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activity. Therefore, the effects of the proline loop mutations on the ability of EBNAI to
mediate the replication of oriP plasmids was examined. EBNA, 64 p1 displayed
replication activity that varied considerably from one experiment to the next and, on
average, was 58 % of EBNA ¢ (Figure 13a and Table 3). The replication activity of
EBNA | 641pL2 Was, on average, 13 % of wildtype EBNA1 and was consistently less than
that of EBNA | ¢41p11 (Figure 14a and Table 3). In order to determine if the apparent lack
of activity might be due to the failure of EBNA.641p12 to bind DNA, we compared the
expression level of EBNA | .g41p12 to that of EBNA | ¢41wr. Since EBNA |.¢41wr is active for
replication and has the same DNA binding affinity as EBNA . 641p12, We reasoned that, if
EBNA . 61p12 is expressed at levels that are equal to or above that of EBNA.641wr, the
EBNA .s41p1.2 concentration should be sufficient to bind oriP.

The levels of protein expression were compared by Western blot analysis on
aliquots of transfected cells from the transient replication assays. Enhanced
chemiluminescence (ECL) and enhanced chemifluorescence (ECF) Western blots of
whole cell lysates were performed using a rabbit polyclonal antisera raised against the
DNA binding and dimerization domain of EBNA1 (provided by Dr. J. Middledorp). The
ECL Western blot, in Figure 14b, suggested that levels of EBNA . ¢41p2 protein were
lower than that of EBNAe and EBNA s wr. However, since ECL does not give
quantitative results, the Western blots were repeated using the quantitative ECF
procedure. ECF Western blot analysis showed that the levels of EBNA |.¢41p2 protein in
the transfected cells were 5-10 fold lower than EBNA ¢4 and 10-25 fold lower than
EBNA |.641wr (Figure 14c). The low expression level of EBNA| ¢41p12, coupled with its

DNA binding defect, raises the distinct possibility that the lack of activity associated with
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the PL2 mutation is due to insufficient DNA binding by EBNA 64;1pL2.
3.4 DNA Segregation Activity of EBNA1 Mutants

The maintenance of oriP plasmids in dividing cells requires DNA replication and
an active segregation mechanism. To gain an understanding of the contributions of the
four EBNA1 motifs to plasmid maintenance, EBNA1 mutants were examined for their
ability to maintain oriP plasmids during a two week period of cell culture. C33A cells
were transfected with pc3oriPE plasmids and grown in the presence of 400 ug/ml G418
for two weeks. Colonies of C33A cells appeared on the plates during this period of time
and 5x10° cells were harvested from each plate. Plasmid DNA was isolated and prepared
for Southern blotting in the same manner as for the transient replication assays. Plasmids
were linearized with Xho I and digested with Dpn I to eliminate unreplicated DNA that
occasionally adheres to the tissue culture plates. The Dpn I resistant plasmid DNA from
each sample was visualized by autoradiography of Southern blots and quantified by
phosphorimager analysis using ImageQuant software (Molecular Dynamics). A 100 pg
sample of pc3oriPE and/or pc3oriP was included on the Southern blot in order to allow
the amount of plasmid DNA recovered from the transfected cells to be quantified. The
average plasmid copy number per cell was determined and compared to the value
obtained for wild type EBNAL.

The plasmid maintenance assay results represent a combination of the DNA
replication and segregation activities. EBNA1 mutants shown to be defective in transient
replication should also be defective for plasmid maintenance. For EBNAT mutants with
wildtype replication activity, a defect in plasmid miantenance should represent a

segregation defect.
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3.4.1 The acidic tail and plasmid maintenance

To investigate a role for the acidic tail in plasmid maintenance, an EBNA1 mutant
that lacked the acidic tail, EBNA, g7, was tested for its ability to maintain oriP plasmids
in C33A cells. EBNA | ¢o7 consistently maintained oriP plasmids at a level equivalent to
wild type EBNAI indicating that the acidic tail is not required for replication or
segregation (Figure 15,16a and Table 4). This finding is in contrast with results reported
by Yates and Camiolo, that suggested the acidic tail was important for plasmid
maintenance (Yates and Camiolo, 1988). My results also indicate that the small decrease
in replication efficiency observed for EBNA, .07 in transient assays was not functionally
significant.

Plasmid maintenance activity of EBNA377.641 was also examined. This mutant was
unable to maintain oriP plasmids, indicating that the acidic tail is not sufficient for
plasmid maintenance when combined with the DNA binding and dimerization domain
(Figure 15, 17a and Table 4). Since EBNAs77641 was shown to be impaired for
replication in transient assays, the defect in plasmid maintenance may be due to
replication alone or to a combination of replication and segregation defects.

3.4.2 The looping domain and plasmid maintenance

The looping domain mediates the interaction between DNA-bound EBNA1
molecules and may also mediate interactions with host cellular proteins. In order to
determine if such looping domain-mediated interactions are required for plasmid
maintenance, EBNA1 mutants with deletions in the looping domain were examined for
the ability to maintain oriP plasmids in C33A cells. EBNA377.641 lacks the entire N-

terminus, including the looping domain, and failed to maintain oriP plasmids (Table 4).
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Figure 15. Plasmid maintenance assay of EBNA1 WF and truncation mutants. OriP plasmids
encoding EBNA  ,,,, EBNA ,,,w» EBNA, ,,;, EBNA,,,,, or no EBNAI1 (pc3oriP) were used to
transfect C33A cells. Following 14 days of culture in the presence of G418, plasmid DNA was
purified from 5 x 10° cells, linearized and treated with Dpn I. The digested DNA was separated
on a 0.9 % agarose gel, Southern blotted and visualized by autoradiography. Plasmid DNA was
quantified by phosporimager analysis and the average copy number per cell was determined by
comparing the amount of plasmid recovered to a 100 pg marker of pc3oriP-EBNA, ,,, The
plasmid maintenance activity of each mutant was determined by comparing the amount of
plasmid DNA recovered with that of wildtype EBNA1
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Figure 16. Plasmid maintenance assay of EBNA1 looping domain and acidic tail
mutants. OriP plasmids encoding EBNA ,,,, EBNA,,,s .6 EBNA,,, 3760 EBNA < 1605
EBNA, 176 EBNA, 4,; or no EBNA1 (pc3oriP) were used to transfect C33A cells.
Low molecular weight DNA was prepared from 5 x 10° G418-resistant cells after
two weeks in culture, linearized and treated with Dpn I. (A) Southern blot of the
digested DNA The plasmid maintenance activity of each mutant was determined
by comparing the average copy number of plasmid DNA recovered per cell with
that of EBNA 4, (B) Expression of EBNA1 protein was detected by an enhanced

chemiluminescence (ECL) Western blot performed on 30 pg of protein from
G418-resistant cell lysates.



Table 4. Plasmid maintenance activity of EBNA1 mutants
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Protein Individual Experiments” Average®
A B C D E F G H I

1-641 100 100 100 100 100 100 100 100 100 100
(1.5 (2.2) (5.00 20 (24 2.7) (1.0) 4.5) (2.0) n=9

1-607 105 63 152 118,231 | 134 +63
2.1 (1.5 4.1) (23)4.5)] n=5
377-641 0,0 0,0 0x0
0 (0) ©) O n=4

A325-376 0 19,3 1.6x15
(V) (0.05) (0.1) n=3
A41-376 0 0,0 0+0
) © © n=3

A356-362 | 67 105 42 71 £32
1.0) (2.3) (1.1) n=3
A367-376 | 120 105 68 98 +27

(1.8) (2.3) (1.8) n=3

1-641PL1 145 145 87,197 200,180 159 +43
29 3.5 (0.9) (2.0) (9.0)(8.2) n=6
1-641PL2 0 0 0,0 0+0
© O ©0) O n=4

1-641WF | 113 50 251,277 | 173 £ 109
1.7 (1.1) 4.9 (G4 n=4
Pc3oriP 0 0 0 0 0 0 0 0 0 0+0
® O O O O ) ) ) (V) n=9

" The plasmid maintenance activity was determined from the amount of Dpn I-resistant oriP plasmid DNA

recovered from 5 x 10° cells after two weeks under selection and expressed as a percentage of EBNA ¢ activity.
The average number of Dpn I-resistant oriP plasmids recovered per cell is in parentheses. Where two

values are shown, duplicate samples of the mutant were assayed.

¥ The average activity of each EBNA1 mutant is a percentage of EBNA ¢ activity followed by the standard
deviation and number of experiments (n)
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Figure 17 Plasmid maintenance assay of EBNA1 proline loop mutants and
EBNA,,, ... OriP plasmids encoding EBNA ,,,, EBNA, ;.. EBNA, 5, EBNA,,,
s or no EBNA1 (pc3oriP) were used to transfect C33A cells. Following 14 days of
selection, DNA was purified from 5 x 10° cells, linearized and treated with Dpn 1.
(A) Southern blot of the digested DNA. Lane 1 contains 100 pg each of linearized
pc3oriP and linearized pc3oriP-EBNA, ,, (B and C) A lysate was prepared from
the harvested cells and Western blots for EBNA1 expression were performed on 30
pg of protein. Antibodies were visualized by ECL (B) and ECF (C). The expression
level of each mutant, expressed as a percentage of the EBNA, (,, level, is shown
below panel C.
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(Table 3). The cumulative effect of inefficient replication over a two week period in
culture could explain the inability to detect plasmid DNA in C33A cells and therefore,
the contribution of the N-terminal sequences to segregation could not be assessed using
this mutant.

More definitive results on the contribution of N-terminal sequences to EBNA1
segregation function were obtained using internal deletion mutants encompassing the
looping domain. EBNAa3»5.376¢ Was shown in transient assays to be completely active for
replication, but this mutant failed to maintain oriP plasmids following a two week period
of cell culture (Figure 16a). The lack of plasmid maintenance activity is therefore likely
due to a defect in segregation. A similar plasmid maintenance defect was observed for the
A41-376 mutant. Both EBNAa325.37¢ and EBNAag4;1.376 were detected by ECL Western
blots (Figure 16b) and the DNA replication activity of the proteins indicates that they
were expressed, properly folded and able to bind oriP DNA.

Small deletions within the looping domain were also examined to determine if the
entire looping domain was required for plasmid maintenance activity. EBNAasse-362 and
EBNAAs¢7.376 €ach contained a deletion that removed one of six repeated sequence
elements within this region (Laine and Frappier, 1995). Both proteins were able to
maintain oriP plasmids at levels close to wildtype EBNAI, despite the apparent lower
protein expression levels as observed by Western blot (Figure 16a,b). Therefore, these
small deletions do not disrupt the replication or segregation activity of EBNAI. These
results indicate either that amino acids 325-355 are required for plasmid maintenance or

that the repetitive sequences of the looping domain have redundant activities.
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3.4.3 The WF motif and plasmid maintenance

The effect of the WF mutation on the ability of EBNAI to maintain oriP plasmids
in dividing cells was examined. EBNA ¢wr expressing C33A cells efficiently
maintained oriP plasmids at levels that were, on average, 173 % of wildtype (Figure 15
and Table 4). Therefore, the WF motif is not required for DNA replication or segregation.
It is not clear at this time whether the apparent increase in plasmid maintenance activity
observed for EBNA,¢qwr reflects a bonafide stimulation of replication and/or
. segregation activities.
3.4.4 The proline loop and plasmid maintenance

To investigate the possible role-of the proline loop in plasmid maintenance,
EBNA | 641p1.1 and EBNA | ¢41p1> Were examined for their ability to maintain oriP plasmids
in C33A cells. The PL1 mutation did not result in a loss of maintenance activity since the
average plasmid copy number per cell was slightly higher than for EBNA 641 (Figure 17a
and Table 4). This result confirms the earlier finding that EBNA,.¢4;p; is functional for
DNA replication and it also indicates that the PL1 mutation does not affect the
segregation activity of EBNAIL. In contrast, EBNA 1.64p.2 Was not able to maintain
plasmid DNA in the transfected cells (Figure 17a and Table 4). The loss of activity could
be due to inefficient DNA replication and/or inefficient segregation which might stem
from the reduced DNA binding ability of this mutant.

Expression of EBNA | ¢4p12 in transfected cells was examined by ECL and ECF
Western blots (Figure 17b,c). The relative levels of EBNA| ¢4;p1, protein were higher
than EBNA | ¢4, after two weeks of culture, even in the absence of detectable plasmid

DNA (Figure 17¢). These results suggest that after two weeks in selective culture,
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EBNA | 641pL2 expression was driven from plasmid sequences that had integrated at a
chromosomal locus. Such integration would be expected if the plasmid could not
replicate. Although expression of EBNA| ¢41p12 after integration was higher than that of
the wild type protein, expression of this protein from the plasmid three days post-
transfection was relatively low (see Figure 14c). This low expression level, combined
with the reduced DNA binding activity caused by the PL2 mutation, may be responsible
for the lack of plasmid maintenance activity observed. Therefore, whether or not the PL2
mutation directly affects replication or segregation could not be determined.
3.5 Transactivation Activity of EBNA1 Mutants

In addition to playing an essential role in the replication and maintenance of oriP
plasmids, EBNA1 mediates the activation of transcription. Transcriptional activation by
EBNA1 occurs when EBNA1 binds the FR element, a transcriptional enhancer within the
viral oriP sequences (Reisman and Sugden, 1986). EBNAI regions in addition to the
DNA binding and dimerization domain are required for transactivation activity (Polvino-
Bodnar and Schaffer, 1992; Yates and Camiolo, 1988), but the transactivation domain
has not been definitively mapped. Previous findings have suggested that the EBNA1
domains that contribute to replication and transactivation overlap since mutants that are
deficient in only one of these two activities have not been isolated (Polvino-Bodnar and
Schaffer, 1992; Yates and Camiolo, 1988).

In order to investigate the contribution of the acidic tail, looping domain, proline
ldop and WF motif to transactivation, a reporter plasmid and the pc3oriPE plasmids were
used to co-transfect C33A cells. The reporter plasmid (pFR-tk-CAT) contains the FR

element 200 bp upstream of the herpesvirus thymidine kinase (HSV-TK) promoter and
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the chloramphenicol acetyltransferase (CAT) gene (Figure 11b; obtained from Dr. Bill
Sugden, University of Wisconsin at Madison). C33A cells were harvested 24 hours post-
transfection and 50 pg of protein from a clarified lysate was assayed for CAT activity.
Aliquots taken after various reaction times were spotted onto cellulose thin layer
chromatography (TLC) plates and the amount of acetylated and nonacetylated
chloramphenicol was determined by phdsphorimager analysis of the developed TLC
plates. The percent of acetylated chloramphenicol versus time was plotted and the
activity of each EBNA1 mutant was determined by comparing the acetylation rate with
the value obtained for EBNA|.¢4;. For each transfection experiment, a negative control
consisting of a plasmid (pc3oriP) that does not express EBNA1 was included to
determine the background level of CAT activity within the C33A cells. The amount of
background activity was subtracted from each sample before the values obtained for
EBNA1 and EBNA1 mutants were compared.
3.5.1 The acidic tail and transactivation

In order to determine if the acidic tail of EBNA1 functions as a transactivation
domain, the ability of several EBNA1 truncation mutants to activate expression of the
CAT gene was determined. First, the transactivation activity of EBNA.¢p7 was compared
to wildtype EBNA1. As shown in Figure 18a and Table 5, removal of the acidic tail had
no significant effect on the transactivation activity of EBNA1. To determine if the acidic
tail might be a transactivation domain that is redundant in the context of full length
EBNAI, the transacfivation activity was examined using two N-terminal truncation
mutants (EBNA377.64; and EBNAys».641) that contained the DNA binding domain and the

acidic tail. EBNA377.64; and EBNAysy.64; had transactivation activity only 4 % and 13 %
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of that of wildtype EBNAL, respectively (Figure 18a and Table 5). The small amount of
activity observed with EBNA377.641 Was not significantly reduced by the removal of the
acidic tail in EBNA377.607 (Figure 18a and Table 5). These results indicate that the acidic
tail is neither required nor sufficient for transactivation and that the transactivation
domain of EBNALI is located between amino acids 1 to 376.
3.5.2 The looping domain and transactivation

The looping domain of EBNALI is located within the N-terminal residues that the
above results suggest are important for transactivation. To investigate the contribution of
the looping domain to transactivation, internal deletion mutants that lacked all (A41-376
and A325-376) or part (A356-362 and A367-376) of the looping domain were tested for
their ability to activate transcription of the FR-CAT reporter construct. Comparison of
the acetylation rates with wildtype EBNALI indicated that the removal of 50 amino acids
comprising the looping domain (A325-376) resulted in a severe loss of transactivation
activity (Figure 18b). Data from multiple experiments, summarized in Table 5, showed
that on average 2.5 % of wild-type transactivation activity was observed for the A325-
376 looping domain mutant. Similar results were obtained with the larger A41-376
deletion mutant (Table 5). The loss of transactivation activity was not due to insufficient
protein expression as Western blot analysis showed that EBNAa32s.376 Was expressed at
levels as high or higher than the wildtype protein (Figure 18b). Also the fact that
EBNAAa325.37¢ Was active in replication (Table 3) and has wildtype DNA binding activity
in vitro (Avolio-Hunter and Frappier, 1998) suggests that this protein is not defective in

binding to the FR element. Therefore, the results indicate that the transactivation domain
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Figure 18. Transactivation activity of EBNAI1 truncation and looping domain
mutants. A CAT reporter construct (pFR-tkCAT) and pc3oriP encoding EBNA, ,,
or EBNA1 mutants were used to transfect C33A cells. Following 24 hours in
culture, a cellular lysate was prepared and 50 pg of protein was assayed for CAT
activity. The percent of acetylated chloramphenicol at various time points was
plotted. ECL Western blots for EBNA1 expression (right panel) were performed
on 30 pg of cellular protein and visualized by enhanced chemiluminescence
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Table 5. Transactivation activity of EBNA1 mutants

Individual Experiments’
Protein Average®
A B C D E F G H I J K L M
1-641 100 100 100 100 100 100 100 100 100 100 100 100 100 100
n=13
1-607 8 113 69 78 100 89+ 14
n=35
377-641 16 7 4 19 21 137
n=5
377-607 17 5 6 9 9+4
n=4
452-641 7 2 0 18 4+35
n=4
A325-376 0 8 2 0 25+08
n=4
A41-376 1 6 4 6+5
14 n=4
A356-362 104 89 45 115 91 +31
67 128 n=6
A367-376 9% 118 113 141 125+ 13
108 139 n=6
1-641PL1 96 118 22 122 45 58 | 66+35
23 64 52 59 =10
1-641PL2 21 23 11 40 12 25 21+8
16 18 26 26 14 26 n=12
1-641WF 75 130 79 94 ) 90+22
69 91 n=6

" The transactivation activity was determined from the rate of chloramphenicol acetylation 24 hours post-
transfection and expressed as a percentage of EBNA| 4 activity. Where two values are shown, the mutant
was transfected in duplicate.

S The average activity of each EBNAI mutant is a percentage of EBNA ¢, activity followed by the
standard deviation and number of experiments (n).
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of EBNAL is between residues 325 and 376.

To further define the sequence contributions to transactivation, the effect of small
deletions within the looping domain (A356-362 and A367-376) on transactivation was
also examined. EBNAasse.32 and EBNAase7.376 activated CAT expression at levels
comparable to wildtype EBNA1 (Figure 18b and Table 5). These results suggest either
that transactivation is mediated by residues 325-355 or that the repetitive sequences of
the looping domain make redundant contributions to transactivation. The latter
interpretation is consistent with previous findings that small deletions in the looping
domain do not abrogate the protein-protein interactions mediated by this region (Avolio-
Hunter and Frappier, 1998; Laine and Frappier, 1995).

3.5.3 The WF motif and transactivation

Although the WF motif was not expected to directly contribute to an interaction
of EBNA1 with the cellular transcription machinery, the effect of the DNA binding
defect caused by the WF mutation on the transcriptional activation of a CAT gene was
examined. EBNA,¢4wr demonstrated, on average, 90 % of wild-type EBNAI
tranasactivation activity (Figure 19a and Table 5). Therefore, the WF motif is not
required for the activation of transcription from the FR element and the decreased DNA
binding affinity associated with the WF mutation is not sufficient to disrupt binding to
the FR in vivo.

3.5.4 The proline loop and transactivation

Proline-rich sequences have been shown to activate transcription in at least one

protein (Kim and Roeder, 1994). In order to determine if the proline loop of EBNA1

contributes to transactivation activity, the proline loop mutants were tested for their
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ability to transactivate the CAT reporter gene. EBNA |.641p11 gave variable results but, on
average, had 66 % of wild-type activity (Figure 19a and Table 5). EBNA| ¢41pi2
consistently transactivated CAT expression at lower levels than EBNA;¢4; and, on
average, had 21 % of wildtype activity (Table 5). To determine if the apparent lack of
EBNA 641p12 activity might be due to low protein expression, ECL and ECF Western
blots were performed (Figure 19b,c). Quantitative ECF Western blots showed that
EBNA | ¢41p11 and EBNA| ¢41p2 Were expressed at levels that were approximately 3-fold
lower than EBNA ¢4;-and EBNA| 641wk (Figure 19c¢). The results suggest that low protein
expression, coupled with the DNA binding defect of EBNA641pL2 protein, might be
responsible for the lack of activity associated with the PL2 mutation. An attempt was
made to increase the level of EBNA.¢41p12 protein in the cell by doubling the amount of
expression construct transfected, however, this approach did not result in an increase in

the level of protein expressed (data not shown).
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Figure 19 Transactivation assay of the EBNAI proline loop and WF mutants.
OriP plasmids encoding EBNA  ,,, EBNA, (5. EBNA, (52, EBNA, 4,4 OF NO
EBNALI (pc3oriP) were used to transfect C33A cells. Following 24 hours in
culture, a cellular lysate was prepared and 50 pg of protein was assayed for CAT
activity The percent of acetylated chloramphenicol at various time points was
plotted (A). Western blots for EBNA1 expression were performed on 30 pg of
cellular protein and visualized by ECL (B) and ECF (C). The expression level of
each mutant, expressed as a percentage of EBNA ¢, level, is shown below panel C.
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4.0 DISCUSSION

In efforts to understand the mechanisms by which EBNAL1 activates transcription
and governs the replication and segregation of oriP episomes, a functional analysis of the
EBNAI protein was undertaken. A series of mutations and deletions within four regions
of EBNA1 were examined in this thesis and a summary of the results is shown in Table
6. Three different functional outcomes were observed among the various EBNAI
mutants. First, no significant effect on EBNA1 function was observed upon removal of
the acidic tail region or mutation of the WF motif. A role for the acidic tail remains
undefined while the WF motif contributes to the DNA binding affinity of EBNAL.
Second, the arginine and glycine-rich looping domain was not required for the replication
of oriP plasmids but removal of this EBNA1 region resulted in a loss of plasmid
maintenance and transcription activation functions. Third, replacement of the entire
proline loop compromised all three EBNA1 functions that were examined but also
reduced the DNA binding affinity and expression level of EBNAIL. The functional
significance and mechanistic implications of each region of the protein examined in this
thesis will be discussed individually in the sections that follow.

4.1 The Acidic Tail is not Required for EBNA1 Function

The acidic tail comprises the C-terminal 21 amino acids of EBNAI. Previous
studies have reported that this region is not required for the replication of oriP plasmids
in primate or human cells (Polvino-Bodnar and Schaffer, 1992; Yates and Camiolo,
1988). Residues 608 to 619 that link the DNA binding domain and acidic tail have not

been previously examined for a contribution to EBNA1 function. I have shown that
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EBNA 607 retains the ability to replicate oriP plasmids in human cells (Table 6).
Therefore, the region of EBNAI between residues 608 and 641, including the acidic tail,
is not required for DNA replication and suggests that interactions between EBNA1 and
cellular proteins that initiate DNA replication at oriP can occur in its absence.

In addition to the ability to replicate DNA, EBNA|.¢y7 also maintained oriP
plasmids in a population of human cells under selection, indicating that the acidic tail
was not required for the segregation function of EBNA1 (Table 6). This finding is in
contrast to results reported by Yates and Camiolo (1988) that suggested the acidic tail
was important for plasmid maintenance activity. The experiments were performed under
similar conditions, and therefore, the discrepancy may be due to differences in the
position of the EBNA1 C-terminal truncation. The EBNA1 acidic tail mutant used by
Yates and Camiolo extended to amino acid 619 whereas the mutant I studied was
truncated at amino acid 607. Biochemical studies subsequent to the functional analysis of
Yates and Camiolo have shown that the DNA binding and dimerization domain of
EBNAI1 exists between amino acids 459 to 607 (Ambinder et al., 1991) and this finding
influenced our selection of the C-terminal truncation site used in this study. The presence
of amino acids 608 to 619 has no effect on the DNA binding affinity of EBNAI
(Summers et al., 1996) but may have inhibited the plasmid maintenance function of
EBNALI by interfering with protein-protein interactions required for DNA segregation.
Alternatively, the exposure of residues 608 to 619, caused by the removal of the acidic
tail, may have destabilized the protein or decreased the expression level of EBNA1 in the

cell.
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EBNAI Transactivation Transient Plasmid
. * . B * . *
Protein Replication  Maintenance
1-641 100 100 100
(n=13) (n=9) (n=9)
1-607 89+ 14 58 £23 134 + 63
(n=5) (n=4) (n=5)
377-641 137 34 26 0+0
(n=5) (n=5) (n=4)
377-607 9+4 nd’ nd
(n=4)
452-641 4+35 nd nd
(n=4)
A325-376 25+08 95 +54 1.6x1.5
(n=4) (n=4) (n=3)
A41-376 6+5 47 + 14 00
(n=4) (n=4) (n=3)
A356-362 91 +31 nd 7132
(n=6) (n=3)
A367-376 125+ 13 nd 98 +27
(n=6) (n=3)
1-641PL1 66 + 35 58 +48 159 +43
(n=10) (n=8) (n=6)
1-641PL2 21+8 13+8 00
(n=12) (n=5) (n=4)
1-641WF 90 +22 120 = 57 173 £ 109
(n=6) (n=7) (n=4)
no EBNA1 Oe 42 +4 0+0
(pc3oriP) (n=9) (n=9)

" The activity of each protein is listed as a percentage of the value obtained for
EBNA, ¢4, followed by the standard deviation and number of experiments (n).
" not determined

* transactivation activity obtained without EBNA1 was subtracted from the
values obtained for each EBNA1 mutant.
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Many transcription factors contain acidic transactivation domains, and the acidic
tail was suggested to be important for this function of EBNA1 (Ambinder et al., 1991).
The activation of transcription by EBNA1, however, was not significantly compromised
by the removal of residues 608 to 641 (Table 6). Additionally, the acidic tail was not able
to restore transcriptional enhancer activity upon removal of the N-terminal region of
EBNAI1 (compare EBNA377.641 and EBNA377.607 in Table 6). Therefore, the acidic tail
does not constitute an acidic transactivation domain since this region was neither
necessary nor sufficient for the activation of gene expression. This finding is in
agreement with three additional studies that reported similar results with deletions that
focussed on the C-terminal 21 residues of the acidic tail (Kirchmaier and Sugden, 1997;
Polvino-Bodnar and Schaffer, 1992; Yates and Camiolo, 1988).

Despite the lack of apparent function, three lines of evidence suggest that the
acidic tail is at least partially exposed and thus capable of mediating interactions with
cellular proteins. First, limited protease treatment of the EBNA1 DNA binding domain
(amino acids 450-641) generated a smaller protease-resistant fragment that remained
DNA-bound and mapped between amino acids 459 and 617 (Shah et al., 1992). The
susceptibility of the acidic tail to protease cleavage is consistent with the exposed and
potentially flexible nature of this region. Second, the EBNA1-DNA crystal structure
revealed that Pro60Q7, the C-terminal residue in the EBNA1 fragment, is exposed and
forms a hydrogen bond with Gly542 of the proline loop. The proximity of the EBNAI
DNA binding domain C-terminal residue and the proline loop suggests that the acidic tail

is positioned along the exterior surface of the DNA binding domain. Third, the
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hydrophilic nature of the acidic tail suggests that it would be on the outer surface of the
protein as opposed to the hydrophobic interior of the dimerization domain.

The conservation of the acidic tail C-terminus among EBNA1 homologues of
related lymphocryptoviruses (Blake et al., 1999; Yates et al., 1996), suggests that this
region of the protein contributes an important function that was not examined in this
thesis. Possible roles for the acidic tail are as follows: First, there is reason to believe that
EBNALI plays a direct role in cellular immortalization by EBV and the acidic tail might
contribute to this process. Second, EBNA1 expression results in increased levels of some
cellular gene products such as CD25, RAGI and RAG2 (Kube et al., 1999; Srinivas and
Sixbey, 1995). Although the mechanism of cellular gene activation is not known, it could
involve the acidic tail. Third, the acidic tail may contribute to EBNA1’s ability to avoid
proteosomal processing. This lack of processing is important because it enables cells
expressing EBNA1 to evade cytotoxic T-lymphocyte responses (Rickenson et al., 1996).
Fourth, the acidic tail may increase the solubility and/or expression level of EBNAI
within human cells as has been observed with the EBNA1 proteins expressed in E. coli.
Fifth, EBNA1 negatively regulates transcription from the Qp promoter (Sample et al.,
1992) and the acidic tail may play a role in this process.

4.2 The Functional Contribution of the Looping Domain
4.2.1 The looping domain is a transcriptional activation domain

T_he results in this thesis demonstrated that the looping domain of EBNAI is
required for the activation of transcription from the FR element of oriP (Figure 20),
Removal of amino acids 325-376 reduced transcriptional activation to background levels

(see EBNA\375.376 in Table 6). The importance of the looping domain and associated
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Gly-Ala  Gly-Arg DNA binding acidic
Gly-Arg repeat rich\ NLS and dimerization tail

! -V.\\\\\\\mﬁtt‘ I [H 4

41 53 325 376 386 459 607 620
40 [ 60 3257 376 P32/TAP
330 1386 EBP2
329 1381 Rchl
3251376 metaphase chromosome
93 L ] 325 inhibition of antigen

processing
32701377 4591607 DNA looping
325137 4591607 transactivation
3251376 4591607 DNA segregation
| [—] 100 4591607 DNA replication

Figure 20. Summary of known protein interactions and functional domains of EBNA1
Amino acid numbers are indicated for the regions of EBNA1 required to mediate
interactions with P32/TAP (Chen et al., 1997), EBP2 (Shire et al., 1999) and Rch1 (Kim
et al., 1997). Association with metaphase chromosomes requires amino acids 328 to 376
(Marachel et al., 1999; Wu et al., submitted), inhibition of EBNA1 processing requires
amino acids 83 to 325 (Levitskaya et al., 1995) and DNA looping requires residues 327 to
377 in addition to the DNA binding domain of EBNA1 (Avolio-Hunter and Frappier,
1998; Mackey and Sugden, 1995). EBNA1 functional activities (transactivation, DNA
segregation and DNA replication) all require the DNA binding and dimerization domain
in addition to the regions defined in this thesis.
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looping activity to the activation of transcription has also been investigated by Mackey
and Sugden (Mackey and Sugden, 1999). They reported that transcriptional activation
occurs in the absence of residues 325 to 376 upon duplication of an N-terminal region of
EBNA1 (amino acids 41 to 89) that possesses weak looping activity (Mackey and
Sugden, 1999). Amino acids 41 to 89, however, are not functionally equivalent to the
looping domain since their deletion from EBNAI1 that contains the looping domain
reduced transcriptional activation to 60 % of wildtype levels (Mackey and Sugden,
1999). Furthermore, no significant difference in transcriptional activation was observed
in the presence or absence of residues 41 to 89 (compare EBNA325.376 and EBNAa4;.376
in Table 6). Therefore, the looping domain is the predominant transactivation domain
within EBNAL.

Since it has been shown previously that the deletion of amino acids 325 to 376
does not disrupt the DNA binding ability of EBNA1 (Avolio-Hunter and Frappier, 1998),
the looping domain is thought to mediate protein-protein interactions thereby tethering
cellular proteins to the DNA. The looping domain may function by mediating interactions
between FR-bound EBNA1 molecules and components of the basal transcription
machinery or with cellular proteins that facilitate the remodeling of chromatin at the
promoter. Indeed, several studies have demonstrated that the looping domain mediates
interactions between DNA-bound EBNA1 molecules (Avolio-Hunter and Frappier, 1998;
Frappier et al., 1994; Goldsmith et al., 1993; Laine and Frappier, 1995; Mackey et al.,
1995; Mackey and Sugden, 1997) as well as interactions with at least two cellular factors,
EBP2 and P32/TAP (Shire et al., 1999; Wang et al., 1997). The interactions with EBP2

and P32/TAP are not likely to be responsible for the transcriptional activity of EBNAIL.
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EBP2 is a nucleolar protein and evidence suggests that the interaction with EBNAI is
important for DNA segregation (see section 4.4.2). Although a published report suggests
that P32/TAP binds to EBNAI1 through the looping domain (Figure 20), our lab has
shown that P32/TAP binds to the EBNAx325.376 mutant that does not activate transcription
(Wang et al., 1997; Holowaty and Frappier, unpublished) and therefore, the ability to
bind P32/TAP does not correlate with the transcriptional activation function of EBNAL.

Although the EBNA1 looping domain is required for transcriptional activation, it
is not known if the looping domain is sufficient for function when combined with the
DNA binding domain of EBNALI or a heterologous DNA binding domain. I attempted to
address this issue by fusing the looping domain to the GAL4 DNA binding and
dimerization domain and measuring the activation of transcription of a reporter gene
under control of the GAL4 binding sites. Activation of transcription was not detected,
however, I was unable to detect expression of the fusion proteins and thus, the results
were inconclusive.

Part of the transactivation activity associated with EBNA1 may be due to an
increased nuclear uptake of FR-containing plasmids (Langle-Rouault et al., 1998). The
increased uptake may involve the interaction of EBNA1 with the nuclear import factor
Rchl/importin-o.. EBNA1 has been shown to directly interact with Rchl (Figure 20) and
the binding was reduced upon removal of the looping domain (Kim et al., 1997). This
might suggest that the looping domain is required for the nuclear uptake of oriP
plasmids, however two lines of evidence indicate that this is not the case. First, the

looping domain deletion supports DNA replication activity and therefore must enter the
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nucleus. Second, recent microscopy studies in our lab have shown that the A325-376
mutant is nuclear.

Studies suggest that acidic transcriptional activator proteins recruit histone
acetyltransferases as a mechanism to remodel nucleosomes and activate transcription
(Wang et al., 2000). Recent results in our lab suggest that purified EBNA1 is able to
destabilize nucleosomes that are positioned on multiple EBNA1 binding sites in vitro
(Avolio-Hunter and Frappier, unpublished) and that the EBNA1 looping domain interacts
with at least one chromatin remodelling factor (Holowaty and Frappier, unpublished).
Further investigations will determine if nucleosome destabilization and interactions with
nucleosome remodelling factors are required for the transcriptional activation function of
EBNAL.

4.2.2 The looping domain is not required for DNA replication

- Although residues 325-376 of EBNAI1 play a critical role in the activation of
transcription, I have shown that deletion of the looping domain had no significant effect
on the transient replication activity of EBNA1 (see EBNA 355376 in Table 6). The finding
that the looping domain is not required for DNA replication is consistent with the results
of Kim et al (1997), who showed that a similar EBNA1 mutant lacking amino acids 328
to 374 supported transient replication. Therefore the transactivation and replication
activities of EBNAI are separable and likely occur by different mechanisms. I have
found that larger deletions that removed additional residugs N-terminal to the looping
domain reduced the replication efficiency of EBNA1 (EBNAa4;1.376 and EBNA377.641 1n

Table 6). The Gly-Ala repeat between 101 and 324 was not present in any of the EBNAI
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constructs used in this thesis, thus, residues between amino acids 1 to 100 contribute to
DNA replication (Figure 20).

The DNA looping interaction that occurs between EBNA1 molecules on the FR
and DS elements has been shown to stabilize EBNA1 binding to the DS element and
therefore, was thought to be important for the activation of replication from the DS
(Frappier et al., 1994; Su et al., 1991). Our lab has shown that EBNAAa325.376 has little or
no DNA looping activity in vitro (Avolio-Hunter and Frappier, 1998), and yet this mutant
is active for replication. This suggests that DNA looping activity is not required for the
replication of oriP plasmids under the experimental conditions. Alternatively, it is
possible that the DNA looping interaction is important for replication from the DS but,
under in vivo conditions, looping can be mediated by EBNA1 residues outside of amino
acids 325 to 376. Indeed, amino acids 41 to 89 possess some limited capacity to link
DNA (Avolio-Hunter and Frappier, 1998; Mackey and Sugden, 1997).

Mackey and Sugden reported that looping activity is important for DNA
replication since the removal of either residues 41 to 89 or the looping domain reduced
oriP replication to less than 25 % of wildtype EBNA1 (Mackey and Sugden, 1999). The
looping domain mutation investigated by Mackey and Sugden, however also deleted
residues 1 to 40 of EBNA1. Therefore, while their findings suggest that both regions of
EBNALI that possess looping activity contribute to replication, the results in this thesis
suggest that residues 325 to 376 are not required for this EBNAI function. Furthermore,
the experimental conditions used by Mackey and Sugden differ from the methods
described in this thesis and may contribute to the difference between the findings. In their

DNA replication assays, two plasmids were used to transfect human cells; one contained
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oriP and was monitored for DNA replication while the other plasmid expressed EBNA1
protein but lacked a functional origin and segregation element. Thus, the EBNAI
expression plasmid is not replicated or maintained in the cell by an active partitioning
system and will become diluted among the dividing cells. The resulting decrease in
EBNAL1 protein over the four day period in culture might have affected the replication
efficiency determined by Mackey and Sugden (1999).

4.2.3 The looping domain is required for plasmid maintenance

Although fully active for DNA replication, the looping domain mutant is unable
to maintain oriP plasmids in long-term culture, indicating that this mutant is defective in
DNA segregation (see EBNAa32s.376 in Table 6). This finding may explain the results of
Mackey and Sugden (1999) who reported that the looping domain was important for
DNA replication. In their transient replication experiments, oriP plasmids were recovered
from human cells four days post-transfection. With increasing lengths of time in culture,
the plasmid maintenance defect of the looping domain mutant would contribute to the
reduction in the number of oriP plasmids recovered from cells. As a result, the
contributions of the looping domain to replication is complicated by the effects on
plasmid segregation.

EBNAL is thought to govern the segregation of oriP plasmids by mediating their
attachment to a component of the host chromosomes. In keeping with this model,
EBNAT1 looping domain sequences have been shown to be important for the attachment
of EBNAI to mitotic chromosomes (see Figure 20) (Marechal et al., 1999; Wu,
Ceccarelli and Frappier, submitted). Immunofluorescence staining of cell lines

expressing EBNA1 and EBNAgsys.376 revealed that both proteins were nuclear and
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therefore the defect in plasmid maintenance of EBNAx325.376 was not due to failure to
enter the nucleus (Wu, Ceccarelli and Frappier, submitted). Unlike wildtype EBNAI,
however, EBNAa3»5.376 did not associate with condensed host chromosomes in mitosis.
This observation provided further support for the EBV segregation model and for an
essential role for the looping domain in this function of EBNAL.

Recent studies suggest that the component of the host chromosome to which
EBNALI attaches is the cellular factor EBP2 (Shire et al., 1999). EBP2 binds to the
EBNALI looping domain sequences and appears to colocalize with EBNA1 on mitotic
chromosomes (Shire et al., 1999; Wu, Ceccarelli and Frappier, submitted). The binding
of EBP2 to chromosomal DNA does not require EBNAI, suggesting that EBP2 may
mediate the noncovalent attachment of EBNA1 to the mitotic chromosomes (Shire et al.,
1999; Wu, Ceccarelli and Frappier, submitted).

The looping domain consists of six imperfect repeats of an eight amino acid
sequence (Laine and Frappier, 1995). Two EBNA1 mutants, with small deletions that
each remove a single repeat region of the looping domain (A356-362 and A367-376),
retain plasmid maintenance activity. EBNAasse.362 and EBNAase7.376 interacted with
EBP2 and the immunofluorescence staining pattern of both proteins on condensed
chromosomes was indistinguishable from wildtype EBNA1 (Shire et al., 1999; Wu,
Ceccarelli and Frappier, submitted). These results suggest that either the repetitive
arginine and glycine-rich sequence of the looping domain contains redundant function, or
that amino acids 325 to 355 are specifically required for the plasmid maintenance

activity. Further mutations within this region, including the examination of an EBNAI
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mutant lacking amino acids 325 to 355, would increase our understanding of the
requirements for functional activity of the looping domain.
4.3 The WF Motif Contributes to the DNA Binding Affinity of EBNA1

The WF motif is within the DNA binding and dimerization domain of EBNAI1
and consists of two aromatic amino acids that are conserved in the EBNA1 homologues
of related lymphocryptoviruses (Blake et al., 1999; Yates et al., 1996). The phenylalanine
and tryptophan residues are positioned in the minor groove of EBNA1-bound DNA and
the aromatic rings appear to push the backbones of both DNA strands apart since the
minor groove is widened by 2-3 A at this region (Bochkarev et al., 1996). Although the
WF motif is not required to induce permanganate sensitivity in susceptible EBNA1
binding sites, it was thought that these residues might promote origin melting and
therefore be important for the initiation of replication from oriP (Summers et al., 1997).
However, I found that mutation of W464 and F465 to alanine residues (EBNA| 641wE),
had no effect on transcriptional activation, DNA replication or the maintenance of oriP
plasmids. Therefore, any distortion of the minor groove generated by the WF motif does
not appear to be required for origin melting.

An unexpected finding of the WF mutation was the effect on DNA binding
affinity. Mutation of the WF residues within the context of the EBNA1 DNA binding and
dimerization domain reduced the affinity for a single EBNA1 recognition site 17-fold
relative to the wildtype EBNA1 domain. The reduction in DNA affinity was not due to -
the unfolding or decreased stability of the protein since the CD spectra of EBNA4s.641wr

were indistinguishable from those of EBNA4s;.641 under native and denaturing conditions

(Figure 10 and Table 2).
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The EBNA-DNA co-crystal structure, when combined with biochemical DNA
binding studies using EBNAI point mutants, suggests that EBNA1 binds DNA by a two-
step mechanism (Cruickshank et al., submitted). Residues of the recognition helices make
the first DNA contacts and position EBNA1 so that residues 461 to 469 of the flanking
domain can be loaded into the minor groove of the DNA, enabling amino acids 461, 463
and 469 to make a total of five sequence-specific contacts. The WF sequence falls within
the minor groove extended chain and, according to the co-crystal structure, these residues
do not make hydrogen bonds with the DNA. The apparent DNA binding affinity of the
WF mutant was similar to that of an EBNA1 truncation mutant (EBNA4es.607) lacking
most of the minor groove extended chain (Bochkarev et al., 1996; Summers et al., 1996).
My results, therefore, suggest that the WF motif plays a role in orienting the extended
chain residues within the DNA minor groove, thereby enabling the side chains to form
the base contacts. Kinetic binding studies that examine the association and dissociation
rates of EBNA4s2.641wr would be useful to further investigate the role of W464 and F465
in the DNA binding process. A co-crystal structure of EBNA4s9.607 With the WF mutation
would show if this mutation disrupts base contacts in the minor groove and if the WF
motif is responsible for widening of the minor groove.

4.4 The Proline Loop Contributes to DNA Binding

The proline loop of EBNA1 extends outward from the DNA binding and
dimerization domain and does not directly contact DNA (Figure 5). Both the exposed
positioning of the loop and its proline-rich sequence, which resemble proline-rich
transcriptional activation domains of proteins such as hBRM (the human homologue of

the yeast SNF2/SWI2 gene product) and human I-rel (Bours et al., 1994; Muchardt and
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Yaniv, 1993), suggested that it might mediate interactions with other proteins and
contribute to EBNA1 function. I have found that the DNA binding affinity of EBNA1
was not affected by the replacement of residues 545 to 549 with a flexible linker (PL1),
but was affected by replacement of sequences 541 to 553 with the same four amino acid
linker (PL2) (Table 1). The decreased length of the loop was not expected to disrupt the
structure of the entire DNA binding domain, as the loop length in the PL2 mutant is
identical to that of the structurally homologous loop of the E2 papillomavirus protein.

CD analyses of the proline loop mutants showed that the mutants were folded
(Figure 9). However circular dichroism spectra are not sensitive to subtle changes in the
tertiary structure and small differences in the EBNA1 DNA binding domain
conformation may only be detected by a high resolution structure. Therefore, the
possibility remains that some subtle conformational changes were caused by the proline
loop mutations. I also examined the stability of the PL1 and PL2 mutant proteins under
denaturing conditions. These experiments were performed to determine whether the
mutations destabilized the dimerization of EBNA1. The structure of the EBNA1
dimerization interface is such that dissociation of the dimer must be accompanied by
protein unfolding (Mok et al., 1996a; Mok et al., 1996b) and, therefore, the stability of
the protein in denaturant reflects the tendency for the monomers to dissociate. The
stability of the EBNALI proline loop mutants in guanidine, although somewhat less than
for wildtype EBNAI1, was very high as compared to that of other proteins under similar
conditions. The EBNA1 PL mutants required 5 to 6 M guanidine to unfold (Table 2),
while the single domain proteins barstar, xylanase and lambda terminase unfold between

1 and 3 M guanidine (Hanagan et al., 1998; Ramachandran and Udgaonkar, 1996;
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Roberge et al., 1998). Thus, the unfolding and disruption of the PL.1 and PL2 dimers is
unlikely to be a factor under the zero guanidine conditions of the DNA binding and
functional assays.

In the EBNA1-DNA co-crystal structure, proline loop residues were not observed
to directly contact the DNA (Bochkarev et al., 1996). This observation is consistent with
the wildtype DNA binding affinity of the PL1 mutant (Table 1). The PL2 mutations,
however, removed amino acids 541 to 553 and reduced the affinity for individual
EBNAT1 binding sites 14-fold. This suggests thatinteractions mediated by these residues
are important for the high affinity binding to DNA. Four residues adjacent or within the
proline loop mediate interactions that might play a role in DNA binding (Bochkarev et
al., 1996). Arg538 1is positioned just N-terminal to the proline loop and makes an
electrostatic interaction with the phosphodiester backbone of DNA. Glu556 is C-terminal
to the proline loop and interacts with a residue of the flanking domain from the other
monomer (Arg469) that makes two sequence-specific interactions with the DNA minor
groove. The Glu556-Arg469 interaction appears to be important for DNA binding
because a point mutation of Glu556 to alanine reduces DNA binding affinity
approximately 400-fold (Shire, Flemming and Frappier, unpublished data). Although
Arg538 and Glu556 are not removed in the PL2 mutant, it is possible that the change in
the length and sequence of the proline loop introduced in this mutant affected the
positioning of these neighbouring residues.

Gly542 and Pro553 of the proline loop, which are deleted in the PL2 mutant but
not in the PL1 mutant, form hydrogen bonds with residues Arg532 and Leu533 that are

adjacent to the EBNA1 recognition helices. Recent mutational analyses of the recognition
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helices indicate that these helices play an important role in DNA binding by contacting
the major groove (Cruickshank et al., submitted). It is possible therefore that the
interaction between the proline loop and residues 532 and 533 are important for the
proper positioning of the recognition helices in the major groove and accounts for the
decreased DNA binding activity of the PL2 mutant. The EBNAI1 crystal structure also
showed that Gly542 of the proline loop forms a hydrogen bond with Pro607, which is
located in a flexible extended chain that joins the DNA binding domain to the C-terminal
acidic tail (Bochkarev et al., 1996). Disruption of this interaction by the PL2 mutation
might alter the positioning of the acidic tail relative to the DNA binding domain. This
could result in decreased DNA binding affinity by increasing steric hinderance or other
interference by the acidic tail or by the residues joining the DNA binding domain to the
acidic tail.
4.4.1 A functional role for the proline loop remains undetermined

EBNA|.¢4aip1 Was found to replicate DNA and maintain plasmids at or above
wildtype levels and to activate transcription at levels close to wildtype EBNA1 (Table 6).
Therefore, the proline-rich sequence at the tip of the proline loop is not required for DNA
replication, segregation or transactivation activities of EBNA1. However, the PL1 mutant
still contained some of the proline-rich sequences of the loop which could be sufficient to
mediate functional interactions with cellular proteins. The PL2 mutation, which removes
all of the proline loop sequence, was therefore constructed. EBNA | 64;p12 did not support
plasmid maintenance and exhibited only low levels of transient replication and
transactivation activities (Table 6). The reduced DNA binding affinity of the PL2 mutant

protein (see Table 1) and defect of each EBNAI1 function suggested that the PL2 mutant
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might not be bound to the oriP sequences in vivo. The DNA binding affinity of the PL2
mutant was found to be approximately the same as the WF mutant which was fully active
for all three EBNA1 functions. Therefore, if the PL2 mutant protein was expressed at
similar or higher levels as the WF mutant, we would expect that PL2 should be bound to
oriP in the functional assays. Quantitative Western blots revealed that, during the period
of time cells were cultured for transactivation and transient replication assays, EBNA,.
s41pL2 Was expressed at only 4 to 34 % of the level of EBNA.¢4;wr. This finding suggests
that the compromised functionality of EBNA .¢41p1> might be due to a failure to bind the
recognition sites in oriP. However, since I did not directly determine whether the oriP
sequences were bound by the PL2 mutant in vivo, it is still-possible that the PL2 mutant
was bound to oriP and that the PL2 mutation disrupts functional protein interactions or
cellular localization.

Both EBNA | 64;p.1 and EBNA | 641p12 Were expressed at levels, on average, 33 %
and 23 % of wildtype EBNAI respectively. Since all EBNA1 constructs were transcribed
from the same CMV promoter, variations in protein expression were not thought to be
due to differences in the level of mRNA transcripts although this possibility has not been
tested directly. The EBNA1 PL1 and PL2 mutant proteins might, however, have a
decreased solubility (only soluble cell fractions were examined in Western blots) or
decreased half-life in the cell due to an enhanced sensitivity to proteases and/or
ubiquitination-mediated degradation. The half-life of EBNA1 mutants could be examined
by performing pulse-chase labeling of EBNAI in transfected cells.

Elevated levels of EBNA|.¢41p12 protein were detected in cells from the plasmid

maintenance assays and could be due to an effect of cellular growth under selective



131

conditions. Since oriP plasmids were not recovered in extrachromosomal form from cells
expressing EBNA 641p12, plasmid sequences including the EBNA1 open reading frame
and the neomycin-resistance gene must have integrated into a chromosomal locus. The
integration event may have increased transcription from the CMV promoter (relative to
that in the plasmid) due to the action of adjacent chromosomal transcriptional enhancer
elements or to other aspects of chromosomal context.

4.5 Future Directions

While the looping domain is the major transcriptional activation domain within
EBNAL, it remains to be determined if residues 325 to 376 are sufficient for this
function. N-terminal truncations could be examined in order to determine if sequences
between residues 1 to 100 of EBNA1 contribute to transcriptional activation along with
the looping domain. While the looping domain is distinct from the EBNA1 DNA binding
domain, the ability to transfer the transcriptional enhancer function of the looping domain
to a heterologous DNA binding domain has not been demonstrated. The EBNA1-GALA4
fusion constructs should, therefore, be re-examined for transcriptional activation
function. EBNAI looping domain sequences could also be fused directly to the EBNAI
DNA binding domain and tested for transcriptional activation.

To better understand the mechanism by which the looping domain contributes to
transcriptional activation, interactions between the EBNAI looping domain and
components of the RNA polymerase II transcriptional machinery can be examined by
biochemical approaches. Both EBNAI, EBNAass3is and GAL4-EBNAL looping
domain fusion proteins could be useful to investigate specific interactions between the

EBNALI transactivation domain and basal transcription factors including TFIIB and
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TFIID. Recently, a cellular chromatin remodeling factor, Napl, that binds EBNA| ¢4 and
not EBNAass.376 was identified by affinity chromatography (Walter et al., 1995;
Holowaty and Frappier, unpublished). This finding suggests that transcriptional
activation by EBNA1 might involve chromatin remodeling. The functional significance
of the EBNA1-Napl interaction could be examined by performing in vitro chromatin
remodeling assays on oriP nucleosomeé.

Further mutational analysis of the looping domain sequences is necessary to map
the ‘exact residues that-are important for transactivation‘ and segregation activities.
Deletion mutants lacking all or part of the 325 to 355 region will be useful for
determining whether these sequences are responsible for the transactivation and
segregation activities or whether the repeated sequences of the looping domain have
redundant functions. The results of these mutational analyses are also of interest as they
will determine whether the amino acid requirements for transactivation and segregation
are the same or different.

My studies have only examined how EBNALI transactivates gene expression when
bound to the viral FR element, but data suggests that EBNA1 can also activate the
expression of cellular genes. The transcriptional activation of cellular genes in response
to EBNA1 could be examined by the use of DNA microarray technology. mRNA could
be isolated before and after induction of EBNA1 or EBNA1 mutant protein expression in
human cells and labelled with fluorescent probes. The altered transcription pattern of
cellular genes upon EBNAI! induction could then be monitored by hybridizing
microarrays of human cDNAs with the labelled RNA. This approach would be useful for

identifying cellular targets of EBNA1 transactivation as a second strategy to identify



133

transcriptional activation domains of EBNAL.

The mechanism by which EBNAI activates the replication of oriP plasmids has
not yet been elucidated but recent studies in our laboratory suggest that it might involve
chromatin remodeling. A role for EBNA1 in chromatin remodelling at oriP is suggested
by two lines of evidence. First, Tina Avolio-Hunter, in our laboratory, has shown that
EBNAI1 destabilizes nucleosomes formed on the DS element of oriP. Second, Melissa
Holowaty found that EBNA1 binds to a chromatin remodeling factor previously shown to
be required for the replication of adenovirus chromatin (Matsumoto et al., 1993;
Holowaty and Frappier, unpublished).

By analogy to the role of the origin recognitién complex in S. cerevisiae, EBNA1
might also recruit cellular initiation proteins, such as cdc6 and MCMs, to the origin.
Screens for physical interaction with EBNA1 have failed to isolate cdc6 or MCM
proteins but this does not rule out the possibility that weak or transient functional
interactions occur in the human cell nucleus. Possible functional interactions between
EBNALI, cdc6 and MCMs will be assessed in the laboratory by determining the effect of
the purified proteins on the melting of oriP sequences, the first step in DNA replication.

Although the segregation defect associated with the looping domain mutant of
EBNA1 was inferred from its inability to maintain oriP plasmids in human cells, a direct
quantitative assay for DNA segregation is lacking. The long-term oriP plasmid
maintenance assay is not an ideal way of measuring segregation because plasmid
maintenance is also dependent on the replication function of EBNAI1. Therefore, the
segregation activity of EBNA1 mutants that are defective for DNA replication cannot be

assessed. Methods to separate the replication and segregation of plasmids in mammalian
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cells are currently being explored. One strategy involves the generation of a plasmid that
is duplicated from a replication origin that is unrelated to oriP but depends on the EBV
segregation system (i.e. the FR element and EBNA1) for efficient partitioning. Plasmids
containing the papillomavirus minimal origin replicate in rodent cells that express the E1
and E2 papillomavirus proteins but are not maintained in long-term culture due to the
lack of the segregation element. A plasmid containing the papillomavirus minimal origin,
the EBV FR element and an EBNAI1 expression cassette has been generated in our
laboratory and is being tested for replication and long term maintenance in hamster cells
that express E1 and E2. If successful, this approach would allow EBNA1 mutants to be
tested for their ability to partition the FR-containing plasmid in the absence of any effects
of the mutations on the replicative function of EBNA1

In order to determine if the acidic tail and proline loop contribute to EBNAI1
functions that were not revealed in this thesis, mutants lacking these motifs could be used
to examine the interactions of EBNA1 with cellular proteins. MALDI-TOF mass
spectrometry has allowed the identification of several proteins in Hela cell lysates that
are specifically retained on immobilized EBNA1-affinity columns. A comparison of the
proteins that bind wildtype EBNA1 and/or EBNA1 mutants could identify cellular
proteins that require the acidic tail or proline loop for the interaction. The disruption of a
protein interaction would provide evidence that the mutated region of EBNA1 was
important for the interaction with the cellular protein and may facilitate the assignment of

a functional role for the acidic tail and the proline loop of EBNAL1
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