4
(Deitz) (provided by R. L. Ochs, Precision Therapeutics, Pittsburgh, Pa.) at
1:150. B23 was detected by using anti-B23 monoclonal antibody (mAb) (provided
by P. K. Chan, Baylor College of Medicine, Houston, Tex.) at 1:20. Primary Ab
was detected with secondary Ab conjugated to Texas red for La or fluorescein
isothiocyanate for fibrillarin and B23. Western blotting and immunoprecipitation
were done by following standard procedures (40, 46, 69). Monoclonal antinucleo-
lin (3G4B2) was from Upstate Biotechnology.

Sequential affinity purification of double epitope-tagged La-associated pro-
tein. Full-length wild-type and mutant human La open reading frames were
ligated into the retroviral vector pOZ for the purpose of immunoaffinity purifi-
cation of associated proteins as described previously (52). The multicloning site
in pOZ was altered to the sequence gcggccgctgccggaggaGACTACAAGGACG
ACGATGACAAGtcggccgctggaggaTACCCCTACGACGTGCCCGACTACGC
CTAG in order to express La with FLAG and hemagglutinin epitopes (upper-
case) separated by linkers (lowercase) fused to the C-terminal end of La. HeLa
cells were transduced with pOZ recombinant viruses by using the Clontech
protocol described for the pRetro-Off vector. Transduced cells expressing IL2Ra
on their surface were collected by affinity cell sorting by using anti-IL2Ra anti-
bodies (Upstate Biotechnology) and Dynabeads (Dynal) according to Dynal’s
protocol. Cells were grown to 5 � 105 cells/ml, collected, and extracted for 30
min with 2 ml of B100 buffer (20 mM Tris-HCl [pH 7.9], 100 mM KCl, 5 mM
MgCl2, 10% glycerol, 0.1% Nonidet P-40, 10 �M leupeptin, 1 �M pepstatin, 1
�M phenylmethylsulfonyl fluoride, 0.5 �g of aprotinin/ml, 10 mM NaF, 1 mM
sodium orthovanadate, and 1.15 mM sodium molybdate). All steps were carried
out on ice or at 4°C. The extract was cleared by centrifugation at 14,000 � g for
30 min and incubated with 400 �l of M2 anti-FLAG agarose beads (Sigma) for
4 h with rotation. The beads were washed in B100, and the bound proteins were
eluted by incubation for 1 h with 0.2 mg of FLAG peptide (Sigma)/ml in B100
with rotation. The eluate was incubated for 2 h with 400 �l of protein A-
Sepharose (Pharmacia) that was coupled to 12CA5 anti-HA antibody (Roche) as
described previously (31). The beads were washed with B100 and eluted for 1 h
with 0.5 mg of HA peptide (Roche)/ml in B100 buffer. The yield from 109 cells
was 4 �g of La-FLAG-HA protein.

Protein identification by mass spectrometry. A band migrating at �116 kDa
after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)–
Coomassie blue staining was excised and digested with trypsin, and the spectra of
the resulting peptides were acquired by nano-high-pressure liquid chromatogra-
phy LCQ mass spectrometry (77). Protein sequence database searches of the
mass spectrometry data with MASCOT software led to the identification of five
peptides whose masses matched tryptic fragments derived from human nucleolin
(22).

In situ labeling of sites of transcription. HSC172 cells growing on 22- by
22-mm coverslips were pretreated with �-amanitin (Roche) at concentrations of
0, 2, or 100 �g/ml for 30 min (or longer; data not shown). Cells were washed,
permeabilized, and incubated for 10 min at 37°C in transcription buffer contain-
ing 0.5 mM 5-bromouridine 5�-triphosphate (BrUTP; Sigma) containing the
appropriate concentration of �-amanitin and processed as described previously
with primary monoclonal Ab against BrUTP (1:200; Caltag) and AbNP (1:50) in
phosphate-buffered saline for 1 h, washed with phosphate-buffered saline, and
incubated with secondary Ab conjugated with fluorescein or Texas red (Vector
Laboratories) (16, 19).

Fluorescence resonance energy transfer (FRET) experiments were performed
in transfected HeLa cells on a Zeiss 510 confocal microscope with a �100 and 1.3
numerical aperture planapochromat oil objective and �3 zoom. FRET was
measured by using the acceptor photobleaching method (15, 43). In the presence
of FRET, bleaching of the acceptor (yellow fluorescent protein [YFP]) results in
a significant increase in fluorescence of the donor (cyan fluorescent protein
[CFP]). A single nucleolus was bleached for 500 ms in the YFP channel by using
the 514 argon laser line at 100% intensity. Before and after the bleaching, CFP
images were collected to assess changes in donor fluorescence. To minimize the
effect of photobleaching due to imaging, images were collected at 0.1% laser
intensity. To ensure that bleaching due to imaging was minimal, the level of
bleaching in each experiment was monitored by collecting five CFP and YFP
prebleach and postbleach image pairs. Each image was collected first in the CFP
channel and then in the YFP channel. The gain of the photomultiplier tubes in
the microscope was adjusted to obtain the best possible dynamic range. The

FRET energy transfer efficiency expressed as a percentage, EF, was calculated as
EF � (Ipost � Ipre) � 100/Ipost, where Ipre is the prebleach CFP intensity in the
last prebleach image and Ipost is the postbleach CFP intensity in the bleached
region of the first postbleach image (15). A minimum of 30 measurements (i.e.,
�30 separate cells) were collected and quantitated for each construct to produce
the data shown in Fig. 5B.

Yeast two-hybrid assay. The ProQuest Two-Hybrid system (Invitrogen 10835)
was used according to the manufacturer’s instructions. The hLa constructs were
cloned into the SalI and SpeI sites of pDBleu, nucleolin was cloned into the MluI
and EcoRI sites of pPC86, and the constructs were verified by sequencing. Yeast
transformation was performed with an EasyComp kit and an X-Gal (5-bromo-
4-chloro-3-indoyl-	-D-galactopyranoside) beta-galactosidase assay was per-
formed as described in the manufacturer’s manual (Invitrogen K5050-01).

RESULTS

Nonphosphorylated La is found at discrete nucleolar sites.
We previously characterized an affinity-purified antibody, re-
ferred to as AbNP, that is highly specific for npLa (39). Since
only �15% of total cellular La is npLa, AbNP recognizes a
small fraction with high specificity (39). Ab1 is a control affin-
ity-purified anti-La Ab that recognizes pLa and npLa equally
and produces nucleoplasmic staining (Fig. 1A) similar to stan-
dard polyclonal anti-La (39). By contrast, AbNP stained dis-
crete sites within nuclei, with less intense staining of the nu-
cleoplasm and cytoplasm (Fig. 1B). Figure 1C is an
enlargement of a nucleus in Fig. 1B that reveals discrete sites
reminiscent of the dense fibrillar components known to harbor
rRNA in the early stages of maturation (17, 54, 64).

To ensure that AbNP detected hLa and not another antigen,
we tested for specificity by transfecting nonhuman cells that
are nonreactive with AbNP. AbNP does not recognize endog-
enous La in these cells by Western blotting, consistent with the
high variability of mammalian La sequences corresponding to
the sequence of the peptide antigen (data not shown). Cells
were transfected with constructs expressing green fluorescent
protein (GFP) alone (Fig. 1D to F) or GFP-hLa1-408 fusion
protein (Fig. 1G to I) and counterstained with AbNP for red
immunofluorescence. Transfected cells were also stained with
DAPI (4�,6�-diamidino-2-phenylindole) to visualize nuclei
(panels D and G) and visualized for green (panels E and H)
and red (panels F and I) fluorescence to examine GFP and
AbNP, respectively. Transient transfection led to expression in
a fraction of the cells as expected (compare Fig. 1D and E and
Fig. 1G and H). Although GFP alone could be detected (Fig.
1E), as expected there was no appreciable nuclear staining by
AbNP in either the GFP-expressing or nonexpressing cells
(panel F). GFP-hLa1-408 exhibited nucleoplasmic as well as
more intense localized staining suggestive of nucleoli (panel
H). Only the expressing cells exhibited significant staining by
AbNP (panel I), and this staining occurred in a pattern similar
to that by GFP-hLa1-408 (panel H), with the most intense
staining suggestive of nucleoli. The data confirm that AbNP
reacts with hLa specifically and suggest that npLa accumulates
in nucleoli.

NpLa colocalizes with fibrillarin and nascent RNA polymer-
ase I transcripts. We examined native endogenous La in hu-
man cells by using AbNP together with Abs that recognize B23
and fibrillarin (Fig. 2), the latter two of which function in
rRNA biogenesis (54, 64). Fibrillarin localizes to sites of nas-
cent pol I transcripts in the dense fibrillar component, whereas
B23 is mostly in the granular component, reflective of later
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stages of ribosome maturation (54, 64). The most intense
AbNP staining colocalized with fibrillarin (Fig. 2A to C). The
most intense B23 staining appeared as a peripheral ring sur-
rounding the area of AbNP staining (Fig. 2D to F).

We next used permeabilized cells to label nascent transcripts
with BrUTP, employing �-amanitin to distinguish pol I from
pol II and pol III transcripts (16, 19). Anti-BrUTP was ob-
served in the red channel and AbNP was observed in the green
channel by confocal microscopy, and the images were overlaid
to visualize colocalization. At 0 �g of �-amanitin/ml, most
transcripts were observed in the nucleoplasm (Fig. 2G). Be-
cause 2 �g of amanitin/ml selectively inhibits pol II, the BrUTP
signal observed in its presence reflects nascent pol I and pol III
transcripts (Fig. 2H). pol II and pol III are inhibited by 100 �g
of �-amanitin/ml, while pol I remains active, as reflected by the
most intense BrUTP labeling in discrete sites in the nucleolus
with relatively less labeling elsewhere (Fig. 2I). At 100 �g of
�-amanitin/ml, the most concentrated npLa overlaps with the
BrUTP-labeled nascent products of pol I (Fig. 2I). We con-
clude that npLa resides in discrete nucleolar sites, colocalized

with nascent pol I transcripts and the rRNA processing factor,
fibrillarin.

Evidence that the SBM of La is required for nucleolar ac-
cumulation. Mutant hLa proteins were previously character-
ized for the ability to (i) stimulate pol III transcription in vitro,
(ii) stabilize the 5� and 3� ends of pre-tRNAs, and (iii) promote
tRNA maturation in vivo (20, 21, 30, 40). Here, we examined
these proteins as GFP-hLa fusions for colocalization with
fibrillarin (Fig. 3A to L). The ability of anti-GFP Ab to immu-
noprecipitate (IP) pre-tRNA from cells expressing GFP-hLa1-
408 indicated that the fusion was functional for pre-tRNA
binding (data not shown). We visualized nuclei by DAPI
(white), fibrillarin (red), and GFP-hLa (green) and produced
overlaid views of the red and green images. The most germane
findings are represented by the GFP-hLa constructs shown in
Fig. 3A to L. Full-length GFP-hLa1-408 exhibited the expected
nucleoplasmic and nucleolar pattern (Fig. 3A to D).

The N-terminal region of hLa that is absent in hLa26-408 is
required for high-affinity recognition of 3� UUU-OH-contain-
ing RNA (9, 30, 44; reviewed in reference 49; see also refer-

FIG. 1. Immunofluorescence reveals that npLa localizes to discrete nucleolar sites reminiscent of dense fibrillar centers. Cultured human
fibroblasts (HSC172) were incubated with Ab1 (A) or AbNP (B and C) and processed for immunofluorescence by using Texas red-conjugated
secondary antibody. Panel C is an enlargement of the inset in panel B. CMT3 cells were transfected with GFP (D to F) or GFP-hLa1-408 (G to
I), fixed, and incubated with AbNP for immunofluorescence. Cells were visualized with DAPI (D and G), green fluorescence (E and H), and Texas
red fluorescence (F and I).
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ence 53). Accordingly, this protein does not stabilize pre-tRNA
3� ends in vitro or in vivo and fails to support tRNA maturation
in vivo (20, 40). The most concentrated areas of GFP-hLa26-
408 colocalized with fibrillarin (Fig. 3E to H). This result sug-
gested that nucleolar localization is an activity of hLa that is
distinct from 3� end recognition of UUU-OH-containing
RNAs. GFP-hLa
223–307, which lacks the C-terminal RRM,
also exhibited no defect in nucleolar accumulation (Fig. 3P).

GFP-hLa
328–344, which lacks the SBM, localized diffusely
throughout nuclei but, unlike the proteins above, did not con-
centrate in regions characteristic of nucleoli (Fig. 3J). GFP-
hLa
328–344 exhibited less colocalization with fibrillarin than
with the other GFP-hLa constructs. Thus, while GFP-hLa1-408
and GFP-hLa26-408 produced a yellow color when overlaid
with fibrillarin (Fig. 3D and 4H), GFP-hLa
328–344 produced
a more orange-red color in the region stained for fibrillarin
(Fig. 3L). Immunoblotting showed that the relative paucity of
nucleolar accumulation of GFP-hLa
328–344 was not due to
low expression (Fig. 3M). These data indicate that GFP-
hLa
328–344, which lacks the SBM, is less concentrated in
nucleoli than all other GFP-hLa mutant proteins examined
that contain the SBM.

Cryptic nuclear localization activity in the C-terminal do-
main of hLa. As reported previously (38) and summarized in
Fig. 3P, GFP-hLa1-363 exhibited localization indistinguishable
from that of GFP-hLa1-408, indicating that the NLS mapped
to residues 383 to 408 (66) is not required for nuclear accu-
mulation of GFP-hLa1-363. Because others had demonstrated
that GFP-hLa1-374, which represents truncation by caspase 3,
was cytoplasmic (3), we obtained and examined their mutant
and also constructed the mutant ourselves and confirmed that
it was mostly cytoplasmic (Fig. 3N and O). The cumulative data
suggested that GFP-hLa1-363 may harbor a context-specific
NLS (62). Since GFP-hLa1-328 is cytoplasmic (Fig. 3P), the
region between residues 328 and 363 may therefore function as
an NLS in the context of GFP-hLa1-363. Indeed, sequence
examination reveals a tract of basic-rich residues, KGKVQFQ
GKKTK, at the terminus of La1-363 (Fig. 3Q), which may be
recognized as an NLS in this context as described for other
truncated proteins (62), while cleavage at 374 leaves acidic
residues DDEHDEHD at the terminus (see Discussion).

La interacts with nucleolin in HeLa cells. Affinity chroma-
tography can be a powerful way to examine protein-protein
associations that occur in vivo (52, 73, 74). We expressed dou-
ble-epitope-tagged hLa-FLAG-HA in HeLa cells and sub-
jected it to two sequential affinity chromatography purifica-
tions. Figure 4A shows a Coomassie blue-stained gel after
purification from cells transduced with empty vector (lane 1)
and cells expressing hLa-FLAG-HA (lane 2). The major band
just below the 55-kDa marker was isolated and subjected to
tryptic digestion followed by mass spectrometric analyses com-
bined with database searching, and it was identified as hLa
(data not shown). The band just above the 55-kDa marker was
identified by the same approach as for Ro60, a known La-
associated protein (data not shown) (33). The affinity-purified
material was also examined by silver staining (Fig. 4B, lane 1)
and by treatment with RNase A (Fig. 4B, lane 2). As expected,
some of the bands visualized by silver staining were decreased
after treatment with RNase A, indicating that they were asso-
ciated RNAs. An RNase-resistant band that copurified with La

FIG. 2. npLa accumulates in nucleoli and colocalizes with fibrilla-
rin and newly synthesized RNA polymerase I transcripts. Normal hu-
man fibroblasts (HSC172) were incubated with AbNP and with either
antifibrillarin (A to C) or anti-B23 (D to F). AbNP is represented in
red (A and D), and antifibrillarin and anti-B23 (fluorescein isothio-
cyanate) are represented in green (B and E). Although these colocal-
izations were done in parallel, the images in panels A to C are inten-
tionally shown at higher magnification than those in panels D to F.
Panels A and B were overlaid to produce panel C, and panels D and
E were overlaid to produce panel F. (G to I) Anti-BrUTP and npLa
are visualized in the red and green channels, respectively, by confocal
microscopy, and the red and green images were overlaid to visualize
colocalization. BrUTP incorporation occurred in the presence of 0
(G), 2 (H), and 100 (I) �g of �-amanitin/ml.
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whose electrophoretic mobility suggested a mass of �116 kDa
was isolated from the gel and subjected to mass spectrometry
to reveal a mass of 76,298 Da. Tryptic digestion of this band
followed by mass spectrometric analyses and database search-
ing revealed five peptide fragments that matched human
nucleolin (Fig. 4C). The disparity between the apparent and
actual mass has been noted previously and presumably reflects
the multiple highly charged tracts within nucleolin (28). Other

proteins that copurified with La-FLAG-HA will be character-
ized elsewhere.

To test whether native endogenous La was associated with
nucleolin, we performed immunoprecipitation by anti-La, and
examined the input, the IP, and the supernatants by immuno-
blotting with antinucleolin, antifibrillarin, antiactin, and stan-
dard polyclonal anti-La (Fig. 4D to H). This examination re-
vealed that a fraction of nucleolin was coimmunoprecipitated

FIG. 3. Localization of GFP-hLa fusion proteins in primate cells. CMT3 cells were transfected with GFP-hLa1-408 (A to D), GFP-hLa26-408
(E to H), or GFP-hLa
328–344 (I to L), as indicated above the columns, fixed, incubated with antifibrillarin, and processed for immunofluores-
cence by using Texas red. Cells were visualized for DAPI (white), hLa (green), and fibrillarin (Fib; red), as indicated on the left, and were overlaid
to visualize colocalization. (M) Western blot of extracts prepared from transfected cells by using polyclonal anti-La for detection. 1–408,
GFP-hLa1-408; 
328–344, GFP-hLa
328–344; 26–408, GFP-hLa26-408; endog. La, endogenous La. (N and O) Localization of GFP-hLa1-374. A
field of cells was visualized for hLa (green) and nuclei (DAPI; white). (P) Schematic representation of hLa protein, under which is a summary of
the GFP-hLa mutants examined for nuclear (Nu) and nucleolar (No) accumulation. Note that some of these have been documented previously
(40). GFP-hLaA366 exhibits only somewhat more nucleolar accumulation than GFP-hLa1-408, consistent with prior data (4), suggesting that cells
contain nearly saturating amounts of npLa in their nucleoli. RRMc-NRE, atypical RRM and associated nuclear retention element (42). The
encircled S indicates the phosphorylation site at 366; the numbers in the column indicate GFP-hLa fusion proteins. � and �, localization and no
localization, respectively, of the indicated protein to the nucleus or nucleolus. (Q) Summary of trafficking elements of hLa spanning residues 315
through the terminus at 408. NoLs, nucleolar localization signal (35); cNLS, cryptic NLS. Downward- and upward-pointing arrows indicate
poliovirus protease 3C and caspase 3 cleavage sites, respectively (3, 65).
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with La, while fibrillarin and actin were not (Fig. 4D to G, lanes
7). Specificity was revealed by the failure to detect nucleolin by
using nonimmune immunoglobulin G (lane 4). To test whether
co-IP of nucleolin might be dependent on RNA, we subjected
the IP samples to RNase A (lanes 5 and 8) prior to elution
from the anti-La immunoglobulin G-protein A beads. We as-
sessed the efficacy of RNase treatment by examining the asso-
ciated RNAs by [32P]pCp ([32P]cytidine-3�,5�-diphosphate) la-
beling with RNA ligase (Fig. 4H). La-associated RNAs migrate
between 5.8S rRNA and pre-tRNAs (Fig. 4H, lane 7) (33).
Although all associated RNAs were efficiently removed by
RNase as expected (Fig. 4H, lane 8 and data not shown),
nucleolin remained associated with La in the same samples
(Fig. 4D, lane 8). Thus, nucleolin was specifically associated
with endogenous La.

FRET between La and nucleolin in the nucleolus. We used
acceptor photobleaching as a means to monitor FRET to de-
termine whether La and nucleolin are in close proximity in the
nucleolus (15, 43). This required the creation of CFP-nucleolin
and YFP-La fusion proteins. Four different La-YFP constructs
were each cotransfected with nucleolin-CFP into HeLa cells
and visualized for either YFP or CFP or both (Fig. 5A, col-
umns I, II, and III, respectively). Nucleolar intensity appeared
to be only slightly higher than the surrounding nucleoplasm for
some of the YFP-La constructs and not as intense as for the
same GFP-hLa fusions in the single transfectants (see Discus-
sion). Nonetheless, YFP-La
328–344 was specifically deficient
for nucleolar accumulation (Fig. 5A), in agreement with the
GFP-La results. These analyses indicated that the CFP-nucleo-
lin and YFP-La fusion constructs can be used for FRET anal-
ysis as described below.

Acceptor photobleaching by laser scanning confocal micros-
copy with single channel collection allows accurate and specific
assessment of FRET between YFP and CFP; increase in donor
fluorescence after acceptor photobleaching reflects the degree
of FRET between the CFP and YFP (15, 43). By photobleach-
ing in the yellow wavelength in the nucleolus followed by
monitoring cyan fluorescence in the same space, nucleolar
FRET between La-YFP and nucleolin-CFP was assessed. Co-
transfection of CFP alone plus YFP alone revealed a low level
of background (Fig. 5B, CFP/YFP bar), while the fusion pro-
tein CFP-YFP presumably represents a maximal obtainable
signal from a covalent connection between CFP and YFP (Fig.
5B, CFP-YFP bar) (15, 43). As noted above, although npLa
and fibrillarin were found colocalized by immunofluorescence,
fibrillarin was not stably associated with La (Fig. 4E). We
observed significantly more nucleolar FRET between La1-408
and nucleolin than between La1-408 and fibrillarin (Fig. 5B).
Thus, FRET analysis indicated close proximity of La and
nucleolin in nucleoli.

(D), fibrillarin (E), La (F), and 	-actin (G). Samples are numbered
below the lanes. in, input; S, supernatant; IP�, immunoprecipitate
after treatment with RNase A. For panel H, material was collected and
labeled with 32P-Cp and RNA ligase and analyzed by denaturing
PAGE and autoradiography. The asterisk represents RNase A-resis-
tant, protease-sensitive material that results from the labeling reaction
(data not shown), which serves as a recovery-loading control for label-
ing. Molecular mass markers (lanes M) are expressed in kilodaltons.

FIG. 4. Nucleolin interacts with epitope-tagged La-FLAG-HA or
native endogenous La in HeLa cells. (A) SDS-PAGE followed by
Coomassie blue staining after two epitope-directed affinity purifica-
tions of extract from cells transfected with empty plasmid (lane 1) or
cells expressing hLa-FLAG-HA (lane 2). (B) The affinity-purified ma-
terial derived from cells transfected with hLa-FLAG-HA was un-
treated (lane 1) or treated with RNase A (lane 2) and then subjected
to SDS-PAGE analysis followed by silver staining. (C) Identity of the
five peptide sequences identified from the La-FLAG-HA-associated
band with an apparent molecular mass of �116 kDa (see text). (D to
G) Immunoprecipitation of HeLa cell extract by anti-La and nonim-
mune antibodies and analysis by Western blotting to detect nucleolin
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We observed significant FRET between nucleolin and La1-
408, La26-408, and LaS366A, but significantly less for La
328–
344 (Fig. 5B). Although the paucity of La
328-344 in the
nucleolus (Fig. 5A) makes it difficult to directly compare this
mutant for nucleolar FRET with the other constructs, its lower
FRET is consistent with its failure to accumulate in nucleoli.
Fibrillarin, however, does accumulate in nucleoli but exhibits
significantly less FRET with La (Fig. 5B). These data indicate
that while La, fibrillarin, and nucleolin co-occupy the nucleo-
lus, La maintains closer physical contact with nucleolin than
with fibrillarin, consistent with their coimmunoprecipitation
characteristics (Fig. 4).

Yeast two-hybrid analysis reveals that interaction of La with
nucleolin requires the SBM and is sensitive to phosphoryla-
tion of S366. We next used yeast two-hybrid analysis as an
indicator of interaction between La and nucleolin, employing a
beta-galactosidase activity assay (23). In this approach, La is
fused to the DNA-binding domain of Gal4 and nucleolin is

fused to the activation domain of Gal4. Beta-galactosidase is
produced only if both fusion proteins interact with each other
at the promoter of the beta-galactosidase gene in the yeast
cells (23). As an indicator of the range of activity of our assay,
five controls (provided by the supplier; see Materials and
Methods) that produce no interaction to the strongest inter-
action, reflected by no color to dark blue (Fig. 6A, column I),
were used. The bottom four samples in column II reflect our
negative controls, in which the nucleolin activation domain
plasmid, the La-DNA-binding domain plasmid, or both plas-
mids were empty, as indicated. It is therefore significant that
coexpression of La1-408-S366 and nucleolin fusion proteins
activated beta-galactosidase (column II, top sample) and that
La1-408-A366 was significantly more active (column II, second
from top). Column III shows that neither La
328-344-S366
nor La
328-344-A366, which both lack the SBM, interacted
with nucleolin. The data indicate that there is La SBM-depen-
dent interaction with nucleolin and that the nonphosphorylat-

FIG. 5. FRET analysis reveals SBM-dependent interaction of La with nucleolin in the nucleolus. (A) Constructs used for the interaction
analysis below were first examined for expression in HeLa cells prior to FRET analysis. Column I shows the yellow channel fluorescence of the
YFP-hLa constructs, column II shows the cyan channel fluorescence of the CFP-nucleolin constructs, and column III shows the overlaid views for
the indicated constructs. Note that the last row shows CFP-fibrillarin. (B) Acceptor photobleaching was used to monitor FRET between the
YFP-hLa (acceptor) constructs and the CFP-nucleolin or CFP-fibrillarin (donor) after specific bleaching of the acceptor with YFP-wavelength
light. FRET efficiencies reflective of positive interactions were plotted as bars above the horizontal line (see Materials and Methods). Bars below
the horizontal line reflect control measurements in the same cells in nucleolar areas in which there was no prebleaching of the acceptor. At least
30 measurements were collected and quantitated for each bar in the graph. CFP/YFP, CFP alone plus YFP alone; CFP-YFP, CFP-YFP fusion
protein.
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able mutant La1-408-A366 interacts more strongly than does
hLa1-408-S366.

Although it was established that hLa is efficiently phosphor-
ylated on S366 in fission yeast (40), this phosphorylation had
not been examined with Saccharomyces cerevisiae, the yeast
used for two-hybrid analysis (23). S. cerevisiae extracts made

from the same cells as shown in the top two samples of col-
umns II and III, as well as control cells from Fig. 6A, were
examined by Western blotting for their La-S366 phosphoryla-
tion status (Fig. 6B and C). For the membrane shown in Fig.
6B, we used polyclonal anti-La that recognizes both pLa and
npLa; for the membrane shown in Fig. 6C, we used AbP, which
is specific for pLa (39). The La fusion proteins were recognized
by polyclonal anti-La, indicating their expression (Fig. 6A,
lanes 2 to 5), whereas this band was not detected in the control
extract (lane 1). The hLa fusion was recognized by AbP, indi-
cating that the expressed protein was phosphorylated on S366,
while the hLaA366 fusion protein was not, as expected (Fig.
6C, lanes 2 and 3) (39). The La
328-344-S366 fusion was
recognized by AbP, indicating S366-phosphorylation, while its
nonphosphorylatable derivative, La
328-344-A366, was not
recognized by AbP (Fig. 6C, lanes 4 and 5). Probing of the
membrane in C with antinucleolin revealed the nucleolin fu-
sion protein in lanes 2 to 5, but not in lane 1, indicating
coexpression of the nucleolin fusion protein in the same cells
as expected (data not shown). The data indicate that the SBM
of La directs interaction with nucleolin and that phosphoryla-
tion of nearby S366 decreases this interaction. Since S366 phos-
phorylation is only 80 to 90% complete in HeLa and fission
yeast cells (39, 40), it seems likely that a fraction of La1-408-
S366 will be nonphosphorylated in the two-hybrid yeast.
Therefore, the slight positive effect of hLa1-408-S366 (Fig. 6A)
may result from the small fraction of npLa in these yeast cells.

DISCUSSION

Novel data reported here indicate that the isoform of hLa
that is nonphosphorylated on S366 resides in discrete sites
within nucleoli that correspond to the dense fibrillar compo-
nent where rRNA processing occurs. While npLa, nascent pol
I transcripts and fibrillarin all appeared to be largely limited to
these discrete sites, nucleolin is present at but not limited to
these sites, as its localization is more complex (28). Nucleolin
is a most abundant nucleolar protein that has been implicated
in multiple steps in ribosome biogenesis (reviewed in reference
2). Thus, while immunolocalization shows overlap of npLa and
nucleolin (data not shown), the most intense nucleolin staining
is at the periphery of the nucleolus as reported previously (18),
presumably reflecting its role in later stages of rRNA biogen-
esis (28). Nonetheless, close association with nucleolin was
indicated by FRET between CFP-nucleolin and YFP-La in the
nucleolus and by coimmunoprecipitation with native endoge-
nous La as well as with epitope-tagged La expressed in HeLa
cells. FRET between LaA366 and nucleolin provides evidence
that nucleolin interacts with npLa in the nucleolus. Localiza-
tion of fluorescent La mutants revealed that the SBM is re-
quired for nucleolar localization (Fig. 3J and 5A). These data
are consistent with that obtained with two different antibodies
specific for S366-phosphorylated La, which did not detect con-
centration of pLa in nucleoli (39, 61). Finally, yeast two-hybrid
assays indicate that the interaction with nucleolin is dependent
on the SBM of La, comprising amino acids 328 to 344, and that
the nonphosphorylatable mutant, hLaA366, interacts more
strongly than does S366-phosphorylated La.

La has been documented to interact with multiple RNAs
and their associated proteins, including Ro60, a factor involved

FIG. 6. SBM-dependent, S366 phosphorylation-sensitive interaction
of hLa with nucleolin as assayed by yeast two-hybrid analysis. (A) Beta-
galactosidase assay performed on immobilized, lysed, and transformed
yeast cells. Column I contains control cells transformed with plasmids
engineered to indicate no interaction to strong interaction from top to
bottom (con A to con E, respectively) (see text). nuc, nucleolin fusion
construct; evD, empty vector carrying the Gal4 DNA-binding domain;
evA, empty vector carrying the Gal4 activation domain. (B and C) West-
ern blots of extracts from cells from panel A. Lane 2, nuc � La1-408-S366;
lane 3, nuc � La1-408-A366; lane 4, nuc � La
328-344-S366; lane 5, nuc
� La
328-344-A366. The La fusion proteins are indicated by arrowheads.
The membrane shown in panel B was developed by using polyclonal
anti-La that recognizes npLa and pLa; that shown in panel C was devel-
oped by using AbP specific for pLa (39). M, molecular mass in kilodaltons.
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in response to UV radiation (10, 11, 33). It is noteworthy that
nucleolin was found to be associated with a fraction of cyto-
plasmic Ro RNPs in an RNase-sensitive manner (24). Because
Ro60 is stably associated with the Y RNAs, which are pol III
transcripts that largely retain their 3� oligo(U) tracts, and La
and Ro co-occupy a fraction of these heterogenous RNPs, the
Y RNAs are found in our anti-La immunoprecipitates and
those of others (60, 67, 76). However, this finding does not
indicate that the Y RNAs are involved in the La-nucleolin
interaction characterized here, since examination for hY1 and
hY3 RNAs by Northern blotting after treatment of our anti-La
IPs with RNase A revealed no trace of the otherwise abundant
hY1 and hY3 RNAs, whereas the La-nucleolin interaction
remained in the same samples (data not shown). Our data
should be further distinguished from those of the previous
study since we performed sequential affinity purifications and
immunoprecipitation from low-speed supernatants of deter-
gent-mediated whole-cell extracts as opposed to the detergent-
free extract of a cytoplasmic high-speed supernatant (24).
Moreover, our FRET data indicate the La-nucleolin interac-
tion in the nucleolus. Thus, it would seem that the nucleolin
associated with the cytoplasmic Ro RNPs characterized previ-
ously would represent a fraction quite distinct from that which
we have characterized here. Our data demonstrate that the
RNase-resistant La-nucleolin interaction characterized here
occurs in the absence of Y and other La-associated RNAs,
consistent with the two-hybrid data for yeast.

We observed more nucleolar accumulation of GFP-hLa in
CMT3 cells than YFP-hLa in HeLa cells. This finding ap-
peared not to be due to intrinsic difference in the accumulation
of GFP-hLa and YFP-hLa per se, since direct comparisons
revealed similar levels in nucleoli in the cell types examined
(data not shown). Rather, the data suggest that HeLa and
CMT3 cells differ in the amounts of GFP-hLa and YFP-hLa
that accumulate in their nucleoli. It is noteworthy that while
GFP-hLa26-408 exhibits somewhat more nucleolar accumula-
tion than hLa1-408 in CMT3 cells (Fig. 3B and F), this was not
the case in HeLa cells (Fig. 5A). This difference does not affect
our major conclusion, since in each cell type, the hLa
328-344
fusion exhibited less nucleolar accumulation than did the
hLa1-408 fusion.

Reports of specific proteins that interact with La in the
absence of RNA are few. Among the limited number of these
are hepatitis C virus NS5A protein and DDX15/hPrp43, a
putative DEAH-box RNA helicase (25, 36). Because La is a
highly abundant protein found in multiple subcellular com-
partments, it should be expected that only a fraction may be
associated with any particular binding protein. Our data sug-
gest that only a fraction of La is associated with nucleolin and,
likewise, that only a fraction of nucleolin is stably associated
with La. However, since npLa represents only �15% of total
La (39), the amount associated with nucleolin may be a sub-
stantial fraction of npLa. These data indicate that some La-
interacting proteins may associate preferentially with npLa and
may therefore appear to interact with only a minute fraction of
total La.

Nucleolar localization. In addition to establishing an isoform
identity of nucleolar La, we identified the SBM (residues 328
to 344) as required for nucleolar localization, in agreement
with recent work that showed that La amino acids 323 to 354

are a nucleolar localization signal (35). The present data ex-
tend the recent report because they provide evidence that
nucleolar localization is specific for npLa and, additionally,
because nucleolin was identified as a specific La-interacting
protein. The cumulative data which include RNase-resistant
interaction between La and nucleolin, together with the yeast
two-hybrid data that indicate SBM-dependent, phosphoryla-
tion-sensitive interaction with nucleolin, support the idea that
npLa accumulates in the nucleolus as a result of its interaction
with nucleolin.

The SBM of hLa resides within a larger basic tract, spanning
residues 325 to 365, with an isoelectric point (pI) of 12.5, that
is followed by an abrupt transition to an acidic tract,
367DDEHDEHDE375, with a pI of 3.7. Phospho-S366 accentu-
ates the transition with a high-density acidic group at the
boundary that presumably leads to structural alterations.
These data are reminiscent of a nucleolar retention signal that
can be negatively controlled by phosphorylation (5) and a
nucleolar localization sequence that is unmasked by deletion of
a nearby acidic tract or substitutions that block phosphoryla-
tion (32). Thus, hLa may be a member of a class of proteins
whose basic determinants of nucleolar accumulation (72) can
be neutralized by adjacent acidic regions and phosphorylation.

The present data are entirely consistent with prior charac-
terizations of the interaction potential of the SBM, which had
been shown to be involved in RNA binding, and stimulation of
pol III activity, in each case negated by S366 phosphorylation
(20, 21, 30, 40). Moreover, the data support the idea that the
hLa CTD contains a phosphorylation-sensitive interaction do-
main that may interact with nucleic acid or protein.

A multitude of localization signals in the CTD of La. The
multiple localization signals identified in La include an NLS
that is positioned at the extreme terminus (383 to 408), a
nuclear retention element (NRE, 316 to 326) whose integrity is
important for proper pre-tRNA processing, and a nucleolar
localization signal (323 to 354) (35, 38, 66). In addition, func-
tional analyses have indicated the presence of a cryptic signal
that can direct the nuclear export of yeast and human La
proteins, although the sequence elements responsible for ex-
port have yet to be identified (38).

Since GFP-hLa1-328 was mainly cytoplasmic (Fig. 3P), and
GFP-hLa1-363 was mainly nuclear, the region between 328
and 363 would appear to harbor an NLS. Examination indeed
revealed that truncation at 363 leaves a tract of basic-rich
residues, GKGKVQFQGKKTK-363 (Fig. 3Q), at the C termi-
nus which may be recognized as an NLS in this context (62). As
mentioned in the introduction, two different proteolytic cleav-
ages of hLa, at positions 358 and 374, provide evidence that
cytoplasmic accumulation can be controlled by C-terminal
truncation (3, 63, 65). Poliovirus protease 3C cleaves immedi-
ately upstream of the terminal basic residues of GFP-hLa1-363
(Fig. 3Q), apparently inactivating the potential NLS activity of
the truncated protein. Likewise, caspase 3 cleavage (Fig. 3Q)
produces a truncation whose acidic terminus apparently masks
the activity of the cryptic NLS. These observations suggest that
the activities of these proteases must be precise in order to
direct cytoplasmic accumulation (Fig. 3Q). In summary, it
would appear that the localization activities in hLa’s CTD are
comprised of an intricate array of closely associated and some-
times overlapping signals that remain to be fully understood.
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Colocalization with nascent pol I transcripts and fibrillarin
and interaction with nucleolin provide evidence for a potential
role for npLa in rRNA biogenesis. Recent results indicate that
pLa, rather than npLa, is associated with nascent pol III tran-
scripts in the nucleoplasm and therefore does not indicate a
role for npLa in association with a pol III transcript in the
nucleolus (39). Although an intriguing aspect of the nucleolus
is its occupation by proteins involved in diverse activities with
no readily apparent direct connection to ribosome biogenesis
(6, 12, 41, 54, 70), its best-established function is the produc-
tion of ribosomes and other ribonucleoprotein complexes (26,
55, 56). In the case of the signal recognition particle, a ribo-
some-associated RNP composed of multiple subunits that con-
trols production of membrane-bound polypeptides in the cy-
toplasm, its RNA, and protein components localizes to the
nucleolus, and the RNA was found concentrated in a nucleolar
subcompartment different from where ribosomes are assem-
bled, suggesting that there are nucleolar regions that are spe-
cialized for functions other than ribosome biogenesis (56, 58,
59). Thus, the close proximity of npLa to nascent pol I tran-
scripts, fibrillarin, and nucleolin observed here suggests poten-
tial involvement in an early phase of rRNA biogenesis. Al-
though we have been unable to detect the 5� external
transcribed spacer of the nascent pol I transcript in association
with La, we cannot rule out the possibility that La and nucleo-
lin interact in the context of a nascent pol I transcript.

Among the best-characterized activities of nucleolin is its
ability to bind to specific sequence elements found in the 5�
external transcribed spacer and promote an early processing
step (2, 27). Indeed, the mode of nucleolin binding to pre-
rRNA, the locations of its binding sites in the 5� external
spacer of the precursor, and the timing of processing have led
to the proposal that it serves as a chaperone to promote correct
folding of pre-rRNA (2; also see reference 26). Given the
recent demonstration that yeast La protein can promote the
proper folding of a structured RNA (7) and the interaction
between npLa and nucleolin documented here, it is tempting
to speculate that npLa may assist nucleolin in its pre-rRNA
chaperone activity. In summary, the data presented here sug-
gest that npLa may be involved in rRNA biogenesis.
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