Protein-protein contact between the
COOQOH-terminal region of the a subunit
and activator proteins may be a widely used
mechanism for transcription activation in
prokaryotes (21). Protein-protein contact
between the o subunit and activator pro-
teins appears to be a second widely used
mechanism (22). The approach used here
should be generalizable to analysis of other
prokaryotic and eukaryotic transcription
complexes.
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Mediation of Epstein-Barr Virus EBNA2
Transactivation by Recombination
Signal-Binding Protein J

Thomas Henkel, Paul D. Ling, S. Diane Hayward,
Michael Gregory Peterson*

The Epstein-Barr virus (EBV) transactivator protein, termed Epstein-Barr virus nuclear
antigen 2 (EBNA2), plays a critical role in the regulation of latent viral transcription and in
the immortalization of EBV-infected B cells. Unlike most transcription factors, EBNA2 does
not bind directly to its cis-responsive DNA element but requires a cellular factor, termed
C-promoter binding factor 1 (CBF1). Here, CBF1 was purified and was found to directly
interact with EBNA2. CBF1 is identical to a protein thought to be involved inimmunoglobulin
gene rearrangement, RBPJ,_. Contrary to previous reports, CBF1-RBPJ,_ did not bind to
the recombination signal sequences but instead bound to sites in the EBV C-promoter and

in the CD23 promoter.

Epstein—Barr virus infects human B lym-
phocytes and epithelial cells and immortal-
izes B cells. In these cells, the EBV genome
establishes latency and is stably maintained
in the nucleus as an episome in which only
a subset of the viral genome (about 10
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genes) is expressed (I, 2). A virally.encod-
ed transcription factor, EBNAZ2, is required
for both B cell immortalization and the
establishment of latency (3, 4). EBNA2
transactivates latent viral genes and certain
cellular genes that have been implicated in
B cell activation (5-10). EBNAZ2 activates
gene expression through a common cis-
regulatory element found in both viral and
cellular promoters (11), yet EBNAZ2 is un-
able to bind directly to these regulatory
elements. In order to associate with target
genes, EBNA2 requires a DNA binding
protein encoded by the host cell. This



protein, first characterized as a B cell factor
binding to the EBV C-promoter (11), is
CBF1. Because CBFl is required for
EBNA2 binding to viral promoters and to
the promoters of B cell activation genes, we
purified the protein in order to study its
mechanism of action.

Although CBF1 was initially isolated
from B cells (11), for purification purposes
we investigated whether HeLa cells might

contain the activity required for EBNA2
transactivation. To analyze the ability of
EBNAZ2 to transactivate gene expression in
HeLa cells, we used a hybrid regulatory
construct containing eight tandem repeats
of the CBFI binding site from the EBV
C-promoter, fused upstream of the adeno-
virus E1b TATA box (12). This construct
specified substantial amounts of reporter
protein [chloramphenicol acetyltransferase

Fig. 1. Transactivation by A § § 23

EBNAZ2 occurred in HelLa cells g‘\'%g: é& §y - -+ - -+ EBNAWW
and was mediated by CBF1. (A) > PP 3 888 ook g B EBGN%Z
CAT assays in transfected & & & G\‘”Q?’ &S + + 4 - - = Hela
Hela cells demonstrated that ~ E1bCAT  "E2RE(BYE1b-CAT

wild-type EBNA2 (SV-EBNA2), = -CBF1-E2

but not a mutant EBNA2 (SV-
EBNA2WW), transactivates a
reporter construct containing
EBNA2-responsive  elements.
Lanes 1 to 4: CAT reporter plas-
mid lacking EBNA2-responsive
elements (E1b-CAT); lanes 5 to
8: CAT reporter plasmid containing eight copies of the EBV C-pro- —Prob
moter EBNAZ2-responsive element (E2RE(8x)E1b-CAT); lanes 1 “ oo
and 5: nothing cotransfected (basal); lanes 2 and 6: cotransfected 1 23456

with SV40 promoter vector control (vector); lanes 3 and 7: cotrans-

fected with SV40 promoter driving EBNA2 (SV-EBNAZ2); lanes 4 and 8: cotransfected with SV40
promoter driving a nonfunctional EBNA2 containing the WW323SR double point mutation (SV-
EBNA2WW). The percentage conversion of [*“C]chloramphenicol is indicated below each lane.
HelLa cells were transfected (22) with plasmid constructs (72), and CAT assays were done as
described (12). (B) Electrophoretic mobility-shift assay (EMSA) comparing CBF1 derived from B
cells and from Hela cells. Nuclear extracts were added to DNA binding reactions with a *2P-labeled
probe containing the C-promoter EBNA2-responsive element (Cp) (72) and the same amount of
unlabeled Cp-mutant oligonucleotide (Cp-mut). The sequences of the Cp and Cp-mut oligonucle-
otides are shown in Fig. 4. Lanes 1 to 3: Hela nuclear extracts; lanes 4 to 6: B cell-line DG-75
nuclear extracts; lanes 2 and 5: nuclear extracts with added GST-EBNA2 (EBNA2 amino acid
residues 252 to 425 fused to GST) (EBNA2); lanes 3 and 6: nuclear extracts with added
GST-EBNA2WW (EBNA2 amino acid residues 252 to 425 containing the WW323SR double point
mutation fused to GST) (EBNA2WW). The 32P-labeled probe (probe), CBF1-probe (CBF1), and
CBF1-EBNA2-probe (CBF1-E2) complexes are indicated. Nuclear extracts (23), GST-fusion pro-
teins, and EMSA conditions were as described (77).
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Fig. 2. Identification of CBF1 as the recombination signal-binding protein of J, (RBPJ,). (A)
Purification scheme for CBF1. HeLa cells (5 x 10'°) were extracted (24) and chromatographed on
wheat germ agglutinin (WGA) as described (25). The CBF1 activity was precipitated from the WGA
flow-through by the addition of ammonium sulfate to 55%. The pellet was resuspended in and
dialyzed into 0.275 M KCl in HEG buffer [25 mM Hepes (pH 7.9), 0.5 mM EDTA, 20% glycerol, 1 mM
dithiothreitol, 0.1% aminoethylbenzenesulfonyl fluoride, 0.1% sodium metabisulfite, and 0.05%
lauryldimethylamineoxide] and then applied to heparin-Sepharose (5 mg/ml) equilibrated in the
same buffer. CBF1 activity was step-eluted with 0.375 M KCI in HEG buffer, poly(di-dC) (25 pg/ml)
was added, and the solution was applied directly to a DNA-affinity column equilibrated in the same
buffer. The DNA-affinity resin consisted of a double-stranded C-promoter EBNA2-responsive
element (AGGAAACACGCCGTGGGAAAAAATTTGGG) bound by means of a 5’ end biotin on the
sense strand to avidin-agarose (0.5 mg oligo per milliliter of avidin-agarose). Bound proteins were
washed with two column volumes of 0.375 M KCI in HEG buffer containing 500 ug/ml double-
stranded C-promoter EBNA2-responsive element containing a double point mutation (AGGAAA-
CACGCCGTGGCTAAAAATTTGGG). CBF1 activity was step-eluted with 0.6 M KCl in HEG buffer.
DNA-affinity chromatography was repeated without protease inhibitors. (B) Silver-stained SDS-
polyacrylamide gel of DNA affinity—purified CBF1 from HelLa cells. A doublet at approximately 60 kD
is indicated as CBF1. (C) Schematic diagram of human CBF1-RBPJ, (13). The 500-amino acid
open reading frame (15) contains a conserved region (filled box, 82% |dent|ty with Drosophila) from
amino acids 50 to 454. Within this region is a sequence motif showing some similarity with bacterial
integrases (integrase). A single difference between the RBPJ, sequence (15) and ours [determined
on six independent polymerase chain reaction (PCR) products)] at amino acid 240 is indicated (V ta
G). Aglycine is found at this position in both the mouse and Drosophila sequences. The positions and
sequences of the three tryptic peptides obtained from purified CBF1 are shown (peptides). The PCR
primers used to amplify the cDNA coding for the 500—amino acid open reading frame of RBPJ,_ from

REPORTS

(CAT)] activity only when cotransfected
with an EBNA2 expression vector (Fig.
1A). As previously described, an EBNA2
mutant (11) (EBNA2WW, containing two
amino acid substitutions, WW to SR at
amino acids 323 and 324) failed to activate
the reporter construct (13). A reporter
construct lacking the CBF1 binding sites
was not activated by EBNA2. Gel mobility
shift assays comparing extracts from B cells
and HelLa cells confirmed that the latter
contain a C-promoter binding activity sim-
ilar to that of CBF1 (Fig. 1B). The HeLa
cell bandshift is supershifted by native
EBNAZ2 but not by the EBNA2WW mu-
tant. Thus, HeLa cells contain an EBNA2-
mediating activity that is functionally indis-
tinguishable from that of B cell CBF1.

CBF1 was purified from HeLa cells with
heparin-Sepharose chromatography, fol-
lowed by DNA-affinity chromatography
with the C-promoter binding site (Fig.
2A). Pure CBF1 consisted of a 60-kD poly-
peptide and a minor polypeptide that mi-
grated slightly more slowly when run on
denaturing polyacrylamide gels (Fig. 2B).
Both of these polypeptides co-purified with
CBF1 binding activity when determined by
bandshift analysis with a C-promoter recog-
nition site and by supershift analysis with
EBNAZ2. Purified CBF1 was digested with
trypsin, and the resulting peptides were
purified by reversed-phase high-pressure lig-
uid chromatography. The peptide se-
quences (Fig. 2C) showed that CBF1 is
identical to a previously characterized pro-
tein, the recombination signal-binding
protein of J, (RBP],) (14, 15).

To test whether RBP], has CBF1 activ-
ity (DNA-binding and EBNA2-interaction
activity), we cloned the complementary

A B
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W= U —
R 88— cBF1
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127 TLYISD 132

V>G

a Hela cDNA library were: sense strand, dGATATCTAGAGCGCTCCCCATGGACC; antisense strand, dCTAGGGATCCTAGGATACCACTGTGGCTGT.
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DNA (cDNA) encoding RBPJ, from a
HeLa cDNA library and expressed the 500
amino acid coding region (Fig. 2C) in
human 293 cells and in reticulocyte lysate.
Although 293 cells contain endogenous
CBF1, the transient expression of RBPJ,
under the control of the strong cytomega-
lovirus (CMV) promoter resulted in an
increased amount of CBF1 binding activity
(Fig. 3A). Likewise, reticulocyte lysates
programmed with RBPJ, mRNA vyielded a
bandshift on the C-promoter site that co-
migrates with that produced by CBFI.
These RBPJ], bandshift activities func-
tioned like those of purified CBF1 in their
ability to form an EBNA2 supershifted
complex (Fig. 3A). These data indicate
that CBF1 and RBPJ, are the same protein.

CBF1 and EBNA2 have been interpret-
ed to interact directly in the complex
formed on EBNA2-responsive genes (11).
Because EBNAZ is incapable of binding to
the C-promoter site (16), we reasoned that

Fig. 3. DNA binding and EBNA2 in- . A
teraction of recombinant CBF1. (A)
Electrophoretic mobility-shift assay of
transfected and in vitro-translated
recombinant CBF1. Lanes 1 and 2:
purified CBF1 from HelLa cells (HeLa
CBF1); lanes 3 and 4: nuclear extract
from mock-transfected 293 cells
(Mock transfection); lanes 5 and 6:
nuclear extract from 293 cells trans-
fected with CMV promoter driving
CBF1 (CBF1 transfection); lanes 7
and 8: reticulocyte lysate pro-
grammed with irrelevant mRNA

EBNA2 might be tethered to target genes
by means of direct protein-protein interac-
tions with CBF1. If so, CBF1 and EBNA2
might be capable of interacting in solution.
To test this hypothesis, we translated CBF1
in the presence of 3°S-labeled methionine
(Fig. 3B) and then assayed for specific
binding to affinity resins containing various
glutathione-S-transferase (GST) fusion
proteins. Radiolabeled CBF1 bound to
GST-EBNAZ2 but not to GST-EBNA2WW
(the mutant that was unable to supershift
the CBF1-DNA complex and failed to ac-
tivate the C-promoter reporter construct)
nor to two other protein controls. These
observations indicate that CBF1 interacts
specifically with EBNA2 and that this in-
teraction can occur in the absence of DNA.

RBPJ, was originally characterized as a
protein that binds to the recombination
signal sequence of the J, segment that is
required for V(D)] recombination (14). The
signal sequence is composed of heptamer

2 6‘5 :‘?§ S F B §{y
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(Mock translation); lanes 9 and 10: reticulocyte lysate programmed with CBF1 mRNA (CBF1
translation); lanes 2, 4, 6, 8, and 10: GST-EBNA2 (EBNA2 amino acid residues 252 to 425 fused to
GST) added (EBNA2). Transient transfections (22), GST-EBNA2 fusion, and EMSA conditions were
as described (77). (B) SDS—polyacrylamide gel electrophoresis showing the interaction of EBNA2
with 35S-labeled in vitro-translated CBF1. Lane 1: in vitro—translated CBF1 (IVTL CBF1); lane 2: in
vitro-translated CBF1 affinity purified on GST beads (+GST); lane 3: in vitro-translated CBF1 affinity
purified on GST—interleukin-1 receptor beads (+GST-IL1R); lane 4: in vitro-translated CBF1
affinity-purified on GST-EBNA2 (EBNA2 amino acid residues 252 to 425 containing the WW323SR
double point mutation fused to GST) (+GST-EBNA2WW); lane 5: in vitro-translated CBF1
affinity-purified on GST-EBNA2 (EBNA2 amino acid residues 252 to 425 fused to GST) (+GST-
EBNA2). Aliquots (7.5 ul) of CBF1 in vitro translation were mixed with equal amounts of GST fusion
proteins. Glutathione-agarose beads were added and complexes were formed in 1 ml of
phosphate-buffered saline and 0.5% NP-40 for 1 hour at 4°C. Complexes were washed with 5 x 1

ml of phosphate-buffered saline and 0.5% NP-40.

Fig. 4. Binding of purified CBF1 from HelLa cells
to naturally occurring and mutant promoter ele-
ments. Double-stranded oligonucleotides were
derived from: EBV C-promoter (Cp), EBV C-pro-
moter containing a double point mutation (Cp-
mut), human CD23 promoter (CD23p), heptamer
site from human J, segment + Bam HI site
(Heptamer + Bam Hl), and heptamer site from
human J, segment + Bam HI site containing a
triple point mutation (heptamer — Bam Hl). The
consensus CBF1 binding site is in bold and the
J,. heptamer sequence is underlined. Binding is
expressed as the percentage of inhibition of a

CBF1 binding-ske competitor DNA (%)
Pmol
01 10 10

GGAAACACGCC@POAGAAMAAATTTGGC 51 90 98
CCTTTGTGCGGCACCCTTTTTTAAACCG

Cp

f cmmcgggcwcmmrrmccc 0 0 19

CD23p TCCTTCAGCCCTOTGIGAACTTGCTGCT 22 70 91
AGGAAGTCGGGACACCCTTGAACGACGA

Heptamer ccacTaccacTeresaarccerereeace 0 31 75
+Bam Hl CCTGATGGTGACACCCTAGGAGACCTCC
Heplamer GGACTACCACT@TOCCTTCCTCTGGAGG 0 0 8
-BamHl CCTGATGGIGACACGGAAGGAGACCTCC

CBF1 bandshift with 0.1 pmol of 32P-labeled Cp-oligonucleotide, as measured with the indicated
amount of competitor oligonucleotide. The EMSA conditions were as described (77); the intensities
of the bandshifts were determined with a phosphoimager.
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(CACTGTG) and nonamer (GGTTTT-
TGT) motifs separated by a nonconserved
spacer. RBPJ, was found by bandshift and
footprint analysis to bind to the heptamer
sequence (17) and was thought to be in-
volved in immunoglobulin gene recombina-
tion. The heptamer sequence, however,
bears little resemblance to the conserved
core of the EBNA2 responsive element
(GTGGGAAA) that is critical for CBF1
binding (16). On inspection of the DNA
probes that were used for the RBPJ, experi-
ments, we noticed that the heptamer site
was positioned adjacent to a Bam HI linker
sequence and created the sequence
GTGGGA—a sequence that is a close
match to the CBF1 consensus sequence.

To investigate whether this artificial site
is capable of binding CBF1, we tested the
various potential CBF1 binding sites as com-
petitors in a bandshift assay, using the
C-promoter site as a probe. To set the range
for competitor sites, we first compared a
mutant that is severely defective in CBF1
binding with the native C-promoter site that
contains a consensus EBNA2 response ele-
ment. The mutated binding site (Cp-mut)
was approximately 250 times weaker as a
competitor than was the optimal C-promot-
er site (Cp) (Fig. 4). An EBNA2-responsive
element derived from the CD23 promoter
(CD23p) was only slightly weaker (~2.5
times) than the C-promoter site. The J,
heptamer and the adjacent Bam HI site
(heptamer + Bam HI) were approximately
16 times weaker than the C-promoter site in
this competition assay. Mutation of the
GGA residues of the Bam HI site to CCT
(heptamer — Bam HI), which left the con-
served heptamer sequence intact, reduced
the fragment’s ability to compete for CBF1
binding to one-fortieth of its previous value.
We therefore conclude that CBF1 does not
bind the ], heptamer sequence to any sub-
stantial extent (I18). Because the name
RBPJ, is misleading, we will refer to this
protein as CBF1.

Considerable information has already
emerged regarding the structure, expression,
and conservation of CBF1. The amino acid
sequence of CBFl is evolutionarily con-
served between species as divergent as hu-
man and Drosophila (Fig. 2C) (19, 20).
Studies of the tissue distribution of mouse
CBF1 show that the mRNA and the protein
are expressed in all tissues analyzed (21). In
Drosophila, the CBF1 homolog is encoded by
the suppressor of hairless gene (19, 20). Thus,
although CBF1 appears to be quite widely
expressed during Drosophila development, it
plays a key role in the specification of neu-
ronal cell fate.

EBNAZ2 activates a number of B cell acti-
vation genes such as CD21 and CD23, both
of which contain CBF1 sites. In the resting B
cell that EBV infects, these genes are ex-



pressed at a low level. In the simplest model,
CBF1 acts to tether EBNAZ2 to the promoters
of otherwise quiescent target genes. Because
EBNAZ2 contains a transcriptional activation
domain (12), the promoter-bound protein
could act locally to induce transcription in a
manner similar to that of conventional tran-
scription factors. By using CBF1 as a target for
EBNA2, EBV effectively subverts the ability
of B cells to control the expression of these
genes. Moreover, EBNA2 might mimic a
cellular factor that normally binds CBF1 and
activates B cell genes in response to stimuli.
This interpretation offers a new focal point for
future studies concerning B cell activation.
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 Magnetoreception in Honeybees

Chin-Yuan Hsu and Chia-Wei Li*

Magnetoreception by honeybees (Apis mellifera) is demonstrated by such activities as
comb building and homing orientation, which are affected by the- geomagnetic field. In other
magnetoreceptive species, iron oxide crystals in the form of magnetite have been shown
to be necessary for primary detection of magnetic fields. Here it is shown that trophocytes,
which are apparently the only iron granule—containing cells in honeybees, contain super-
paramagnetic magnetite. These cells are innervated by the nervous system, which sug-
gests that trophocytes might be primarily responsible for magnetoreception. Electron
microscopy also shows cytoskeletal attachments to the iron granule membrane.

The magnetic field of the Earth influences
the behavior and orientation of a variety of
organisms, such as magnetotactic bacteria
(1), algae (2), marine mollusks (3), honey-
bees (4), hornets (5), salmon (6), tuna (7),
turtles (8), salamanders (9), homing pigeons
(10), cetaceans (11), and human beings
(12). One of the best understood examples
of magnetoreception and magnetonaviga-
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tion is that of magnetotactic bacteria, whose
magnetoreceptors are single-domain parti-
cles of magnetite (Fe;O,), arranged in a
chain along the long axis of each bacterium
(13). These bacteria swim to the north in
the Northern Hemisphere, to the south in
the Southern Hemisphere, and in both di-
rections at the geomagnetic equator (14). In
metazoans, the precise localization of single-
domain magnetites and the linkage of these
crystals to functioning sensory nerves that
transmit magnetic field information to the
central nervous system have not been deter-
mined, even though single-domain magne-
tite particles have been extracted from the
dermethmoid - tissue of the yellowfin tuna
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(15), the forehead of salmon (16, 17), the
dura mater of green turtles (8), and from
human brain tissue (18).

The existence of a magnetoreceptor in
honeybees has been suggested by behavioral
and biochemical studies. Worker bees are
magnetic (19), as measured by supercon-
ducing quantum interference devices, and
magnetite has been obtained from the ab-
domens of dried bees, as shown by the
abdomen tissue’s Curie temperature and
magnetization. In honeybees, the only cells
that contain iron granules are the tropho-
cytes, which surround each abdominal seg-
ment (20). Iron deposition in the tropho-
cytes begins on the second day after eclo-
sion, and the iron granule is subsequently
formed by the aggregation of dense particles
(approximately 7.5 nm in diameter) in the
iron deposition vesicles (21). However, the
iron granules have seemed not to be crystals
(20, 21) and thus would not be expected to
contribute to the measured permanent mag-
netism. This discrepancy has been account-
ed for by the low concentration of magne-
tite in situ—a few parts per billion (22).

We determined the presence and nature
of the magnetite in honeybee trophocytes by
examining the fine structure of the iron
granules in the trophocytes with high-reso-
lution transmission electron microscopy
(HRTEM). Adult worker bees, 25 to 35 days
after eclosion, were dissected, fixed, and
embedded according to the conventional
procedure (21). Thin sections were cut with
a diamond knife and stained with uranyl
acetate and lead citrate (21). Forty iron
granules (Fig. 1A) (from five bees) with an
average diameter of 0.6 pm were analyzed by
a JEOL 4000EX HRTEM operating at 400
kV. Crystals were found in the central por-
tion of four of the examined iron granules.
The crystallized central portion occupied
30% of the granule volume. The "largest
crystal was approximately 10 nm in diame-
ter. The direction of lattice structure in
nearby crystals was random, and the lattice
fringes often appeared to extend across the
region of 7.5-nm electron-dense particles
(Fig. 1B). A diffraction pattern (Fig. 1D)
was obtained from a lattice image (Fig. 1C)
by Fourier transformatiorr.-The d-spacings
calculated from the diffraction pattern were
consistent with the [1 2 1] zone axis pattern
of magnetite (23). All of the magnetite
crystals showed well-ordered lattice planes,
and none of the crystals had any other
crystalline phases, such as those typical of
v-FeOOH. Previous investigators may not
have obtained diffraction patterns from these
crystals because of the crystals’ small ‘size.

If the observed superparamagnetic gran-
ules are indeed the honeybees’ magnetore-
ceptors, then nervous system innervation of
the trophocytes would be expected. The
abdominal areas of adult worker bees, 25 to
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