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ABSTRACT

The DNA replication, plasmid segregation and trans-
activation functions of Epstein—Barr nuclear antigen 1
(EBNAZ1) require the binding of EBNAL to specific DNA
recognition sites in the two non-contiguous functional
elements of the Epstein—Barr virus latent origin of
replication, oriP. EBNA1 molecules bound to these
elements interact with each other resulting in the
formation of looped individual DNA molecules and
multiply linked DNA molecules. We have developed a
glycerol gradient sedimentation assay suitable for
guantitative analysis of the DNA linking activity of
EBNA1 and used it to investigate the contribution of
EBNAL residues to the linking interaction and the
mechanism of the interaction. Using overlapping
internal deletion mutants, we found that two regions of
EBNA1 can cause DNA linking, amino acids 40-100
and 327-377, but that the stabilities of the linked
complexes formed by the two regions differ dramatically;
only complexes formed through the latter region are
stable to glycerol gradient sedimentation analysis.
Mechanistic studies using EBNA1 in combination with
GAL4—EBNAL fusion proteins showed that linking inter-
actions mediated by residues 327-377 are homotypic.
Our results also suggest that only the DNA-bound form
of EBNA1 participates in the protein—protein interactions
seen in DNA linking.

INTRODUCTION

activating expression of other EBV latent genes and governing
stable segregation of the EBV genoi®e3(11,14). The interaction

of EBNAL with the FR element has also been observed to cause
replication forks to pause at this elemér;, 15).

In efforts to understand the mechanisms by which EBNA1 fulfils
its replication, transactivation and segregation functions, we and
others have purified EBNAL1 and studied the properties of the
purified proteinin vitro. Although no enzymatic activities have been
found to be intrinsic to EBNA1, the assembly of EBNAlooR®
has been found to involve several types of homotypic interactions
and to induce changes in the origin DNA structir@-23). One
type of EBNA1-EBNA1 interaction involves interaction at a
distance between EBNA1 complexes assembled on the FR and DS
elements. When the interaction occurs between the FR and DS
elements on the sarméP molecule, the intervening DNA forms a
loop and thus this has been termed the ‘DNA looping’ interaction
(17,22,24). A similar interaction also occurs between EBNA1L
molecules bound to FR and DS elements on different DNA
molecules, which causes multiple DNA molecules to be linked
together through a centralized EBNA1 complex and thus this
interaction has been termed ‘DNA linking4-27).

Aregion of EBNA1 that mediates the DNA looping and linking
interactions has been localized to a central arginine-rich region
between amino acids 327 and 377 (the looping don2dt)) 7).
These sequences retain the ability to mediate interactions between
DNA-bound proteins when transferred to the GAL4 DNA
binding domain and approximately half of this region is sufficient
for linking activity (26-28). DNA looping and linking interactions
mediated by the EBNAL looping domain have been shown to
stabilize EBNAL binding to the DS eleme®7) but thein

Epstein-Barr nuclear antigen 1 (EBNA1) is a multifunctionaVivo function of these interactions has not yet been determined.
protein that plays several important roles during latent infection IN this paper we have used a glycerol gradient assay to address

of human host cells by Epstein—Barr virus (EBV). First, EBNAJUestions concerning the mechanism of the EBNAL linking
activates replication of the episomal viral genome once eVe_pg,teractlon and the EBNAL residues required for linking activity

cellular S phasel{4). Second, EBNAL governs segregation of! the context of the complete EBNA1 p.rotein. This assay has
the viral episomes during cell division so that the EBV genom@dvantages over the assays used previously to study EBNAL

is stably maintaineds(6). Third, EBNAL transactivates expression Inking activity in that the amount of DNA linked can be readily

of other EBV latent gene productg-0). All three of these

guantified, multiple DNA fragments can be studied in combination

EBNAL functions require a direct interaction with the viral latenfind the stability of the linked complexes can be assessed.

origin of replicationpriP. oriP is comprised of two non-contiguous

functional elements, the dyad symmetry element (DS) and thATERIALS AND METHODS
family of repeats (FR)10). The DS contains four EBNAL binding Construction of EBNA1 internal deletion mutants

sites and likely the initiation site for DNA synthesid-{14). The

FR contains 20 EBNAL binding sites and, when bound by EBNAEBNAL mutants lacking amino acids 41-376 (bERMA-376),
plays an important role in activating DNA replication from the DS325-376 (bEBNA325-376) and 356—362 (hEBMXB56—362),
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in addition to amino acids 101-323 of the Gly-Ala repeat regiowith a 15 ml linear gradient from 270 mM to 1 M NaCl at 1 ml/min.
were constructed using two rounds of PCR amplification. In thEractions containing the EBNAL proteins were aliquoted and
first round of PCR two fragments were generated from the p2Gfored at —70C. EBNAL proteins in these fractions were estimated
version of EBNAL 2), extending from the N-terminus to the by SDS-PAGE and Coomassie staining to be >80% pure.
deletion site and from the C-terminus to the deletion site. Primers

adjacent to the deletion site contailsg restriction sites at their Electron microscopy

5'-ends in addition to EBNAL sequences. The amplified N- an
C-terminal fragments of EBNA1 were gel purified, cleaved wit
Spé and ligated together. Ligation products were subjected to
second round of PCR amplification using primers that hybridiz
to the N- and C-termini of EBNAL. In this way only ligation
products that were joined through the coheSipe ends were )
amplified. In addition to EBNAL sequences, the N-terminaPNA fragments for glycerol gradient assays

EBNAL primer contained aitcaRl site and the C-terminal The DNA fragment containing the DS elemeraii® (310 bp) was

primer 'Contalned' BanHl site at the 5end..The PCR products excised from the p|asm|d pGEMonm by digestion witltecdRV

were digested witfecaRI andBanHI and ligated between the andHindlll. The DNA fragment containing the FR elemenbdl

EcaRl and BanHI sites of the baculovirus transfer vector 800 bp) was excised from pGEMoriP by digestion &itaR| and

pVL1392 @9). These recombinant constructs were sequenced fcd. The DNA fragment (170 bp) containing five tandem GAL4

confirm the EBNAL1 deletion. DNA binding sites was generatedtindill andXba digestions of
Re.combinant baculoviruses were generated by co-transfectifGal4EIBTATACAT (32). The above DNA fragments were

Sf9 insect cells with the transfer vector containing EBNAlseparated by agarose gel electrophoresis, purified using Qiaex bead:

sequences and Baculogold baculovirus DNA (Pharmingen, S[s@iagen) and end-labeled by filling in the recesseends with

Diego, CA). Recombinant viruses were subjected to two roungg-32P]dCTP using DNA polymerase Klenow fragment.
of plaque purification prior to use for protein production. The

EBNAL proteins expressed from the recombinant viruses contaflectrophoretic mobility shift assay (EMSA)
only EBNA1 sequences (as shown in FAgwith the exception

of two amino acids (Thr-Ser) that result from e linker ~ Purified bEBNAL or EBNAs>_641(28—1800 fmol dimer) was
spanning the deletion site. titrated onto 20 fmol end-labeled 800 bp FR DNA fragment in a

20 pl reaction containing 50 ng herring sperm DNA, 20 mM
) o Tris—HCI, pH 7.5, 300 mM NacCl, 10M ZnCl,, 5 mM MgCb,
Protein purification 0.5 mM DTT. After 10 min at room temperature, bound and

- unbound FR DNA molecules were separated by electrophoresis
s Conte e G laepet oy 5 nondenaunng poyacjamce e and ONA bands
described 74,30). bEBNAA356-362 was expressed from a ere visualized by autoradiography.
baculovirus and purified from Sf9 cells as described for bEBNA
(24). EBNAgs51-641 and EBNAis»_g41 Were produced in
Escherichia coliand purified as described in Frappméal (27)  End-labeled DNA fragments (200 fmol) were incubated for 10 min
and Barwelkt al (31), respectively. The productionfhcoliand  at room temperature with excess EBNAL1 or GAL4-EBNAL
purification of GALA-EBNAs1_377and GALA-EBNAis» 474  proteins (18—20 pmol protein except where otherwise indicated)
fusion proteins is described in Laine and Frapgié). (For the in a 20ul reaction containing 0,59 herring sperm DNA, 20 mM
purification of EBNA1 internal deletion mutants, Sf9 monolayeiTris—HCI, pH 7.5, 1M ZnCl,, 5 mM MgCh, 0.5 mM DTT and
cultures in 20 150 cftissue culture plates were infected with either 300 (for EBNAL proteins) or 150 mM (for GAL4-EBNA1
recombinant baculovirus and harvested 48 h post-infection &ssion proteins) NaCl. The higher salt concentration used for
previously describedl@). The cells were washed with phosphate-EBNAL proteins was necessary to prevent precipitation of the
buffered saline and resuspended in 20 mM Tris—HCI, pH 7.protein that was not bound to DNA and the lower salt
135 mM NaCl, 1 mM MgGC], 10% glycerol, 1% Nonidet P40, concentration used for the GAL4—EBNAL fusion proteins was
2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol necessary for the GAL4 DNA binding domain to bind to the
(DTT). After 1 h on ice, the lysate was clarified by centrifugatiofGAL4 sites. When DNA fragments containing EBNA1 sites and
at 12 00@ for 30 min at 4C. NaCl was added to the supernataniGAL4 sites were combined in the same reaction, 200 fmol each
to a final concentration of 300 mM, then the extract was loadddNA fragment was used and EBNA1 was incubated with the
onto a 20 ml heparin—agarose (BioRad) column equilibrated witBNA in 300 mM NaCl. After 10 min at room temperature, the
20 mM HEPES, pH 7.5, 300 mM NaCl, 0.5 mM EDTA, 1 mM GAL4—EBNAL1 fusion protein was added, the NaCl concentration
DTT, 1 mM PMSF (column buffer). The heparin column waswas diluted to 150 mM NaCl and reactions were further incubated
washed with four column volumes of the column buffer andor 10 min at room temperature.

EBNA1 mutants were eluted with column buffer containing 1 M Reactions were layered onto 2 ml 10-30% glycerol gradients
NaCl. EBNA1-containing fractions were pooled, diluted to a finaht 4°C containing 20 mM Tris—HCI, pH 7.5, 150 mM NaCl.1
concentration of 270 mM NaCl and loaded onto either a 1 nanCl, 5 mM MgCh, 0.5 mM DTT and subjected to centrifugation
HPLC Mono Q column (for bEBNA41-376; Perceptive for 30 min at 166 00Q at 4°C. After centrifugation, 17 115l
Biosystems) or a 1 ml HPLC MonoS column (for bEBNA-fractions were collected from the top of the gradient and the
A325-376; Perceptive Biosystems) equilibrated with columibottom of the centrifuge tube was rinsed with [ill3% SDS to
buffer containing 270 mM NacCl. Both columns were developedesolubilize DNA that had been pelleted to the bottom of the tube

aturating quantities of bEBNA1 were assembled onto a 3 kb DNA

rgolecule containing the FR element @fP and protein—-DNA
omplexes were prepared for electron microscopy as previously
escribed 17).

hlycerol gradient assays
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Figure 1. Electron micrograph of a linked complex. A linked complex
generated by bEBNA1 binding to DNA containing the FR element is shown. ggna
Bar 0.1um. 452-641

(fraction 18). Equal volumes of each fraction were subjected téigure 2. Schematic representation of the EBNAL proteins used in this study.

electrophoresis on a &TBE 5% non-denaturing polyacrylamide Amino acid numbers_ are |n_d|cated as are the GIy-_Arg repeat, the Gly-Ala
- - epeat, the DNA looping region, the nuclear localization sequence (NLS) and

gel' After electro_phor§5|s, the gels Were dried and the DN e DNA binding and dimerization domains. The position of the internal

fragments were visualized by autoradiography. For gradients thakletions are indicated by the arrowheads.

contained more than one DNA fragment, the amount of each

DNA fragment in each fraction was quantified by Phosphorimager

analysis (Molecular Dynamics) of the dried gels. For gradientgteractions 22,24,27). An example of a linked complex formed
which contained a single DNA fragment, the amount of DNA inyy EBNA1 binding to DNA containing the FR element is shown
each fraction was determined by counting a sample of eaghFigure1. We explored whether glycerol gradient sedimentation

gradient fraction in the scintillation counter. could be used to separate these linked complexes from individually
bound and unbound DNA molecules.
Ligation enhancement assays To this end, we incubated an end-labeled DNA fragment

Ligation enhancement assays were conducted as previouCPntammg the FR element froamiP with either a biologically

described using DNA templates generated by linearizing pG _é(tive version of EBNAL, containing both DNA binding and
MoriP with Mlul (24). In the resulting DNA fragment, the FR oping regions (BEBNAL Fig), or with a C-terminal fragment

element is 280 bp from one end, the DS element is 710 bp fr of EBNAL that contains the DNA binding region but lacks the

the other end and the two elements are separated by 3025 by of looping domain (EBNAgs>-gai Fig. 2). The binding

) X . . ons contained saturating quantities of the EBNAL1 proteins
lasmid DNA. This DNA template (45 fmol) was incubated with i .
Fhe indicated amounts of EBpNAl(proteins) in a M0eaction (4-fold molar excess of EBNAL to EBNAL binding sites), as

iy i s A
containing 20 MM Tris-HC, pH7.5, 300 mM NaCl, 20 mM verified by EMSA (Fig3). Under these conditions >90% of DNA

o .~ fragments were bound (as determined by quantification of the
MgClz, 2mM ATP, 10 mM DTT, 2 mM spermidine. After 10 min unshifted DNA molecules in the EMSA) and all 20 EBNAL
at room temperature, the reaction was diluted 2-fold and o

: . . ding sites within each DNA fragment were filled. The filling
Weiss U T4 DNA ligase (Gibco BRL) was added, followed by g¢ /50" EgNA1 binding sites of the FR by saturating quantities
5 min incubation at 18C. The ligation reactions were stopped
and the DNA was ethanol precipitated and analyzed by agar

gel electrophoresis as previously descrilai. (

of EBNA1 has been previously shown by us and others by DNase
qﬁ%otprinting (L1; Frappier and O’'Donnell, unpublished) and by
determining the stoichiometry of EBNA1 dimers pamiP
molecule {6). Protein—-DNA complexes were layered onto
RESULTS glycerol gradients and subjected to ultracentrifugation. A very short
: centrifugation time (30 min) was used because it was our goal to
The glycerol gradient assay separate the very large linked protein—-DNA complexes from the
The interaction at a distance between DNA-bound EBNAindividually bound DNA molecules. Fractions (1-17) were then
molecules (resulting in DNA looping and linking) has previouslycollected from the top of the gradients and the bottom of the
been shown to occur by several methods but in none of thesentrifuge tubes were rinsed with 3% SDS to resolubilize any very
assays was the formation of linked DNA molecules readiyarge DNA complexes (linked by EBNA1) that had sedimented
quantifiable. We wished to develop an assay in which the DNAgainst the bottom of the tube (fraction 18). $#elabeled DNA
linking activity of EBNA1 was easier to quantify and that was moréragment in each fraction was quantified by counting an aliquot in
amenable to mechanistic studies. Previous electron microscopiscintillation counter. A second aliquot of each fraction was loaded
(EM) studies have shown that EBNA1 binding to the FR or D9without altering the concentration of protein or buffer components)
element obriP causes the formation of large complexes in whictonto a non-denaturing polyacrylamide gel and, after electrophoresis,
multiple DNA molecules associate through EBNA1-EBNAlthe positions of the labeled DNA fragments were detected by



Nucleic Acids Research, 1998, Vol. 26, No. 19465

: EBNA 452.441 N bEBNAI : A
W e owe e FR | 23 456 T78910111213141516 1718
4 -
Fold excess P60 x x x xS @0 x x x 2
of EBNAl: 0 B0~ Ood0oC —a =
o ey vhhm -+ “NLUUU

L . B rr-EBNA s
FR 1231 4567891010 1213141516 1718

—

B~ *lﬂ

v+ 8
n c FR + bEBNAI

- - FR 123 4S5678910111213141516 1718
Figure 3. Electrophoretic mobility shift assay of bEBNA1 and EBMA 41
on the FR element. bEBNA1 and EBNA _g41 Were titrated onto the U--

end-labeled FR DNA fragment and protein—-DNA complexes were separated

from unbound DNA by non-denaturing polyacrylamide gel electrophoresis. D - EBNA3s).c4
Linked bEBNA1-FR complexes are retained in the gel wells. The molar ; "”"f : s e
excesses of EBNA1 dimers over EBNA1 binding sites are indicated. The 4-fold 5k dcds S RIS

molar excess of bEBNA1 and EBIN¥&y_g41cOrresponds to the amount used
in the glycerol gradient analyses.

autoradiography. This EMSA was performed in order to verify U-» l

that the DNA molecules that remained at the top of the gradient

were still bound by EBNA1. We have previously shown that E s« pimval

bEBNA1 and EBNAL fragments containing the DNA binding DS 123 45678910001213141516 1718

domain form complexes with EBNA1 recognition sites that are
extremely stable to dilution, high salt concentrations and
competitor DNA (6; Cruickshank, Edwards and Frappier,
unpublished) and, therefore, during the course of the glycerol
gradient assay, the EBNA1-DNA complexes would not be ‘ ‘
expected to dissociate. U=

EMSA of the glycerol gradient fractions is shown in Figlire
Under the centrifugation conditions used, the unbound FR
fragments (Fig4A) and the FR DNA fragments bound by Figure 4. Glycerol gradient profiles. End-labeled FR-D) or DS E) DNA
EBNA452_641(Fig. 4B) remained at the top of the gradient, with fragments were assembled with an excess of the EBNAL proteins indicated
the latter complexes migrating further into the gradient than th%‘—tﬁg tgg‘ d?epng“\?v(i’ﬂt]ggt‘eptrgﬁ’e?; 2 ig;?g@ %'Ay)ce';?t'gi‘i'ﬁtrr‘itfgé :tlif’g’r']'eg;jrgggg
unbound DNA. In QontraSt’ 'nCUb,atlon of the FR DNA with were collected from the top (fraction 1) to the bottom (fraction i?) of the
bEBNA1 resulted in the formation of much larger DNA gradient and material pelleted on the bottom of the centrifuge tube was
complexes that sedimented completely to the bottom of theesolubilized in SDS (fraction 18). Equal volume samples from each fraction
gradient tube (FGIC). T electophe oy o e R s st o s e s v Shom v
fra}gments .at t.he tQp of the gradient in the EBjfga;sample positions of unbound (U) and bou%d F()B) DNA moleculges are indicated. Lane
(Fig. 4B) is identical to the saturated FR-DNA compleX, nimbers refer to gradient fraction numbers.
demonstrating, first, that EBNA1 remains stably assembled on
the DNA during the assay and, second, that binding of EBNA1
to the DNA fragments was not sufficient to cause them to pellet
to the bottom of the gradient. The FR fragments from the largeThe sedimentation of FR fragments to the bottom of the
protein—DNA complexes in fraction 18 did not co-migrate withgradient by bEBNAL but not by EBNA>_g41iS consistent with
the saturated DNA—protein complex because the SDS solutitime results of previous assays that showed that sequences betwee
used to resolubilize the complexes stripped the protein from tlaenino acids 327 and 377 are important for DNA linking activity
DNA. In the experiments shown, QU herring sperm DNA was (24,27). To further verify that rapid sedimentation of the FR DNA
included in the binding reaction; the same experiments were ald@s due to EBNAL linking activity, we examined another
conducted in the absence of competitor DNA with identical resultEBNA1 truncation mutant that contains approximately half of the
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DNA looping region but has been shown to retain full DNA(Table 1), indicating that the Gly-Ala repeat does not inhibit
linking activity (EBNAgs1-641 Fig. 4D) (27). Consistent with  linking activity.
previous results, EBN#1_g41Was found to mediate efficient Using a series of N-terminal truncation mutants of bEBNA1,
linking of the FR DNA in the glycerol gradient assay. Like the FRwe showed previously that the EBNAL arginine-rich region
the DS element afriP has been previously shown to form loopedbetween amino acids 327 and 377 is required for DNA linking in
and linked complexes with EBNARZ,24). We analyzed the the absence of the N-terminal portion of EBNAZ4,27).
sedimentation of saturated EBNA1-DS complexes in the glycerblowever, we have not addressed the possibility that residues in
gradient and found that bEBNAL linked the DS DNA with similarthe N-terminal portion of EBNA1 can also mediate DNA linking.
efficiency as the FR DNA (FigdE). Thus the results of the In particular, we wished to test the possible involvement of the
glycerol gradient analysis are in excellent agreement witbther arginine-rich region of EBNA1 which spans amino acids 40
previous studies that measured the DNA looping and linkingy 53 (Gly-Arg repeat). To assess the possible contribution of this
activity of EBNA1 and EBNAL mutants. Gly-Arg repeat to DNA linking, we constructed internal deletion
From these studies we can conclude that the linked DNAutants of bEBNA1 that removed the previously defined DNA
complexes formed by EBNA1 are stable to glycerol gradieriboping domain but left the N-terminal Gly-Arg repeat intact
sedimentation and can be resolved from individually bound an®EBNAA325-376) or that removed both of these arginine-rich
unbound DNA molecules. The percentage of DNA moleculeggions (hEBNA41-376) (see Fig2). These proteins were
linked by EBNA1 could thus be quantified by determining theproduced from baculoviruses, purified and their DNA binding
percentage of th#P-labeled DNA in fraction 18. Quantification properties characterized. Saturated protein-DNA complexes
of the DNA linking activities from Figuréshowed that bEBNA1 were then assembled on FR DNA fragments and the complexes
linked 63% of the FR molecules to which it bound (Tablthe  analyzed by glycerol gradient sedimentation. The removal of
percentage of FR molecules linked varied from 63 to 83 iamino acids 325-376 was found to abolish the formation of linked
multiple assays). The sum of tA& counts in each fraction pNA complexes, as did the larger 41-376 deletion GBgand E
indicated that recovery of the end-labeled DNA in the glycerahnd Table1). The lack of linking activity was not due to

gradient assay was 90-100% (data not shown). dissociation of the proteins from the DNA; the FR DNA at the top
of the gradient had an electrophoretic mobility consistent with a
Table 1.EBNA1 amino acid requirements for DNA linking activity saturated EBNA1-FR complex (data not shown). The gradient
sedimentation results therefore suggest that the Gly-Arg repeat or
Protein DNA DNA linked (%) other N-terminal sequences cannot substitute for the internal

looping domain in linking DNA.

0 FR 01 Since the glycerol gradient sedimentation assay may not detect
EBNAL (+Gly-Ala) FR 84.0 linked DNA complexes with fast dissociation rates, we next
bEBNAL FR 63.1 tested the possibility that N-terminal EBNA1 sequences mediated
the formation of less stably linked DNA complexes that
351-641 FR 801 dissociated during centrifugation through the glycerol gradient.
452-641 FR 0.9 To this end, we employed the more rapid ligation enhancement
A41-376 FR 0.9 assay, which can detect linked DNA complexes with faster off
A325-376 R s rates _(24,27,28). In this assay EBNA1 proteins were assembled
' onto linear DNA templates that have the FR element close to one
A356-362 FR 65.9 end and the DS element close to the other end, then ligase was
bEBNA1 DS 65.2 added for a 5 min reaction. After removal of the proteins, the
0 GAL4BS 03 DNA pr(_)duc_ts were separatet_:l by agarose gel ele_ctrophoresis. As
shown in FigureS, bEBNA1 induces the formation of DNA
GALA-EBNA452-474 GAL4BS 3.2 concatamers in this assay whereas EBBpAg41does not. These
GAL4-EBNA351_377 GAL4BS 69.2 DNA concatamers reflect the linking of DNA molecules through
the EBNAL1 complexes bound near the DNA ends, which
apercentage of labeled DNA in fraction 18 in Figures 4, 5 and 7. increases the efficiency with which the ends of the DNA

molecules are ligated. When the assay was conducted with the

EBNAL internal deletion mutants, we found that bEBNA-
EBNAL amino acid requirements for DNA linking activity A325-376, like bEBNAL, induced formation of DNA concatemers.

In contrast, induction of DNA concatamers was not detected for
All of the DNA looping/linking studies to date have beenbEBNAA41-376 even at much higher protein concentrations.
conducted on versions of EBNAL lacking most of the Gly-AlaThe results indicate that EBNAL sequences between amino acids 41
repeat region (amino acids 90-327). This region of EBNA1is n@nd 100 can link DNA (bEBNA325-376 lacks amino acids
required for the DNA replication, transactivation or DNA 101-323 of the Gly-Ala repeat in addition to amino acids 325-376)
segregation functions of EBNAR,83) but is important for but that these linked complexes are less stable than those that
evasion of the host immune respondé,35). Since wild-type occur through the DNA looping domain (residues 325-376).
EBNAL contains this repeat region, we examined whether theWe also constructed and analyzed by glycerol gradient
Gly-Ala repeat affected the DNA linking activity of EBNAL. sedimentation the linking activity of a version of bEBNA1
Figure 5B shows glycerol gradient sedimentation analysis o€ontaining a small deletionA856—362) within the looping
purified full-length EBNA1 on FR DNA fragments. Like domain. As shown in FiguF, this mutation had no discernable
bEBNAL, full-length EBNA1 linked the FR DNA efficiently effect on the DNA linking activity of bEBNA1 (see also Table
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Figure 6. Ligation enhancement assay of EBNA1 mutants. bEBNAL,
EBNA452_641 DEBNAA41-376 and bEBNA325-376 were titrated onto
linear DNA templates containing the FR and DS elements. Ligase was then
added to the protein—~DNA complexes and, after a 5 min reaction, the protein
was removed and the DNA products were separated by agarose gel
electrophoresis in the presence of ethidium bromide. The position of the linear
DNA substrate and covalently closed circular (CCC) and concatemeric DNA
products are indicated. A ligation reaction performed in the absence of EBNAL
proteins is shown in the first lane (0).

This result is consistent with results from our previous studies that
indicated that only approximately half of the looping domain
sequence is required for linking activiy7(28).

We have previously shown by EM and ligation enhancement
assays that amino acid sequences 320—355 and 351377 from the
EBNA1 looping domain retain DNA linking activity when
transferred to the GAL4 DNA binding domaingj. To further
assess the efficiency of formation and stability of the linked
complexes generated by the GAL4-EBNAL fusion proteins, we
assembled saturating quantities of GAL4 fusion proteins containing
the EBNA1 351-377 looping domain fragment or a negative
control EBNAL fragment (amino acids 452—474) onto DNA
fragments containing five tandem GAL4 binding sites. These
protein-DNA complexes were then analyzed by glycerol gradient
sedimentation (Figr). The fusion protein containing the looping
domain sequences formed linked complexes with similar efficiency
as bEBNAL (Fig.7C and Tablel), whereas the fusion protein
containing EBNAL1 sequences outside the looping domain
(GAL4-EBNA452_47) formed very few linked DNA complexes
(Fig. 7B and Tablet). These results confirm that sequences from
the looping region retain functionality when transferred to the
GAL4 DNA binding domain and indicate that the linked DNA
complexes formed by the fusion protein are similar in stability to
those formed by EBNA1.

Mechanism of the DNA linking interaction

DNA complexes. End-labeled FR DNA fragments were left unassembled\\e next used the glycerol gradient sedimentation approach to ask

(A) or assembled with full-length EBNABY), bEBNAL (C), bEBNAA41-376
(D), bEBNAA325-376 E) or bEBNAA356-362 ) and then analyzed by
glycerol gradient sedimentation and non-denaturing acrylamide gel electro

several questions concerning the mechanism by which the

EBNAZ1 looping domain mediates DNA linking. We first tested

phoresis as for Figure 4. The quantification of labeled DNA molecules in eactthe possibility that the looping domain within bEBNA1 links
glycerol gradient fraction is shown.

DNA by directly interacting with DNA moleculgn trans We
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Figure 7. Glycerol gradient sedimentation analysis of GALA—EBNA1 fusion D bEBNA1 0n DS + GAL4-EBNA 5. 474 On GAL4BS
proteins. A DNA fragment containing five tandem GAL4 sites was analyzed by :
glycerol gradient sedimentation either befo#@ ¢r after assembly with the § 0
indicated GAL4-EBNAL1 fusion protein8 @ndC). Be
T
incubated bEBNA1 with an equimolar mixture of two end-labeled e o
DNA fragments of different lengths, one that contained the FR °
element and a second that lacked EBNAL binding sites PR Tt raction Number 0T
(GAL4BS), then analyzed the mixture by glycerol gradient
sedlmentatlon. The two DNA fragments from_ each gradl_e_nt E buesnaton FR + GALA-EBNA 155 474 on GALABS
fraction were resolved using gel electrophoresis and quantified %0
individually (Fig.8A). The FR DNA fragments that were bound g:‘;
by bEBNA1 sedimented to the bottom of the tube but the DNA g
fragments that lacked EBNAL1 binding sites were found at the top § -
of the gradient. These results indicate that the looping domain of R
DNA-bound bEBNA1 preferentially associates with protein-bound e o
DNA over naked DNA. In this experiment we excluded the °
herring sperm DNA normally added to the binding reactions, in PR Teacton Number 0T
order to facilitate detection of interactions with the labeled
GAL4BS DNA.

We next asked whether the protein—protein association the(ﬁg)ubre 8. EBNAl-meditc')iltedd DNA (;irllkti)nglz dis a homfotypic interaction.
results in DNA linking is homotypic or heterotypic, i.e. whether (A) BEBNAL was assembled onto end-labeled FR DNA fragments in a reaction
. P . ! . at also included end-labeled DNA fragments containing GAL4 binding sites

_the Iooplng_domaln 1S reqUIred on both DNA-bound p_rotelns t_haE—IGAL4BS). B-E) EBNA1 proteins that contained (bEBNA1) or lacked
interact to link th? two DNA mdecmes- To address.th|s QuUeStIoNEBNA452-641) the DNA looping domain were assembled onto end-labeled
we assembled, in one reaction an EBNAL protein lacking th€R or DS DNA fragments and, in the same reaction, GAL4-EBNAL fusion

looping domain (EBNAs»_g4) on FR or DS DNA fragments proteins  that  contained ~ (GAL4-EBNA351-377) or  lacked

; ; . ; (GAL4-EBNA452-474) looping sequences were assembled onto end-labeled
and a GAL4 fusion protein containing the EBNAL looping GAL4BS DNA fragments. The mixtures were analyzed by glycerol gradient

domain (GAL4—EBN/§5_1—37? on a DNA fragment'containin.g. sedimentation and non-denaturing acrylamide electrophoresis and, for each
five tandem GAL4 binding sites (GAL4BS; saturating quantitieSgradient fraction, the DNA fragments containing EBNA1 (closed diamonds) or

of both proteins were used). Glycerol gradient sedimentation 0BAL4 (open squares) binding sites were quantified separately.
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M 1 23 456789101112131415161718 Table 2. Effect of EBNAL excess on DNA linking activity

Ratio of EBNA1 dimers to binding sites DNA linked (%)

* m . 6:1 69.1

25:1 71.3
125:1 72.8
- DISCUSSION
DS+ ‘ We have developed a glycerol gradient sedimentation assay for

detection of linked DNA complexes generated by interactions
between DNA-bound proteins and used this assay to analyze the
DNA linking activity of EBNAL. This assay has an advantage
GAHBS*. { over EM @2,24,27,28), ligation enhancemen?4,27,28) and
EMSA (26,36) used previously to study EBNA1 linking activity
in that it is more quantitative and more amenable to mechanistic
. 6. Electronhore bilty shift analysis of the g | aradiont studies. Although EM can be used to determine the number of
lgure 9. Electrophoretic mobility Sfiit analysis ol the glycerol gradient |inked complexes formed, the number of DNA molecules
fractions of EBNA52_g410Nn the DS with GALA—-EBNAs1-3770n GAL4BS. . . . e .
Non-denaturing goslila?ér;lamide gel analysis of the glb;/%::rg gradient fractionssefqueStered into the ,I'nk?d complexes is difficult to determ'_ne t,)y
corresponding to Figure 8B. A marker lane (M) shows the position of the this method. For the ligation enhancements assays, quantification
unbound DS and GALBS DNA fragments. The position of the DS DNA of the percentage of DNA molecules linked under different
gggg;;gtdbguggngnEtlf]';ngs—??;iS rr?(lesn(t) Eggigategsg()j- tlhtiﬁesg/fiel_i é’gf}?awgz . reaction conditions is complicated by the fact that several different
by incubating the fractions in gDS, to rerr?gve the bound protein, p?ior to)lgated pr.OdUCtS are.prOdUCEd from linked DNA_compIexes and th".’u
electrophoretic analysis (data not shown). the activity of the ligase used to detect the linked complexes is
affected by changes in the reaction conditions. Measurements of
linked DNA molecules by EMSA is difficult because it involves
the two DNA fragments was then analyzed. As shown in RRgire quantifiably distinguishing between low mobility DNA smears
and C, GAL4-EBNAs1_377linked the GAL4BS DNA fragments that result from protein—protein associations and discrete shifted
but the DNA fragments bound by EBN#&_g41 were not bands generated by individually bound DNA molecules. This
sequestered into these linked complexes. The EMSA of thmeethod also does not distinguish between linked DNA complexes
gradient fractions that corresponds to FigBBeis shown in formed in the binding reaction and the aggregation of protein—
Figure9. The complementary experiment was also conducted IDBNA complexes that occurs upon loading in the low salt, high pH
which the looping domain was present on the EBNAL proteinonditions of the Tris/borate/EDTA electrophoresis buffer.
(bEBNA1) but not on the GAL4 fusion protein From our analysis of the DNA linking activity of EBNAL by
(GAL4-EBNA4s52_474 Fig. 8D and E). In these cases the DNA glycerol gradient sedimentation we can make the following
fragments bound by bEBNA1 were linked together but were naonclusions. First, the linked DNA complexes formed by EBNA1
found associated with the DNA fragments bound by the GAL&ave slow dissociation rates and therefore are stable to glycerol
fusion proteins. These results suggest that the looping domaigimdient analysis. Second, sequences from the EBNA1 DNA
are required on both partners in a linked complex. looping region, between amino acids 327 and 377, are both
We have previously shown that bEBNAl andnecessary and sufficient to mediate interactions between DNA-
GAL4-EBNAg51_377do not form large complexes stable tobound proteins that lead to linked DNA complexes stable to
glycerol gradient sedimentation in the absence of DN&g),  glycerol gradient sedimentation. Third, DNA linking interactions
indicating that DNA binding is a requirement for the protein—proteimediated by the EBNAL looping domain are homotypic interactions
interactions that occur through the looping domain and lead that preferentially occur between the looping domains of two
DNA linking. We have not, however, tested whether the loopin@NA-bound proteins.
domain of a bEBNAL dimer in solution can interact with the The finding that deletion of amino acids 325-376 from
looping domain of a DNA-bound EBNA1 molecule. If this werebEBNA1 disrupts the ability to form stably linked DNA
the case, then a large excess of EBNAL, over what is needecttimplexes is in excellent agreement with our previous studies in
fill the DNA binding sites, would be expected to inhibit linking which the DNA linking and looping activity of a series of
by EBNA1-bound DNA molecules. To test this possibility weN-terminal EBNA1 truncation mutants was analyzed by EM and
used the glycerol gradient sedimentation assay to compare tlgation enhancement assa®4{27). In those studies, truncation
percentage of DS DNA molecules linked when the bindingnutants lacking most or all of the sequences between residues 327
reactions contained saturating (6:1 molar ratio of EBNA1 dimerand 376 were not observed to generate linked DNA complexes.
to EBNAL binding sites) and super-saturating (25:1 and 125:The finding that deletion of amino acids 356—362 from bEBNA1
molar ratio of EBNA1 dimers to EBNA1 binding sites) amountsdoes not affect linking activity is in keeping with our previous
of the EBNA1 molecules. As shown in Taldleincreasing the studies using GAL4-EBNAL1 fusion proteins, which showed that
amount of EBNAL from a 6- to a 125-fold excess did not inhibian EBNA1 fragment containing residues 320—355 was sufficient
DNA linking, indicating that soluble EBNAL does not effectively for linking activity in the absence of the remainder of the looping
compete for interactions with DNA-bound EBNAL. domain @8).
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Using overlapping internal deletion mutants, we have alsfurther studies are necessary to determine whether the functional
addressed the possible role of EBNA1 residues N-terminal of th@portance of the looping domain is due to its ability to generate
looping domain in DNA linking. The results of ligation looped or linked EBNA1-DNA complexes or due to specific
enhancement and glycerol gradient sedimentation assays indicagsociations with cellular factors.
that sequences between amino acids 41 and 100 have some
capacity to link DNA, but that this interaction is less stable tha
that formed through the DNA looping domain. The less stabl)g‘cK'\IOV\/LEDGEMENTS

linked DNA complexes may be mediated by the EBNAL Gly-Argpfe gratefully acknowledge Alexandra Laine for the bEBNA-
repeat (amino acids 40-53), which is similar in sequence to th&56-362 and GAL4-EBNAL fusion proteins, Jean Barwell for
DNA looping domain, or by residues just C-terminal of this repeat BN A4s5,_gs1and Richard Pfuetzner for assistance with HPLC.
(amino acids 54 and 89), as has been suggested by GAL4-EBN@\E also thank Dr Aled Edwards for helpful comments throughout
fusion protein studieg¢). Presently, the functional significance of the course of this work and critical reading of the manuscript. This
the different stabilities of linked DNA complexes is not clear. work was supported by a grant from the National Cancer Institute
We have previously shown that, in the absence of DNA, dimeaf Canada (NCIC) which receives funds from the Canadian
of EBNAL or GAL4 fusion proteins that contain the EBNA1 Cancer Society. L.F. was a Research Scientist of the NCIC
looping domain do not interact to form complexes stable tthroughout most of this work and is presently a Medical Research

glycerol gradient analysid.§,28). In addition, in both glycerol
gradient assays and EM724), soluble EBNA1 does not appear
to disrupt interactions between DNA-bound bEBNAL dimers,
These results suggest that only DNA-bound forms of EBNAL (
GAL4 fusion proteins) can interact through the DNA looping ;
domain. The apparent requirement for DNA binding may simply2
reflect a requirement for multimerization of EBNA1 in order to 3
detect EBNA1-EBNAL interactioria trans Alternatively, the 4
DNA binding requirement might indicate that the looping domaing
must contact DNA before it is active in mediating protein 7
interactions, possibly due to a change in structure of the loopin
region induced by the DNA interaction. The latter possibility islO
supported by the finding that peptides from the EBNAL looping,
domain have a low but measurable affinity for DNA (our
unpublished data). The looping domain could contact DNA2
flanking the EBNA1 recognition sequence or, since the EBNA
DNA binding domain interacts with only one face of the DNA14
helix (23), could interact with the opposite face of the EBNA115
recognition sequence. The susceptibility of the EBNAL loopin
domain to proteolysis suggests that it is unstructured in solutign
(Bochkareva, Edwards and Frappier, unpublished) and, therefore,
we postulate that association of the looping domain with DNA &8
required for this region to adopt the structure involved ir‘%0
protein—protein interactions. 21
Ultimately we would like to determine the functional significance

of the EBNA1-EBNAL1 interactions that result in DNA looping 22
and DNA linking. To this end we have been testing the activity,
of the EBNAL internal deletion mutants characterized in this
paper in transient DNA replication, long-term plasmid maintenancz
and transcription transactivation assays. Interestingly, we ha
found that deletion of amino acids 325-376, which disrupts;
formation of stably linked DNA complexes, has little effect on the
ability of EBNAL to support the transient replicationafP 28
plasmids but has a profound effect on the ability of EBNAL tg7
maintain these plasmids in long-term culture and to transactivate
the expression of reporter genes (Shire, Ceccarelli, Avolio-Hunter
and Frappier, in preparation; Ceccarelli and Frappier, in preparatiofy.
Thus the looping domain is biologically important and mediate
the segregation and transactivation functions of EBNA1. Thgs
interpretation of these results, however, is complicated by the fa&&%
that the 325—376 deletion also disrupts the interaction of EBN
with at least one cellular factor of unknown function (Shire,
Ceccarelli, Avolio-Hunter and Frappier, in preparation). Thuge

Council of Canada Scientist.
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