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SUMMARY

Trypanosoma brucei variant surface glycoprotein  nuclear localization signal (NLS), is both necessary and
expression sites are interesting examples of genomic loci sufficient to target fusions of ESAGS8, with Aequorea
under complex epigenetic control. In the infectious victoria green fluorescent protein, to the trypanosome
bloodstream stage, only one of about 20 expression sites isnucleolus. This same sequence functioned only as an NLS
actively transcribed. In the Tsetse midgut (procyclic) stage, in mammalian cells, supporting the idea that nucleolar
chromatin remodeling silences all expression sites. We have accumulation requires specific interactions. These results
begun to explore the function of one of the expression-site- have implications for models of ESAG8 function.
associated genesESAG8 Gene knockout experiments

implied that ESAGS is essential. ESAG8 is present at a very

low level and apparently accumulates in the nucleolus. A Key words: ESAGS, Nucleolus, GFP localizatidnypanosoma
32-amino-acid domain, which contains a putative bipartite  brucei

INTRODUCTION regulating either epigenetic mechanism have been identified. A
nucleotide modification, resulting in the substitution of about
The variant surface glycoprotein genésG)expression sites 15% of T by J,B-D-glucosyl-hydroxymethyluracil, is found
(ESs) ofTrypanosoma bruceepresent a potentially instructive primarily in the repetitive telomeric and upstream 50-bp repeat
example of genomic loci under the control of two distinctsequences that flank all ESs in the bloodstream stage
epigenetic mechanisms. In the infectious bloodstream form gfsommers-Ampt et al., 1993; van Leeuwen et al., 1997). J is
the parasite, an unknown system of allelic exclusion ensurgsesent in ES-internal repetitive sequences in silent but not in
that only one among the approximately 20 potentially activeictive ESs (van Leeuwen et al., 1997) and is absent from the
loci is productively transcribed (reviewed in Borst et al., 1998tsetse stages (van Leeuwen et al., 1998). Despite these studies,
Cross et al., 1998; Rudenko et al., 1998; Vanhamme and Pagsid the cloning of a gene encoding a J-binding protein (Cross
1998; Borst and Chaves, 1999). The periodic inactivation ot al., 1999), there is no direct evidence that J is involved in
one ES and simultaneous activation of another is one of tHeS regulation. The ES promoter has been well characterized
two main mechanisms by which a trypanosome can switcfVanhamme et al., 1995; Pham et al., 1996; Qi et al., 1996) and
its VSG (reviewed in Cross, 1996). When the parasitgromoter binding factors have been demonstrated but not
differentiates to the insect midgut (procyclic) form, no VSG ischaracterized, so their role remains unclear (Pham et al., 1997;
expressed (Horn and Cross, 1995). The regulatory mechanisisrberof et al., 2000). Finallgjs elements that play a specific
in bloodstream and procyclic forms are thought to beole in ES transcription stability or switching have not been
functionally distinct. No significant chromatin differences haveidentified, although deletion of the promoter results in a rapid
been detected among the bloodstream ESs, but bacteriophayétch in ES transcription (Navarro et al., 1999) and deletion
T7 RNA polymerase promoters inserted into ESs, and only iof the region immediately upstream of ¥8Gcan destabilize
ESs, are rendered inoperable in procyclic forms (Navarrthe currently active ES (Davies et al., 1997). In sum, there are
and Cross, 1998; Navarro et al.,, 1999), indicating a majdiew clues to the mechanisms that regulate ES transcription.
change in ES chromatin structure after differentiation from To enhance our understanding of ES regulation, we have
bloodstream to tsetse forms. begun to focus on some of the genes that are cotranscribed
Each ES is a structurally and functionally haploidfrom the ES promoter. There are about texprEssion-ge-
polycistronic telomeric locus, probably transcribed by RNAAssociated_@nes ESAQ, which are mainly predicted to
polymerase | from a promoter approximately 50 kbp upstrearancode surface proteins (Paindavoine et al., 1992). We were
of the sub-telomericVSG To date, no specific factors prompted to investigatd&aeSAGS for several reasons. The
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coordinated inactivation and activation of ESs (Chaves et als, ml of phosphate-buffered saline (PBS) and resuspended inl400
1999; Horn and Cross, 1997; Navarro and Cross, 1998 1% bovine serum albumin (BSA). Cells were spun onto glass slides
suggests that a product of ES transcription might play aif a tabletop centrifuge for 1-2 minutes at 400 or visualization of

autoregulatory role. ESAG8 appears to be transcribefucleolar antigens, cells were permeabilized with 0.1% Triton and

; ; . shed for 5 minutes in PBS. The samples were blocked with 1%
exclusively from the active ES and there appears to be mlmm\élgA for 5 minutes, followed by incubation with an antinucleolar

sequence variation amogSAG8genes, in contrast to other =7 X ;
L . . ntibody (Ersfeld and Gull, 1997) (a kind gift of K. Ersfeld and K.
ESAGfamilies. The predicted structure of ESAG8 consists o ull) for 1 hour at a 1:1000 dilution. After washing three times for 5

an amino-terminal RING Pyl -finger domain and a large minytes, cells were blocked again in 1% BSA and incubated with
Leucine-Rch-Repeat (LRR) domain, separated by a shorthodamine-conjugated goat anti-mouse (Roche) at a 1:300 dilution.
region that harbors a putative nuclear localization signal (NLSZells were mounted in Fluoromount PVA-antifade mounting solution
(Fig. 1A) (Revelard et al., 1990). In other proteins, LRR andFisher). Confocal microscopy was performed on a Zeiss LSM510
RING Zré*-finger domains can mediate protein-proteinsystem at the Rockefeller University Imaging Center. GFP was
interactions (Kobe and Deisenhofer, 1994; Borden, 2000Y,sualized using the 488 nm line and rhodamine was visualized in a
suggesting that ESAG8 could potentially encode an adapt€fParate scan using the 568 nm line of the Krypton-Argon laser.
protein. To clarify the function dESAG8we initiated a series g(‘ggﬁz dWaeSreT?;rg‘;itllgs";‘:)F;O;Sescér;?é?yt;‘]e Azd%lks)z Iﬁilgliiigospoftware and
of gen_etlc experiments. Inltlal. results imply thﬁszGB'S. Image acquisition for quantitative deconvolution microscopy was
essential. We have also examlneq the Cellqlar dlstrlbu_tlon q}rone with a motorized Zeiss Axiophot2 widefield microscope
ESAG8 and found that a small region of the linker domain wagqipped with a Zeiss 88L.40 Oil DIC objective and a Princeton
both necessary and sufficient to target GFP to the nucleolus pistruments Micromax cooled-15°C) slow scan CCD camera

T. brucei (Kodak KAF-1400 CCD chip). For acquisition of 3D-image stacks, a
PIFOC objective Z-stepper was driven by the Piezo-Amplifier E662
LVPZT (Physik Instrumente, Germany). Living trypansomes were
transiently immobilized on an object cooling stage. The microscopic
) set-up was driven by the IPLab vs.3.2 software (Scanalytics, Fairfax).
Trypanosome culture and transfection For measuring the quantitative distribution of fluorescence, 126 living
Bloodstream forms ofT. brucei strain 427 variant MITatl.2, cells were chosen randomly. Following 3D image acquisitiorZQ0
expressing VSG 221 from a single-copy telomeric gene in the ‘22hm z-distance), the raw data were exported to the Huygens vs.2.8
ES’, were cultured in HMI-9 (Hirumi and Hirumi, 1989). All software (SVI, Hilversum) and digital deconvolution was performed
transfections were performed as described previously (Navarro anging the Tikhonow-Miller algorithm. Segmentation analysis of the
Cross, 1998). For stable regulated expression of eckEf#G8and  deconvolved data set was done with IPlab vs.3.2. Three segments were
GFP constructs, a T7 promoter-driven cassette was integrated intoused in the calculation. Intensity segment 1 was the image area with
rDNA spacer in trypanosome cell line 13-90, expressing T7 RNAmore than 10 counts per pixel defining the region of interest used for
polymerase and the Tet repressor (TetR) (Wirtz et al., 1998kalculation of the total fluorescence value. Segment 2 was the result
Expression was driven by the addition of 2.5 ng/ml doxycycline oof intensity/texture segmentation within the region of interest,

MATERIALS AND METHODS

tetracycline to the medium as required. yielding a subnuclear signal. Segment 3 was defined by texture
] ) segmentation describing a nuclear fluorescence signal. The summed
Plasmid construction intensity values from the three segments were used for calculation of

ESAG8was cloned fronT. bruceiMITatl1.2 clone 221 by RT-PCR, fluorescence distribution in individual cells. The percentage signal in
using a primer specific for thé &nd 3 ends of the coding sequence the nucleus was calculated as (Seg2+Seg3/880Q) The subnuclear
from another strain (Revelard et al., 1990). The PCR product wasignal was described by (Seg3/SedDo.

cloned into pBluescript Il SK+ to generate plasmid MH103, which ) )

was sequenced using a nested deletion strategy (New Englaitgmmalian cell culture and transfection

Biolabs, Inc). Portions of MH103 were re-amplified, using specificHuman HEK-293T cells were cultured in DMEM, high glucose, with
primers, to generate MH126, which contairle8AG8on aHindlll 10% FCS. Transfections were performed using FuGene6 transfection
fragment, with a 3stop codon, to facilitate subsequent cloning stepsreagent (Roche), exactly according to the manufacturer’s protocol,
MH156 is a plasmid containing PCR-amplified eGFP (Haas et alysing a reagent to DNA ratio of 3:1. For fluorescence analysis cells
1996) inserted into pBluescript. pLew111 is a derivative of the TetRwere grown on coverslips for 24 hours prior to transfection.
regulated T7 promoter-driven expression plasmid, pLew82, that has a ) )

Hindlll-BarmHI linker replacing theluciferasegene (Wirtz et al., Antibody generation and western blot analysis

1998). To generate thBFP-ESAGSfull-length expression plasmid, Antibodies were generated to the N terminus of ESAG8 (amino acids
ESAG8was liberated from MH126 witHindlll, filled in with Klenow 1-114) by inoculating rats with a Hi$usion protein purified from

and inserted intdSmad-digested MH156, to generate an in-frame bacterial inclusion bodies. Rats were immunized with macerated gel
fusion whereGFP and ESAG8were separated by 9 bp encoding the slices containing the protein and boosted on a 21-day schedule. The
tripeptide PSL. TheGFP-ESAG8fusion was then transferred into primary inoculation was intradermal with Freund’s Complete
Hindlll-digested pLew111, to generate MH161. All other expressiomAdjuvant and 250ug of protein, followed by four subcutaneous
plasmids were constructed by similar means or by PCR amplificatioimoculations with Freund’s incomplete adjuvant and 1@5f protein.

from the full-length fusion protein. Two of the truncations were Specificity was confirmed by comparing pre-immune and immune
transferred to pCDNA-3 adHindlll-BanHI fragments, to test sera on western blots against wild-type cells and cell lines expressing
localization in mammalian cells. All expression constructs werdruncated forms of ESAGS8, as well as against procyclic cell extracts

sequenced to confirm integrity. that express no ESAGS8. Background was too high for use in
) immunofluorescence and attempts at purification of the specific
Immunofluorescence and microscopy activity were only partially successful, resulting in significant loss of

For immunofluorescence analysis, 210’ washed cells induced avidity and/or specificity.
with 2.5 ng/ml of doxycycline were fixed in suspension in 4% For western blots, samples were run on either 8% or 10% SDS-
paraformaldehyde/0.05% glutaraldehyde for 1 hour, washed twice IRAGE gels and transferred to nitrocellulose (Amersham-Pharmacia).
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Crude lysates of>2L0° cells were loaded per lane. For quantification, organization oESAG8so we have continued to work with the
dilutions of full-length ESAG-8 Hisfusion protein, purified from clone 221 because it grows well, is easily transfected, and is
bacterial inclusion bodies, were prepared in 8 M ureBIT sample  the background for our regulated cell lines.

buffer. The concentration of the initial solution of ESAG-8eHiss

estimated at 100 ngl/ by comparison to known amounts of BSA in Disruption of ESAGS8

a Coomassie-stained SDS-PAGE gel. Western blots were probed wi . S .
the anti-ESAGS8 rat-1 antiserum at a 1:1000 dilution, and wer?nce only one ES is active in a given cell &&hG8has not

secondarily probed with horseradish peroxidase-conjugated go een found OUtSid,e an ES, we .reasoned that the gene might be
anti-rat antibody (Amersham-Pharmacia) at a 1:5000 dilution. BlotgUnctionally haploid if only a single copy was present in the
were developed in SuperSignal substrate (Pierce), according to tRétive ES, and thus amenable to a direct disruption strategy.

manufacturer’s directions. We therefore designed a disruption cassette that would allow
_ us to target both active and silent ESs. The disruption cassette
Northern blot analysis consisted of the'Jand 3 ESAGScoding sequences flanking a

RNA was prepared from approximately®Iglls, using RNA STAT-  double drug-resistance cassette in which the upsti@ain

60 (Tel-Test), according to the manufacturer's directions. Samplegene lacked a promoter whereas the downstid&® gene

were denatured in formaldehyde/formamide premix at 65°C for 18§S driven by the rDNA promoter (Horn and Cross, 1995)

minutes and run on a 1.5% agarose/1% formaldehyde gel, transferr, i : X )
- . . owth in high levels of phleomycin allowed us to select for

to nylon and hybridized with full-lengtBSAG8probe labeled with a integration i?\to the actise ESyWhereas G418 selects for

random primer labeling kit (Stratagene). . S . .
P g kit ( gene) integration into any ES, because of the inclusion of the rDNA

promoter.
By selecting with G418, we were easily able to obtain
RESULTS transformants in which various silent ESs had been targeted
. . (data not shown). We were also able to integrate the cassette
Cloning and analysis of ESAG8 from the 221 ES at two locations in the actively transcribed 221 ES, which

Because of small sequence variations between different copiesntains multiple copies ofESAG8 although these
of ESAG8 we began our analysis by cloniB§AG8xpressed transformants were obtained at a somewhat lower frequency.
from the 221 ES, in the cell line in which our studies were tdHowever, when we attempted to integrate the cassette into the
be performed. We obtained a full-length cONAEBAG& by  active site in cells in which the 118 ES was active, an
RT-PCR. This construct formed the basis for all subsequemixpression site that we believe contains only a single copy of
experiments on ESAG8. Sequence analysis confirmed that tHESAG8 we were unable to obtain any clones after extensive
product contained an intaBiSAG8 We compared the 221- efforts, although we were able to obtain clones with
ESAG8a protein sequence to other confirmed ESAGtegrations into multiple silent ESs when we selected for the
sequences (Fig. 1A). As we expected, the amino acigromoter-driverNEO marker. We also attempted to select for
sequences are highly conserved, with an overall identity cfwitches to activate silent ESs into which we had introduced
96%. The variability was not uniformly scattered throughouthe cassette. In no case were we able to activate an ES
the protein, but was clustered towards the carboxy terminuthat lackedESAG8 and all switches still express&SAGS8
Clusters of variability have been seen in other ESAGThese results, and extensive experience in targeting other
sequences, but the overall conservation of ESAG8 is mudhypanosome genes, strongly imply that expressioBSAG8
higher. is essential for cell viability. Moreover, there does not appear
As expected, ESAG8 was strongly developmentally to be any compensatoBSAG8expression from other loci, as
regulated (Fig. 1B). In contrast to previous reports (Revelartlas been experienced in bd#sAGland ESAG6knockout
et al., 1990), however, we were easily able to detect mRNA oexperiments (Carruthers et al., 1996; Ansorge et al., 1999).
northern blots, suggesting that steady-state levelESHKG8 o
mRNA vary between strains and may be higher in mor&ocalization of GFP-tagged ESAG8
virulent lines (Lips et al., 1996) and/or in cell lines that haveBecause of the potential role of ESAGS8 in regulating VSG
lower rates of ES switching (Lamont et al., 1986; Horn anaxpression, we wanted to determine the subcellular distribution
Cross, 1997; Robinson et al., 1999). H®AG8MRNA profile  of the protein. Previous attempts to localize ESAG8 suggested
depended upon which ES was active. When the 221 ES w#sat protein was enriched in the nucleus (Lips et al., 1996). We
active, the mRNA profile showed several bands, whereas celtad difficulty raising antisera that could specifically recognize
in which the 118 ES was active revealed a single band. OngSAGS8, even in western blot analysis. Although we were
one ES has been largely sequenced so far (Lips et al., 1998yentually able to raise a rat antiserum that was capable of
although others are in progress (S. Bowman, G. Rudenkeogcognizing ESAG8 on a western blot, this antiserum was
M. H. and G. A. M. C., unpublished data). Our analysis ofunsuitable for immunofluorescence analysis, because of high
bacterial artificial chromosome 40D16 (BACPAC Resourcebackground. Attempts at immunolocalization of HA epitope-
Center, Children’s Hospital Oakland Research Institute)tagged versions of ESAG8 were similarly unsuccessful, due to
containing most of the 221 ES, identified two copieS®AG8  high background (data not shown).
organized as a tandem repeat BEAG8 and ESAG3 It may have been difficult to specifically visualize ESAG8
interspersed biESAG4(data not shown). We speculate that thebecause of its low abundance. We quantified the amount of
complex RNA profile reflects multiple copiesBSAG8n the  ESAGS8 in a single cell by comparing known amounts of
221ES, perhaps complicated by the utilization of alternativeurified recombinant ESAGS to levels in trypanosome lysates,
splicing and polyadenylation sites. It is still unclear, howeverin a western blot (Fig. 2A). We estimate that there are only
whether there is much variability among ESs in terms of th@000-4000 copies of ESAGS in cells transcribing the 221 ES,
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which was probably below the detect A
threshold for our antisera in
immunofluorescence assay, and two- : :
fourfold less when the 118 or 117 ESs v ‘_. _1 i 1
fourfol L[] (LY

To overcome these limitations, we desig 9 47 14 630
a fusion construct in which ‘humanized’ eC
(Haas et al., 1996) was fused to the N term /' ag.o0 LRR
of ESAG8 and expressed in trypanoso  MING  nLs? 10068
using an inducible expression system (Wirt
al., 1998). We reasoned that the signal-to-r B
threshold should be lower with GFP-tag
proteins, because of the high quan
efficiency of GFP and the absence of
secondary detection reagents that ¢
potentially add to background. Moreo\
background fluorescence in bloodstream-f
trypanosomes is very low, and the detec
limt of GFP was estimated to
approximately 500 molecules per cell wl
concentrated in a discrete location (data
shown). All constructs were designed wit
PSL tripeptide linker between GFP and the protein, tcA
minimize potential effects on ESAGS8 function.

The GFP-ESAG8 fusion was expressed well in the
tetracycline-regulated cell line 13-90 (Wirtz et al., 1998). In 4 E

the uninduced cells, no tagged protein was seen in weste = S

analysis. In the presence of 2.5 ng/ml of tetracycline
approximately wild-type levels of a protein running at the ' d
expected molecular mass of 97 kDa were seen when prob N
with anti-ESAG8 antibody (Fig. 2B). The native ESAGS
protein runs at approximately 70 kDa.

High-resolution deconvolution experiments demonstrate:
that GFP-ESAG8 was localized to a subdomain of thB
trypanosome nucleus that resembled the nucleolus (Fig. 3/
D). The trypanosome nucleolus is easily visible as a dar
region in the DAPI stained nucleus (Das et al., 1998). Ti
confirm this localization, we performed confocal microscopy
on the GFP-ESAGS8-expressing cell lines that were i
counterstained with a monoclonal antibody specific for a 97 — z «— GFP-ESAGS

66 — —

Fig. 1.(A) The domain structure of ESAG8. A

histogram depicting the variability seen in an alignment
of the five confirmed trypanosome ESAGS protein
sequences is shown above the diagram. The height and
color of each bar represents the level of identity at that
amino acid position. Red, orange and green indicate
100%, 80% and 60% identity, respectively. (B) RNA
expression profile of ESAG8 showing that the RNA is
developmentally regulated and expressed at different
levels, depending on which ES is active.
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uncharacterized. bruceinucleolar protein (K. Gull, personal <«— WTESAGS
communication) (Ersfeld and Gull, 1997). There was goo
correlation between the GFP signal and the nucleolar markq._r

e . P ig. 2. (A) Quantification of ESAG8. A twofold dilution series of
indicating that GFP-ESAG8 did accumulate within theHise-tagged ESAG8 was compared tel8 trypanosomes from cell

nucleolus (Fig. 3E-G). o lines in which different ESs are active. Note the second ESAGS band
In experiments designed to look at the distribution ofi the 221 extract. (B) Expression of GFP-ESAGS in the 13-90 cell

proteins throughout karyogamy, Marchetti and colleaguegne containing the T7 polymerase and the Tet-Repressor. The double

(Marchetti et al., 2000) noted the presence of a thin connectidrand of 221 ESAGS8 was not resolved in this gel.

between the two separating nucleoli in a subset of mitotic cells.

We only rarely detected such a structure, most likely because

the amount of GFP-ESAGS is extremely low, but its occasionare so small (approximately 1g2n diameter), it is difficult to

detection reinforces the idea that ESAG8 is an intrinsi@accurately estimate protein distribution using confocal

component of the nucleolus (Fig. 3H-J). microscopy. To quantify the subcellular distribution of GFP-
- ESAG8, we examined living unfixed trypanosomes using
Quantification of nuclear GFP-ESAGS digital deconvolution.

ESAGS8 might have a specific function in the nucleolus or be 126 randomly selected cells were examined for the
sequestered there, as is true for several components @diantitative analysis. Raw images were collected through a
mammalian and yeast nucleoli (Shou et al., 1999; Weber et at-stack of 1&200 nm and subjected to deconvolution.
1999). From our confocal analyses, it appeared that a fracti@tringent criteria for sampling and deconvolution were
of ESAGS8 is cytoplasmic, raising the possibility that thisapplied to assure that all data sets were correctly aligned and
represents the active pool of the protein. Because trypanosomeihin the linear range of photon counting. The nuclear signal



was segmented from the overall cellular fluorescen:
texture segmentation, while a subnuclear regio
interest was defined by intensity segmentation. 82
the total GFP signal was found within the nucleus.
signal within the subnuclear region was 2.5-fold al
the mean nuclear intensity values. These results st
that the bulk nuclear GFP-ESAGS8 localizes to
nucleolus and that there may be a significant fra
(18%) of GFP-ESAGS8 that is found outside of
nucleus (Fig. 4). We have some evidence from
extraction experiments that a pool of ESAGS is resi
to extraction, corroborating our observation that
protein exists in at least two distinct pools in the
(data not shown).

Identification of a minimal nucleolar localization
signal

To gain further insight into the relevance of the nucle
accumulation of ESAG8, we sought to identify
features responsible for this localization. Nucle
accumulation can occur through various mechanist
mammalian cells, and no consensus signal has
identified. Initially we hypothesized that either the RI
domain or the LRR domain might be required
addition to the NLS region, to mediate nucle
accumulation, since a two-step import pathway has
shown to be used by some mammalian pro
(Schmidt-Zachmann and Nigg, 1993). Thus we desi
constructs that contained portions of the putative
region and the two domains separately (Fig. 5).
ARING construct (amino acids 68-630 fused to C
showed a diffuse cytoplasmic staining whereas
ALRR construct (amino acids 1-79) showed ro
nucleolar accumulation (Fig. 6A,C). Constrt
containing the RING domain alone (1-47) were not
to target GFP to the nucleolus (Fig. 6B). If a two-
pathway were required, however, this would no
unexpected. Yet full-length ESAGS8 harboring a do
mutation in the metal binding residues of the R
domain was able to efficiently target GFP to
nucleolus, suggesting that the RING domain was
necessary for nucleolar targeting (Fig. 6D). In cont
a small region downstream of the RING domain (ar
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Fig. 3.(A-D) Visualization of GFP-ESAGS in fixed and DAPI-stained
trypanosomes. The image represents the summed view through a 3D-dataset
(25x200 nmz-distance) after digital deconvolution using an advanced
Maximum Likelihood Estimation-based restoration. The image was
pseudocolored by intensity (A) and subjected to threshold segmentation to
visualize the peak GFP signal (B). The dark area in the DAPI counterstain
defines the nucleolar localization (arrows; C). The merged color coordinates
of GFP and DAPI fluorescence reveal a localization within the nucleolar
region (D). (E-G) Confocal analysis of GFP-ESAGS8 expressing cells
counterstained with a nucleolar marker in red (arrows at nucleolus).

(H-J) Confocal micrograph showing the thread of GFP-ESAGS (arrow)
between two nucleoli in a mitotic cell. Scale bargnh

acids 48-79) was sufficient to target GFP to the

nucleolus, although no appreciable cytoplasmic s
was observed in these cells (Fig. 6E). Neither sir
segments of this region nor an overlapping cons
expressing GFP-ESAG8 68-114 were functional
nucleolar targeting (Fig. 6F-H). Northern anal
suggested that most of these fusions were
significantly overexpressed (data not shown).

To test whether the apparent nucleolar targt
region was necessary for nucleolar accumulation i
context of the full-length protein, we generate
version of ESAG8 in which amino acids 50-67 w
deleted. Deletion of this region resulted in
predominantly cytoplasmic localization of GFP (i
6l). Thus the linker region from amino acids 4&
contains elements that are both necessary and suf
for nucleolar accumulation of GFP-ESAGS8
trypanosomes.

Raw Seg 1 Seg 2 Seg 3

Fig. 4. Distribution of ESAGS in living cells. We used three segments to calculate
the ESAGS distribution in a living cell. Intensity segment 1 was the image area,
with more than 10 counts per pixel defining the region of interest used for
calculation of the total fluorescence value. Segment 2 was the result of
intensity/texture segmentation within the region of interest, yielding a subnuclear
signal. Segment 3 was defined by texture segmentation describing a nuclear
fluorescence signal. The summed intensity values from the three segments were
used for calculation of fluorescence distribution in individual cells.
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Construct Localization
9 47 114 630
GFP-ESAG8 Full [ H — nucleolus
(1-630) GFP / Gaod LRR
RING NLs? =100 aa
ARING (68-630) [ N ———— unlocalized
ALRR (1-79) [ H +— nucleolus
Fig. 5. GFP-ESAGS8 .
D - H localized
constructs tested in this < C (1-47) I unocalize
study. The minimal ANOS (850-67) | H I unlocalized
targeting sequence and
; ; RING Mut I H _— leol
truncations _of itare (€275, H29Q) nucleolus
shown. Basic regions that TT
might contribute to nuclear 68-114 [ he— unlocalized
Iocalizationare 48-79 [ N~ RIGGRRKANPHLLREIADVTMELKRYRKGRSG nucleolus
underlined. Arrows
indicate the location of 48-67 [ I~ RICGRRKANPHLLREIADVT unlocalized
two point mutations in the .
RING domain 48-57 [ h_— RIGGRRKANP unlocalized
Localization of GFP-ESAGS fusions in mammalian 1996). There is one report of a functional ES that |I&XAG8
cells suggesting that the gene is not essential in all situations, but

To examine whether the ESAGS8 nucleolar signal (NOS) workthe structure of this ES was highly atypical and lacked several
in mammalian cells and might shed light on conserved®ESAGs (van Xong et al.,, 1998). Although no mRNAs
nucleolar import pathways, we transferred t@BP-ESAG8 corresponding to the ‘missingSAG<could be detected, these
fusions into the mammalian expression vector pCDNA, imegative results contrast with other situations in wiH&AG
which the viral CMV promoter drives expression. Wedeletions could be compensated by low-level expression of
transfected HEK-293T cells and observed the localization ofultiple copies from other ESs or from non-ES locations
the fusion proteins (Fig. 7). The minimal element we identified(Carruthers et al., 1996; Ansorge et al., 1999).

from amino acids 48-79, conferred a predominantly nuclear We have shown that GFP-tagged ESAGS, expressed at wild-
localization on the GFP reporter whereas the shorter sequentype levels, is concentrated within the trypanosome nucleolus.
48-57, which contains only a single basic element of the

putative bipartite NLS, showed a uniform cytoplas |
and nuclear distribution. The ESAG8 NOS thus apj A 68630
to function predominantly as an NLS in mammalian ¢
supporting the idea that nucleolar localization req
species-specific interactions.

DISCUSSION

ESAGS is a potential expression-site regulator. It con
two motifs that are found in several interesting regulz
proteins of mammalian cells and yeast. Unlike ¢
ESAGs, its sequence differs little and prob:i
insignificantly between the various ESs. It appears
found only in the context of an ES and our prelimil
genetic analysis suggests that ESAGS8 is essential
parasite. Our experiments show that ESAGS is pres
a very low abundance, 2000-4000 molecules per cel
it may be lower in other strains or clones (Lips et

F 68-114

| del 50-67

Fig. 6. (A-1) Confocal analysis of representative cells showing
the distribution of selected GFP-ESAGS truncations (see Fig.
5). Nucleoli are counterstained, where necessary, to show
colocalization. (AARING (68-630), (B) RING (1-47),
(C)ALRR (1-79), (D) RING Mut (C27S, H29Q), (E) 48-79,
(F) 68-114, (G) 48-67, (H) 48-57, (ANOS (A50-67). Scale

bar, 5pum.
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Fig. 7.(A) Localization of GFP-ESAGS8 48-79 in transiently
transfected human HEK-293T cells examined 24 hours after
transfection. (B) Localization of GFP-ESAG8 48-57. Scale ba
10 pm.

b- b- x- b- b- (b)
RI GGRRKANPHLLREI ADVTMELIKRYRKG|IRSG ESAGS 48-79
PKTIRRRPRRI[SQRKRPPTP Rex 2-19

RKIKRRQRRIRAHQ HV Rev 35-48

RQA|[RRNRRR|AHQ HV Tat 49-61

GIKKKKGKIPGKRREQEKKKRT PTH P 87-107
KSGGKAKKKEKWSKGKVR S25 25-41

RKRI RTYLKSCIRRMKRS|[GFEMSRPI PSHLTS NOLP 34237
VYE[KKPKRE[VKKKR L5 251-264

Fig. 8. Comparison of the ESAG8 NOS with a selection of compact NOS sequences from different proteins. All sequences showmare sufficie
to target reporter proteins to the nucleolus. The basic residue cluster shown to be essential for nucleolar targetirfighesosegaences is

boxed. Contiguous clusters of more than two basic amino acids are underlined. Sequences were compiled from the followasy refere

HTLV-1 Rex (Hofer et al., 1991), HIV-1 Rev and Tat (Kubota et al., 1999), PTHrP (Aarts et al., 1999), S25 (Kubota et aNQIRYeki

et al., 1998), L5 (Rosorius et al., 2000).

We believe this localization is significant, because we hav8. Leal and GAMC, unpublished experiments), or some other
been able to isolate a small linear sequence of ESAGS8 that@ssential component required for ES transcription.
both necessary and sufficient to mediate nucleolar targeting of Several studies have suggested that the nucleolus also
GFP, and essential for targeting the full-length GFP-ESAG8&unctions in the maturation and trafficking of specific mRNAs.
fusion. While the eukaryotic nucleolus has traditionally beemMutations in several proteins required for mRNA transport in
seen as the seat of ribosome biogenesis, recent studies hgeast resultin mRNA accumulation in the nucleolus (Schneiter
suggested that this organelle is involved in processes as diverteal., 1995). There is also evidence tR&O transcripts can
as mRNA splicing and trafficking (Pederson, 1998; Scheer angiccumulate within the trypanosome nucleolus (Rudenko et al.,
Hock, 1999). This transformation of our view of the nucleolusl991; Kohler, 1999). Some structures that contain splicing
means that interpreting the reason for the predominant locati@momponents, such as coiled bodies and perinuclear
of ESAGS8 has become more complex. compartments, are also closely associated with the nucleolus
The nucleolus is the dominant RNA polymerase lin mammalian cells (Pederson, 1998). Thus, ESAG8 may be
transcriptional domain in the nucleus. Since the ES has beémvolved in regulating a step downstream of transcription. Post-
shown to be transcribed by a highty-amanitin resistant transcriptional regulation of ES transcripts is likely to be
polymerase that behaves very similarly to Poll (Lee and vaaxtremely important, because every cotranscribed RNA is
der Ploeg, 1997), and the ES promoter can be functionallgresent at very different steady-state levels (Vanhamme et al.,
replaced with rRNA promoter without disrupting ES regulation1999). We were unable to overexprdSSAG8 mRNA or
in the bloodstream form (Rudenko et al., 1995), it is temptingrotein, even when the untranslated sequences were optimized
to speculate that the nucleolar localization of ESAG8 is noand the gene was highly transcribed by T7 RNA polymerase,
coincidental. Although the exclusiveness of ES transcriptiofurther implying that post-transcriptional processing is
might be due to a special subnuclear localization, currenmportant in regulating the levels of this and other ESAGs. We
evidence does not support the idea that the active ES lmve good evidence, from two-hybrid and immunoprecipitation
transcribed in the nucleolus (Chaves et al., 1998; Chaves et @xperiments (M. H. and G. A. M. C., unpublished data), that
1999). If ESAGS8 were regulating ES transcription, it might beESAGS8 interacts with an RNA-binding protein of tpef
through an indirect mechanism, perhaps by modulating thiamily, (Zhang et al., 1997), supporting the idea that the protein
activity of the pool of Poll, which appears to be present in verynight regulate mRNA processing in some way. There is one
low and highly regulated quantities Tnbrucei(E. Nogoceke, other report of a protein, PIE8, that may interact with ESAGS8
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(Perez-Morga and Pays, 1999). PIE8 may be involved in the In this context, it is interesting to examine the recently
differentiation from bloodstream to procyclic forms, since,published results of Marchetti and colleagues, who described
in late bloodstream-stage trypanosomes, it migrates to the cryptic nucleolar localization signal in theypanosoma
mitochondrion in the early stages in mitochondrial activationcruxi H2B protein (Marchetti et al., 20Q0Jransfection ofT.
It has not been possible to demonstrate that ESAG8 trulgrucei with the first 40 amino acids of TcH2B, fused to the
interacts with PIE8 in vivo, or whether the interaction was ammino terminus of GFP, resulted in a nucleolar concentration
artifact of the yeast two-hybrid screen. of the signal. Nucleolar targeting was not seen when the full-
Studies from both yeast and mammalian systems havength H2B-GFP fusion protein was expressed, however, or
demonstrated that the nucleolus can be used by cells when the H2B40-GFP chimera was fused{galactosidase.
sequester regulatory components until they are required. Updrne authors reasoned that a serendipitous interaction was
release from the nucleolus, these factors are able to effectoacurring between the H2B-GFP truncation and a nucleolar
cellular response. The yeast RENT complex, for example, isomponent. However, since thgalactosidase reporter is
released prior to telophase in order to activate degradation firly acidic, an alternative possibility is that addition of this
cyclins and prepare for the next round of cell division (Shou enoiety to the very basic H2B truncation may have masked a
al., 1999). The Sir2 silencing protein is similarly sequesterettue nucleolar interaction domain. In support of this
in the nucleolus (Straight et al., 1999). In mammalian cellsperspective, the human ribosomal protein L5 NOS is able to
pl9ARF has been shown to sequester the p53 negatit@get GFP, but ndd-galactosidase, to the nucleolus (Rosorius
regulator Mdm2 within the nucleolus, leading to the activatioret al., 2000). There are reports of specific histone variants that
of p53. Release of Mdm2 from the nucleolus leads to thaccumulate specifically within the nucleolus (Allis et al., 1982;
inactivation of p53 and the resumption of cell division (WebeBhatnagar et al., 1984; Tanaka et al., 1999), so it is also
et al., 1999). In the HIV-1 Tat protein, low levels of a Tat-GFPpossible that the cryptic targeting signal in the TcH2B amino-
fusion were found in the nucleus whereas overexpressiderminal domain is not causing a serendipitous accumulation
resulted in nucleolar accumulation, which was not required foof the GFP reporter, but that nucleolar accumulation is the
activity (Stauber and Pavlakis, 1998). Analogously, the activdefault pathway for this signal in the absence of the domain
pool of ESAG8 may exist outside of the nucleolus, wherghat is necessary for H2B to interact with its normal partner,
approximately 20% of the GFP-ESAG8 signal was foundH2A, which may be necessary for its normal localization.
None of the non-nucleolar mutant forms of ESAGS resulted in In our experiments, GFP-ESAG8 nucleolar targeting worked
any overt phenotype, however, perhaps because they were mothe context of the full-length protein and in truncations. The
overexpressed. compact nature of the ESAG8 NLS/NOS, as well as the
It is unclear how nucleolar accumulation is mediated in mogputative TcH2B NLS/NOS, is quite interesting, since both
eukaryotes, although the lack of clear consensus signals has tadgeting functions have been built into a relatively small
to the supposition that nucleolar targeting requires specifisequence and we have been unable to uncouple nuclear and
interactions of nucleolar components. Specific domains haveucleolar targeting. To address this issue, it might be fruitful
been identified that are able to target proteins to the nucleolustim mutate amino acids in the region between the two clusters
mammalian cells, but many of the signals are complex and sonoé basic amino acids that form the bipartite NLS, but we have
are context-dependent. There are short highly basic regions mot undertaken a more comprehensive analysis. Mutations in
some viral proteins that robustly confer nucleolar targeting tthis region generally do not affect bipartite NLS function, so it
reporter proteins, independent of context (Kubota et al., 1989night be possible to separate the two localization functions by
Targeting signals have also been identified in a variety afoncentrating on this region. It is interesting to consider that
ribosomal proteins, which are similar to the viral sequences ithe bipartite NLS may provide a useful scaffold of basic
being highly basic (Annilo et al., 1998; Kubota et al., 1999). Irresidues on which to assemble domains that can interact with
several cases, such as that of nucleolin, accumulation in timeicleolar components (Robbins et al., 1991).
nucleolus is mediated by interaction with other nucleolar Finally, we are left with the question of where the functional
proteins or RNAs, lending support to the hypothesis that speciffpool of ESAGS is located. Unfortunately, mutants that might
interactions are important for nucleolar targeting and/ohave disrupted normal ESAGS8 function were too poorly
retention (Schmidt-Zachmann and Nigg, 1993). expressed to explore this question. None of the truncations or
The ESAG8 nucleolar targeting signal that we haveleletions we designed showed any overt phenotypes. Thus, a
identified is unusual among eukaryotic nucleolar targetinglominant-negative approach to the analysis of ESAGS is not a
signals because it is quite small and essentially conforms to tlfreiitful one at present, since we were unable to overload the
consensus for a bipartite NLS. Indeed, we found that thisell with truncated forms of the protein. We are currently
sequence would target GFP to the nucleus in mammalian celkttempting to establish a conditional knockouE&AG8and
The ESAG8 NOS contains several basic amino acids, but theye pursuing the identification of interacting proteins to
are much less concentrated than the residues in the ottmthance our understanding of the potential role of this gene
compact targeting signals (Fig. 8). Instead, the ESAG#& ES regulation, or other aspects of trypanosome gene
sequence is richer in hydrophobic amino acids and evesxpression.
contains some acidic residues. That a sequence that is suff|C|enJ1'.hiS work was supported by the National Institutes of Health by

for nucleolar_targeting in trypanosomes could function merely, i A121729 (G.AM.C.) and training grant GM07982 (M.H.).
as an NLS in a heterologous system lends further creden&gecial thanks to T. Zanders for excellent technical assistance, to K.

to the idea that nucleolar targeting depends on specifigrsfeld and K. Gull for the generous supply of antibody and advice
interactions that take place after proteins have beesnh microscopy and to T. Worley and A. Monteiro for advice on
translocated across the nuclear pore. transfecting mammalian cell lines and for providing HEK-293T cells.
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