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Marek’s disease virus (MDYV) is an avian herpesvirus that causes T-cell lymphomas and immune suppres-
sion in susceptible chickens. At least one gene product, MDV Eco Q-encoded protein (Meq), is essential for the
oncogenicity of MDV. Alternative splicing permits the meq gene to give rise to two major transcripts encoding
proteins designated Meq and Meq/vIL8. Meq is a basic leucine zipper protein capable of modulating tran-
scription. The Meq/vIL8 protein retains a modified leucine zipper, along with the mature receptor-binding
portion of vIL8, but lacks the domain of Meq responsible for transcriptional modulation. In this report, we
describe studies using fusions between either Meq or Meq/vIL8 and fluorescent proteins to characterize the
distribution and properties of these products in chicken embryo fibroblasts (CEFs). Meq and Meq/vIL8 both
localized to the nucleoplasm, nucleoli, and Cajal bodies of transfected cells. Similar distributions were found
for fluorescent fusion proteins and native Meq or Meq/vILS. Fluorescence recovery after photobleaching and
photoactivatable green fluorescent protein revealed that Meq exhibited mobility properties similar to those of
other transcription factors, while Meq/vIL8 was far less mobile. In addition, fluorescence resonance energy
transfer studies indicated the formation of Meq/vIL8 homodimers in CEFs. Time lapse studies revealed the
coordinated elimination of a portion of Meq and Meq/vIL8 from the nucleus. Our data provide new insight
regarding the dynamic cellular properties of two forms of a herpesvirus-encoded oncoprotein and suggest that

these forms may have fundamentally different functions in MDV-infected cells.

Marek’s disease is a lymphoproliferative disease of chickens
caused by the alphaherpesvirus Marek’s disease virus (MDV).
The disease is characterized by mononuclear infiltration, de-
myelization of peripheral nerves, and the onset of T-cell lym-
phomas within 6 weeks postinfection (43). The disease spreads
through flocks via shedding of infectious virus from the feather
follicle epithelia of infected birds. MDV describes a family of
antigenically related viruses. MDV serotype 1 (MDV-1) causes
disease in chickens; however, two other MDV serotypes,
MDV-2 and herpesvirus of turkeys, do not. Unique to MDV-1
serotypes is a 13.4-kilobase block of genes present in the in-
ternal repeat region that contains 11 open reading frames
including the meq gene, which apparently functions as an on-
cogene (22, 31, 40).

The meq gene has been found consistently in MDV-induced
tumors as well as MDV-transformed cell lines (21). Further-
more, inhibition of meq expression by antisense strategies has
shown that maintenance of the transformed phenotype is meq
dependent in the MDV-transformed cell line MSB1 (44). Re-
cently, deletion of the meg gene was found to ablate oncoge-
nicity while not attenuating the virus for replication in vivo
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(31). Overexpression of meq in Rat-2 cells, a rat fibroblast line,
resulted in transformation based on the appearance of mor-
phological changes, along with anchorage- and serum-indepen-
dent growth (29). Taken together, these data directly implicate
meq in either the induction or the maintenance of the onco-
genic state in transformed T lymphocytes.

The meq gene gives rise to two alternatively spliced mRNAs.
One of the mRNAs encodes the Meq protein, which contains
several domains that are characteristic of transcription-regula-
tory proteins. It possesses a DNA binding domain, nuclear and
nucleolar localization signals, and a basic leucine zipper (bZIP)
that is similar to members of the Jun/Fos family of transcrip-
tional activators (21). Via the leucine zipper, Meq forms ho-
modimers and also heterodimerizes with cellular proteins in-
cluding JunB, c-Jun, c-Fos, and SNF in vitro (4); it was recently
shown to dimerize with c-Jun in vivo (23). These dimers can
bind DNA and regulate transcription of target genes (24).
Additionally, Meq contains a proline-rich region within its C
terminus that has transcriptional repression activity and an
adjacent 33-amino-acid domain at the extreme C terminus that
activates transcription when fused to the Gal-4 DNA binding
domain (44). Furthermore, Meq interacts with non-bZIP pro-
teins such as p53 and CDK2 (4) and may bind RNA through a
putative RNP1/arginine fork domain (28). Thus, Meq appears
to be a multifunctional protein containing cell cycle-regulatory,
transcriptional modulation, and apoptosis-suppressing functions
(26, 44).

The second mRNA product of the meq gene is generated
using a splice donor site within the region encoding the leucine
zipper and the splice acceptor site of the second exon of v-IL-8
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TABLE 1. Primers used for the amplification of Meq and Meq/vIL8

Primer Sequence® ac;esrsr}giafo.b
P1: Spel/Nhel-T7-Meq-For 5"-GGACTAGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGA AY243332
TGTCTCAGGAGCCAG-3’ (RB1B Meq)
P2: Meq fusion-Rev 5"-GCTCTAGAGCAAGCTTGCGGAATCCTCCGGGTCTCC-3’ AY243332
(HindI1I-Xbal) (RBIB Meq)
P3: Meq/VILS fusion-Rev 5"-GCTCTAGAGCAAGCTTGCGGAATCCAAGACAGATATG-3’ AY243340
(HindIII-Xbal) (Meq/vIL8)

¢ Underlined nucleotides are restriction endonuclease sites introduced to facilitate cloning. Italicized nucleotides are encoded by the virus genome.

® Accession numbers are from the NCBI nucleotide sequence database.

(34, 38). This transcript encodes a protein, termed Meq/vILS,
containing the DNA binding domain of Meq, a modified
leucine zipper, and the cytokine (receptor-binding) portion of
vILS but lacking the C-terminal transcriptional regulatory do-
mains of Meq and the amino-terminal secretory signal of vILS.
In vitro, Meq/VIL8 will dimerize with either Meq or c-Jun and
binds to the AP-1 site as a heterodimer with c-Jun (38, 39).
However, Meq/VIL8 does not function as a transcriptional ac-
tivator in a Gal4-dependent transcription assay system (V.
Arumugaswami et al., unpublished data). The role of Meg/
vILS in the lytic, latent, or transforming activity of MDYV is
uncertain, although the absence of transcriptional activation
ability has led to the hypothesis that Meq/vIL8 may function as
a competitive inhibitor of Meq action (38).

Insight into a protein’s function can be gained through study
of its localization, its mobility in vivo, and the structures and
proteins with which it interacts. A variety of techniques have
been devised to examine the subcellular localization of pro-
teins as they are expressed in cells. One of the most powerful
uses fusions between the protein of interest and fluorescent
reporters such as green, yellow, and cyan fluorescent proteins
(GFP, YFP, and CFP, respectively). When expressed as non-
fusion proteins, the fluorescent proteins are typically distrib-
uted throughout the cell cytoplasm and nucleoplasm. How-
ever, when expressed as fusion proteins, they are frequently
targeted to the site of action of the protein, with the fluores-
cent reporter marking its location (3, 6, 8-10, 20, 33, 41, 51).
Additional techniques can be used to further characterize the
physical properties of the fusion protein. For example, fluo-
rescence recovery after photobleaching (FRAP) (5, 8, 9, 17, 25,
49, 50) and photoactivatable GFP (PA-GFP) constructs (36)
have been used to characterize the mobility of proteins, and
fluorescence resonance energy transfer (FRET) (7, 46, 53) can
be used to examine protein-protein interactions.

The goal of this study was to determine the relative differ-
ences in the nuclear properties of the major meq gene prod-
ucts, Meq and Meq/VIL8. Previous antibody staining experi-
ments showed Meq localized to the nucleus, particularly in the
nucleolus and Cajal (coiled) bodies (27), in Rat-2 cells. We
now extend these findings using fluorescent protein fusions
of Meq and Meq/VIL8 expressed in primary chicken embryo
fibroblasts (CEF). The use of these fusion proteins, in conjunc-
tion with laser scanning confocal microscopy, has allowed us to
assess the subcellular localization, interactions, and mobility of
Meq and Meq/vIL8 proteins in vivo.

MATERIALS AND METHODS

Plasmids. The full-length meq gene was amplified by PCR from RB1B-
infected CEF DNA using primers Spel/Nhel-T7-Meq For and Meq fusion-Rev
(Table 1; also see Fig. 1). The 1,089-bp amplicon was cloned into pCR2.1TOPO,
and the DNA sequence was determined. This amplicon was subcloned as a
1,062-bp Nhel-HindIII fragment into Nhel-HindIII-digested pEYFP-N1 and
pECFP-N1. The T7 epitope tag (MASMTGGQQMGR) is identical to that used
in the studies by Liu et al. (27) in which immunofluorescence was used to
examine the localization of Meq. The Meq/VIL-8 construct was amplified from a
clone of this gene product (obtained by rapid amplification of 3’ cDNA ends)
(Table 1) using primers Spel/NheI-T7-Meq For and Meq-vIL-8 fusion-Rev. This
705-bp amplicon was cloned into pCR2.1TOPO, the DNA sequence was deter-
mined, and it was subcloned into pEYFP-N1 and pECFP-N1, via Nhel-HindIII
sites, as a 679-bp fragment, as above. Escherichia coli strain DH10B was used to
produce cell culture-grade DNA for transfections. Bacteria containing the plas-
mids of interest were grown in 500-ml cultures of Luria-Bertani medium to
late-log phase, and plasmid DNA was extracted using QIAGEN endotoxin-free
MAXI kits.

Preparation of cells and transfection. Primary CEF were prepared from 10-
day-old specific-pathogen-free eggs (Spafas, Inc. Charles River, CT) and placed
in an incubator at 37°C and 5% CO, (33, 47). One day later, secondary CEF were
plated in a 2-well LabTek Nalgene Nunc chambered coverglass system (Nunc
catalog number 155361; Nalgene Nunc International, Naperville, IIl.) at a density of
2 X 10° cells per chamber. The following day, cells were transfected by calcium
phosphate precipitation (6 g of DNA per chamber) followed by a glycerol shock.

Immunofluorescence. The polyclonal antibody to Meq (23) was obtained from
Lucy Lee (USDA-ADOL, East Lansing, Mich.). Cells were fixed in 2% para-
formaldehyde 24 to 48 h following transfection in phosphate-buffered saline
(PBS) for 30 min at room temperature. Cells were then washed three times with
PBS and then incubated for 2 h with blocking buffer (1X PBS, pH 7.4, 3% goat
serum, 1% bovine serum albumin, 0.1% Triton X-100, 0.1% saponin). After
removal of the blocking buffer, the Meq antibody was added (1:500 dilution in
blocking buffer) and incubated overnight at 4°C. Subsequently, slides were
washed three times with PBS plus detergent buffer (PD) (1X PBS, pH 7.4, 0.1%
Triton X-100, 0.1% saponin, 0.1% NaN3) and then incubated with a goat anti-
rabbit immunoglobulin G (IgG) antibody conjugated with Alexa 546 (Molecular
Probes, Eugene, OR) (1:200 dilution in blocking buffer) for 2 h. Slides were then
washed in PD buffer, with a final wash with 1X PBS.

Multiphoton and confocal microscopy. Expression of fusion proteins was al-
lowed to proceed for 24 to 48 h. In some cases, cells were stained with 10 pg/ml
of Hoechst 33342 (vital DNA probe) 1 h prior to imaging. Imaging was carried
out using a Zeiss LSM 510 NLO confocal microscope (Carl Zeiss, Inc., Oberko-
ken, Germany) with a Plan-Neofluar 40X oil immersion objective (numerical
aperture, 1.3). The 458-nm and 514-nm laser lines of a 15-mW argon laser
(Coherent Enterprises, Santa Clara, Calif.) were used to excite enhanced CFP
(ECFP) and EYFP, respectively. Hoechst 33342 fluorescence was excited at 745
nm using a 5-W pumped MIRA-900 titanium:sapphire laser (Coherent Enter-
prises, Santa Clara, Calif.) with a 400- to 460-nm band-pass emission filter. Alexa
546 was excited using a 543-nm helium neon laser with a 560 long-pass emission
filter. All multichannel imaging was performed in fastline switch mode to elim-
inate cross talk.

FRAP. Transfected cells were observed as described above. Localized areas
were targeted with brief high-intensity laser light to bleach the fluorescent mol-
ecules in the defined area, followed by continuous image collection at appropri-
ate time intervals until fluorescence had recovered to equilibrium (2). Zeiss LSM
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FIG. 1. (A) Genomic context of Meq and Meq/VIL8. The Meq gene is located in the repeat of the long region (IR ) of Marek’s disease virus.
Meq is derived from an unspliced transcript, while Meq/vILS8 utilizes a cryptic splice donor site proximal to the region encoding the leucine zipper
of Meq and the splice acceptor site of vIL8 exon 2. Primers pl-p2 and pl-p3 were used to amplify Meq and Meq/VILS8, respectively (see Table
1 for primer sequences). (B) Representation of domains present in Meq and Meq/vVIL8. Note that while Meq/vIL8 retains a leucine zipper, the
splicing event alters the last two amino acids compared with the Meq leucine zipper. (C and D) Construction of Meq or Meq/vIL8 fluorescent
fusion protein expression vector. Amplicons were synthesized using primers listed in Table 1, digested with the indicated restriction enzymes, and
cloned into either pEYFP or pECFP, in frame with the fluorescent reporter protein. The T7 epitope was included at the amino termini of these
constructs (MASMTGGQQMGR). (C) Construction of vectors encoding the T7-Meq fluorescent fusion protein. (D) Construction of vectors

encoding the T7-Meq/VIL8 fluorescent fusion protein.

510 AIM Software (release 3.2) coupled with an Excel spreadsheet was used to plot
fluorescence recovery (pixel intensity) over time in specified regions. Cells were
maintained at 37°C and 5% CO, during all time course experiments by using a
microscope-adapted environmental chamber (PECON Instruments, Inc.).

Photoactivation of GFP. Cells were transfected with plasmids encoding PA-GFP
(35, 36) fused in frame with either Meq or Meq/VIL8. At 24 h posttransfection,
PA-GFP-expressing cells were activated in specific regions of transfected cells by
brief illumination at 830 nm with the titanium:sapphire laser, followed by con-
tinuous image collection at appropriate time intervals until the activated region
equilibrated with its surroundings. Cells were maintained and analyzed as de-
scribed for FRAP experiments.

FRET. Cells cotransfected with ECFP and EYFP fusion constructs were ex-
amined as described above. If both fluorescent proteins were observed within the
same cell, protein interaction was assessed for FRET by bleaching the acceptor,
EYFP, so that resonant energy transfer could no longer occur. This resulted in
a concomitant increase in the intensity of ECFP (the resonance energy donor) if
the fusion proteins were close enough for FRET. Signal intensity was plotted
before and after photobleaching in selected areas, and FRET values were measured
and reported as the percent increase in fluorescence of the donor following bleach-
ing of the acceptor (52) using the Zeiss LSM 510 FRET Macro (version 1.5).

RESULTS

Subcellular localization of Meq and Meq/vIL8. Genes were
constructed to express Meq or Meq/VIL8 fused in frame with
either ECFP or EYFP (Fig. 1). Initially, the distributions of
Meq and Meq/VILS fusion constructs were compared with
those of native ECFP and EYFP. Both ECFP and EYFP were
evenly distributed throughout the cytoplasm and nucleus, ex-
cept that they were excluded from the nucleolus and cytoplas-
mic vacuoles (not shown). In contrast, both the Meq and Meq/

vIL8 fusion proteins with ECFP or EYFP were largely
concentrated within distinct bodies in the nucleus (Fig. 2).
Cells expressing either Meq-EYFP or Meq-ECFP exhibited
fluorescence concentrated within the nucleolus and weaker
fluorescence throughout the nucleus and cytoplasm (Fig. 2A;
cytoplasmic fluorescence not visible). Meq/vVILS-ECFP or -EYFP
also localized to the nucleus and was typically concentrated
within the nucleolus, with less fluorescence detected in the
nucleoplasm and cytoplasm (Fig. 2B; cytoplasmic fluorescence
not visible). Meq and Meq/VIL8, not fused to a fluorescent
reporter, were also expressed in CEF and visualized with an
anti-Meq polyclonal antibody that recognizes an epitope
shared by Meq and Meq/VIL8 (23). These proteins exhibited
localization patterns similar to those seen with the Meq (27)
and Meq/vIL8 fluorescent fusion proteins (Fig. 2I to O).
Previous studies have shown colocalization of Meq with
Cajal bodies when Meq was expressed in Rat-2 cells (26). To
determine if Meq or Meq/VILS8 fused to fluorescent reporters
would also localize to Cajal bodies, cells were cotransfected
with p80-coilin fused to YFP and either Meq or Meq/vIL8
fused to CFP. p80-coilin localizes to, and nucleates the forma-
tion of, Cajal bodies (1, 45) (Fig. 2F and K), and both Meq
(Fig. 2I to L) and Meq/vIL8 (Fig. 2M to O) exhibited colocal-
ization with p80-coilin. In many of the p80-coilin-transfected
cells, the p80-coilin protein was distributed in a diffuse pattern
throughout the nucleus, and either Meq or Meq/vIL8 colocal-
ized with this p80-coilin (Fig. 2I to O). However, in approxi-
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FIG. 2. Confocal images of nuclei of transfected cells. Bars, 5 pum.
(A) Meq-EYFP distributed throughout nuclei and nucleoplasm of two
cells. (B) Meq/~VIL8-EYFP associated with Cajal bodies (punctate) and
nucleus in cell at upper right and with the nucleoplasm and nucleolus in
the cell at bottom left. (C to E) Cell cotransfected with Meq-ECFP and
MegNVILS-EYFP. (C) Meq/~VIL8-ECFP exhibiting nucleoplasmic, nucleo-
lar, and Cajal body association. (D) Meq-ECFP showing association with
the nucleoplasm and nucleolus. (E) Combined image of panels C and D.
(F to H) Nuclear expression of p80-coilin and Meq/IL8. (F) p80
coilin-EYFP. (G) Same cell as in panel F, displaying expressed Meq/VILS-
ECFP. (H) Merged image showing colocalization of Meq/VIL8-ECFP with
p80-coilin-EYFP. (I to L) CEF expressing p80-coilin-EYFP (green) and
Meq-ECFP. (I) Meq-ECFP found in the nucleolus, nucleoplasm, and Cajal
bodies. (J) Same cell as in panel I, visualized with the anti-Meq polyclonal
antibody followed by an Alexa 546-conjugated goat anti-rabbit IgG. (K) Same
cell as in panel I, showing the localization of p80-coilin-EYFP (green).
(L) Merged image of panels I through K. (M to O) Cells expressing Meq/vIL8
(red) and p80-coilin-EYFP (green). (M) Meq/VILS8 expressed in the nuclei
and Cajal bodies of two separate cells detected with an anti-Meq polyclonal
antibody followed by an Alexa 546-conjugated goat anti-rabbit IgG. (N) The
same cells visualized for p80-coilin. In this case the nucleus of the cell on the
lower right is difficult to discern. (O) Merged image of panels M and N.
(P) CEF expressing Meq-YFP prior to photobleaching of the nucleolus on
the right. (Q) The same cell as in panel P after photobleaching of the nucle-
olus on the right. (R) The same cell 20 s after photobleaching.
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mately 20% of the transfected cells, Meq or Meq/VIL8 fluo-
rescent protein was distributed in a punctate nuclear pattern,
and these punctate bodies also accumulated p80-coilin-YFP.
To test if Meq/vIL8 and Meq would colocalize to these punc-
tate bodies, cells were cotransfected with both constructs, one
fused to ECFP and one to EYFP. Cells with punctate Megq/
vIL8 bodies were identified, but none of these bodies were
found associated with Meq (Fig. 2C to E). Taken together,
these studies reveal that Meq fused to either YFP or CFP
exhibits the localization properties of native Meq. Meq/vILS,
like Meq, also localizes to the nucleus, nucleolus, and Cajal
bodies. The observation that Meq and Meq/vIL8 do not colo-
calize to the punctate Cajal bodies suggest that they may not
form Meq-Meq/VIL8 heterodimers at these sites.

FRAP. In vivo protein dynamics of the various forms of Meq
were explored using FRAP, which provides insight into the
mobility of a protein in its natural environment. We expressed
Meq and Meq/vILS as fusion proteins with fluorescent tags and
observed their subcellular localizations. Relevant areas of fluo-
rescence within the nucleoplasm or nucleolus were bleached,
and by using time lapse confocal microscopy, the time required
for bleached fluorescence to recover was measured (Fig. 2P to
R). Meq showed rapid recovery, with a half-life (¢,,,) to recov-
ery of 15 (x7) s (Table 2) in both the nucleolus and the
nucleoplasm. This observation was consistent with the recovery
dynamics observed with other transcription factors (12, 25, 32,
41, 51). In contrast, the ¢,,, of Meq/vIL8 to recovery was 15
(%3) min in both the nucleolus and the nucleoplasm, or ap-
proximately 60-fold longer than that of Meq (Table 2).

Photoactivatable constructs. To complement the FRAP
analysis, we also examined the motion of Meq and Meq/VIL8
fused to PA-GFP (35). This form of GFP exhibits very low
fluorescence until activated by UV light or the appropriate
two-photon excitation wavelength (830 nm). By activating
PA-GFP fluorescence in discrete regions of the nucleoplasm or
nucleolus, we monitored the redistribution of fusion proteins
in the presence of very low background. Time lapse confocal
microscopy showed that activated Meq—PA-GFP had a ¢, ,, to
equilibrium of 35 (*17) s within either the nucleolus or the
nucleoplasm (Table 2). The ¢, , for equilibration of Meq/vIL8-
PA-GFP following activation in either the nucleolus or the
nucleoplasm was 20 (=1) min (Table 2). Hence, the Meq- and
Meq/VIL8-PA-GFP data were consistent with the results ob-
tained by FRAP analysis, with Meq exhibiting much greater
mobility in the nucleoplasm and nucleolus than Meq/vILS.

FRET. Because Meq has been shown to form homodimers in
vitro, we tested for the ability of appropriate pairs of fluores-
cent reporters to exhibit FRET. Efficient resonance energy
transfer requires the close proximity of fluorochromes, which,

TABLE 2. FRAP and photoactivation ¢,,, values”

Process and

protein Nuclear ¢, SD
FRAP-Meq 15s 7s
PA-Meq 35s 17 s
FRAP-Meq/VIL8 15 min 3 min
PA-Meq/VIL8 20 min 1 min

“t,,, values were determined by normalizing the fluorescence intensity and taking
the time point at 50% recovery (FRAP) or 50% reduction (photoactivation).
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TABLE 3. FRET“

% FRET efficiency”

Donor Acceptor n¢
Nucleolus Nucleoplasm Cajal bodies
ECFP EYFP 3 None present 1.6 £ 28 None present
ECFP Meq/VILS-EYFP 3 —22=*02 -3.0=*13 None present
Meq/VIL8-ECFP EYFP 5 0.7=2.0 —2.1+38 None present
Meq/IL8-ECFP Meq/NVILS-EYFP 3 141 =20 114 =33 75 *15

“ Resonance energy transfer was measured by the acceptor photobleaching method. Initial fluorescence intensities were recorded from ECFP and EYFP constructs,

and then EYFP fluorescence was photobleached using 514-nm excitation light.

® The percentage of FRET efficiency (E) was determined by the equation E = (I, — I)/L, where I, and I; are the ECFP fluorescence intensities after and before
EYFP photobleaching, respectively. None present, these combinations of donor and acceptor were not found. A negative value for FRET efficiency arises from slight

drift during data collection.
¢ n, number of measurements.

for ECFP and EYFP, is on the order of 1 to 10 nm (13).
Because these distances are typical of the dimensions of many
proteins, detection of FRET implies a direct interaction be-
tween the fluorescent fusion proteins. However, the pairing of
unfused ECFP with Meq-EYFP resulted in FRET, although
the difference in efficiency was clearly significant compared to
that of the Meq homodimers (not shown). Because of this, we
were unable to conclude that Meq-ECFP and Meq-EYFP were
capable of forming close complexes detectable by FRET. In
contrast, the Meq/vIL8 control experiments did not exhibit
FRET (Table 3). Cotransfection of Meq/VIL8-ECFP and Meq/
VILS-EYFP yielded positive FRET results with the nucleolus,
nucleoplasm, and Cajal bodies, exhibiting FRET efficiencies of
14.1% (+2%), 11.4% (*=3.3%), and 7.5% (*1.5%), respectively.
These data suggested that FRET did occur with the formation of
Meqg/VIL8 homodimers in both these nuclear regions.

Time lapse imaging. CEF were cotransfected with Meq-
ECFP and Meq/VILS-EYFP and imaged using a modified tis-
sue culture incubator attached to the confocal microscope
stage. This permitted observation of the subcellular distribu-
tion of these fluorescent proteins for up to several days. During
time course experiments, the levels of nuclear Meq and Meg/
vIL8 proteins typically remained high, with very little cytoplas-
mic fluorescence. In approximately 20 to 30% of the cells
observed, we noted a decrease in the nuclear Meq and Megq/
vIL8 fluorescence with a concomitant increase in cytoplasmic
fluorescence (Fig. 3). This phenomenon was repeated several
times over a 24-hour observation period.

FIG. 3. Expulsion of nuclear Meq and Meq/VIL8. CEFs were trans-
fected with Meq-ECFP and Meq/VILS-EYFP and subjected to time
lapse acquisition. (A, B and C) Three time points, separated by 20 min,
for an individual cell that appeared to expel Meq and Meq/VIL8 from
the nucleus (A—B) and then reaccumulate the two proteins in the
nucleus (B—C).

DISCUSSION

The meq gene of MDV encodes at least two major sense
gene products that are generated by alternative splicing. The
Meq gene product is a bZIP transcription modulator that con-
tains multiple domains (Fig. 1B) including nuclear and nucle-
olar localization domains, an arginine fork RNA binding motif,
a bZIP leucine zipper, and transcriptional activation and re-
pression domains (26). The second product, Meq/VILS, arises
by a splicing event (Fig. 1A) that eliminates the transcription
modulation domains and fuses the region encoding the leucine
zipper in frame with the coding region of the second exon of
vIL8 (38). Meq/VIL8 retains a leucine zipper, although the
sequence differs from that found in Meq. Using fusions to
fluorescent reporter proteins, we have examined the subcellu-
lar locations of Meq and Meq/VIL8 in chicken embryonic
fibroblasts (Fig. 2). Both Meq and Meq/vVIL8 were typically
found localized to the nucleolus and nucleoplasm. Meq or
Meqg/VIL8 was also found associated with p80-coilin, which
nucleates the formation of Cajal bodies (1). In addition, anti-
body-staining experiments indicate that Meq and Meq/vILS
(22) (Fig. 2I to O) have localization properties similar to those
of the fluorescent fusion proteins used in these studies. This
suggests that fusion with the fluorescent reporter proteins did
not significantly alter the localization properties of either Meq
or Meq/vILS.

The FRAP and PA-GFP mobility studies indicate that Meq
and Meq/VIL8 had distinct intracellular properties (Fig. 2P to
R; Table 2). FRAP analysis indicated that Meq had a recovery
time of approximately 15 s in the nucleolus and nucleoplasm,
which is similar to that seen for many other nuclear proteins
(11, 15, 18, 19, 25, 41, 42, 50). This recovery time was much
slower than that of GFP alone, which had a t,,, of <0.3 s (not
shown) within nuclei, suggesting that the mobility of Meq rel-
ative to that of GFP was reduced, perhaps due to specific and
nonspecific interactions with nuclear components such as chro-
matin. Meq/vIL8 was far less mobile than Meq in the nucleolus
and nucleoplasm, exhibiting kinetic properties similar to those
of proteins that bind tightly to their targets, such as the TATA
binding protein, which interacts with chromatin (8), or p80-
coilin, which tightly binds Cajal bodies (14, 17, 48).

The mobility studies also suggested that nucleolar Meq and
Meqg/VIL8 do not have a direct role in ribosomal biogenesis.
Nucleolar proteins involved in ribosome biogenesis typically
have slower mobility inside the nucleolus than outside (9). This
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difference is apparently due to the nucleolar proteins forming
larger, less mobile complexes involved in ribosomal biogenesis
while the nucleoplasmic forms are in much smaller complexes,
with correspondingly higher mobilities. In contrast, both Meq
and Meq/VIL8 had equivalent ¢, ,, values in the nucleolus and
the nucleoplasm. Accumulating evidence suggests that the nu-
cleolus functions not only in ribosome biogenesis but also in a
variety of regulatory processes including modulation of p53
stability, sequestration of Rb protein, and control of mRNA
export (55). Given these observations, it is possible that the
nucleolar forms of Meq and Meq/VIL8 are involved in regu-
lating cellular functions other than ribosomal biogenesis.

The Cajal bodies have been implicated in a variety of func-
tions, but the most consistent finding is their involvement in
RNA maturation directed by small nuclear RNAs affecting
splicing or rRNAs. Possibly, Meq or Meq/VILS either controls
the identity of specific RNAs found in the Cajal bodies or
affects their modification pathways. In addition, the RNA com-
ponent of telomerase associates with Cajal bodies (37, 54).
MDYV also encodes a telomerase RNA (16), and the associa-
tion of Meq or Meq/vILS with Cajal bodies or p80-coilin could
play a role in the function of either the MDV or cellular
telomerase RNAs.

FRET results clearly detected energy transfer between Megq/
vILS-ECFP and Meq/VIL8-EYFP in the nucleoli, nucleoplasm,
and Cajal bodies, suggesting that this protein formed ho-
modimers (Table 3). Due to an apparent interaction between
ECFP and Meq-EYFP, we are unable to use FRET to evaluate
the formation of Meq-Meq homodimers or Meq-Meq/vIL8
heterodimers. However, in vitro and recent in vivo evidence
indicates that Meq forms homodimers (4, 44), and chromo-
somal immunoprecipitation studies demonstrated the binding
of Meq homodimers to the MDYV origin of replication in MSB
cells (24).

In vitro studies using reticulocyte-translated proteins also
suggested that Meq can form heterodimers with Meq/vIL8
(38). However, our localization and mobility studies suggested
that Meq and Meq/vIL8 may not form a large population of
heterodimers when coexpressed in CEF. In cotransfected cells
expressing both Meq and Meq/vILS fusion proteins, Meq/VIL8
was seen associated with Cajal bodies, but no Meq colocalized
with the Meq/VIL8 bound to these bodies. In fact, when punc-
tate Cajal bodies were observed in cells cotransfected with
Meq plus Meq/VIL8, those bodies were exclusively associated
with Meg/vIL8 (Fig. 2C to E). If Meq and Meq/VIL8 formed
stable heterodimers, we might expect colocalization of the two
proteins at the Cajal bodies, unless heterodimers were unable
to bind Cajal bodies. Furthermore, given the disparity between
the mobilities of Meq and Meq/VIL8, a reasonable prediction
would be that Meq-Meq/VIL8 heterodimers would form a new
population of molecules with intermediate mobility between
Meq and Meq/VIL8 homodimers. Either Meq (in the context of
heterodimers) would shift toward a less mobile form or we
would detect a more mobile form of Meq/vILS. Neither was
observed. Taken together, these data suggested that hetero-
dimers of Meq and Meq/vIL8 may not form in abundance
in CEF.

Time lapse studies demonstrated a periodic increase in cy-
toplasmic Meq and Meq/VIL8 in some transfected cells (Fig.
3). This could result from the expulsion of nuclear Meq and
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Meq/VIL8 into the cytoplasm. At the time of increased cyto-
plasmic fluorescence, decreased fluorescence was detected in
the nucleus, suggesting that Meq and Meq/vVIL8 were expelled
from the nucleus. Alternatively, newly synthesized Meq and
Meq/VIL8 might be excluded from the nucleus yet maintained
in a stable cytoplasmic form, while nuclear Meq and Meq/vIL8
are being actively degraded. These models are not mutually
exclusive, and both expulsion and degradation may play roles
in controlling the levels of nuclear Meq isoforms.

The coordinated regulation of Meq and Meq/VIL8 nuclear
localization suggests that a mechanism exists to target them for
nuclear expulsion or exclusion. Liu et al. (30) reported ele-
vated cytoplasmic Meq levels in Rat-2 cells during S phase and
demonstrated that this change in localization could be regu-
lated by CDK2-mediated phosphorylation. It is not clear what
role this phenomenon may play in the function of Meq or
Meq/vILS8, but the CDK2 phosphorylation site is in the com-
mon amino terminus of each protein. This is possibly a general
regulatory mechanism, in which excess transcription factors are
cleared from the nucleus during some critical phase of the cell
cycle. Alternatively, Meq and Meq/VIL8 may mediate nuclear
export of other proteins or RNAs (e.g., through Meq binding
of RNA via its arginine fork motif) at this time.

These studies have shown that Meq and Meq/VIL8 occupy
similar subcellular nuclear compartments, but their distinct
mobilities suggest that they may exist and function as distinct
populations. Given the identical amino-terminal regions of
Meq and Meqg/vILS, it is reasonable to hypothesize that the two
may regulate MDYV lytic, latency, or transformation pathways
by competitive mechanisms. The absence of the transcription
regulatory domain from Meq/vILS, combined with its mobility
characteristics, suggested models for such mechanisms. For
example, Meq/VIL8 might form heterodimers with Meq or
Meq targets, such as c-Jun, thereby reducing the activity of
Meq. The mobility properties of Meq are similar to those of
transcription factors, while the mobility of Meq/vILS8 is similar
to those of structural components. Conceivably, Meq/vIL8 may
also function by anchoring factors, such as Meq or c-Jun, and
reduce their dynamic ability to form the transcription com-
plexes necessary for cellular transformation or latency. Future
studies examining the dynamic properties of Meq, Meq/VILS,
and proteins such as c-Jun should help distinguish among these
possibilities.
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