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Identification of the Target of a Transcription
Activator Protein by Protein-Protein
Photocrosslinking

Yan Chen, Yon W. Ebright, Richard H. Ebright*

sre it is shown, with the use of protein-protein photocrosslinking, that the carboxyl-

rminal region of the a subunit of RNA polymerase (RNAP) is in direct physical proximity

the activating region of the catabolite gene activator protein (CAP) in the ternary complex
ot the lac promoter, RNAP, and CAP. These results strongly support the proposal that
transcription activation by CAP involves protein-protein contact between the carboxyl-
terminal region of the a subunit and the activating region of CAP.

Escherichia coli CAP is a structurally char-
acterized transcription activator protein (1,
2). Genetic studies have indicated that
amino acids 156 to 164 of CAP constitute
an “activating region” that is essential for
transcription activation at the lac promoter
but not essential for DNA binding by CAP
or DNA bending by CAP (3). Further
genetic studies have indicated that the 100
COQOH-terminal amino acids of the a sub-
unit of RNAP are essential for transcription
activation by CAP at the lac promoter but
are not essential for CAP-independent
transcription (4). The simplest interpreta-
tion of the genetic results with CAP and
RNAP is that transcription activation at
the lac promoter involves protein-protein
contact between the activating region of
CAP and the COOH-terminal region of
the a subunit of RNAP.

In this study, we used protein-protein
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photocrosslinking to determine directly—
without preconceptions—the site on
RNAP that is in proximity to the activating
region of CAP in the ternary complex of
the lac promoter, RNAP, and CAP. Our
approach had five steps: (i) We covalently
attached a photoactivatible crosslinking
agent at a single, defined amino acid within
the activating region of CAP. (ii) We
verified ‘that the resulting CAP derivative
retained the ability to activate transcrip-
tion. (iii) We formed the ternary complex.
(iv) We irradiated the- ternary complex
with ultraviolet (UV) light. (v) We deter-

- mined the site at which crosslinking oc-

curred (Fig. 1). To facilitate identification
of the site at which crosslinking occurred,
we used a photoactivatible crosslinking
agent that contained a radiolabel and that
was attached to CAP through a disulfide
linkage (Fig. 1A). This permitted, after
UV irradiation, cleavage of the crosslink
and transfer of the radiolabel to the site at
which crosslinking occurred (Fig. 1, B and

Q).
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We constructed and analyzed a CAP
derivative with a photoactivatible cross-
linking agent incorporated at amino
acid* 161: [*2°1])-{[S-[N-(3-iodo-4-azido-
salicyl) cysteaminyl]-Cys'®!; Ser!"8]JCAP}
(IAC''CAP) (Fig. 2). Amino acid 161 is
located within the activating region” of
CAP (3) but is not essential for transcrip-
tion activation (5, 6). Saturation-mutagen-
esis studies have indicated that position 161
tolerates a wide range of amino acid substi-
tution without loss of ability to activate
transcription (6). We reasoned that posi-
tion 161 might likewise tolerate incorpo-
ration of a photoactivatible crosslinking
agent without loss of ability to activate
transcription.

To construct IAC!'CAP, we used a
two-step procedure consisting of (i) intro-
duction of a unique surface cysteine residue
at position 161 of CAP and (ii) cysteine-
specific chemical modification. In step (i),
we used site-directed mutagenesis to replace
the preexisting surface cysteine residue at
position 178 with serine and to replace the
aspartic ‘acid residue at position 161 with
cysteine (7). In step (ii), we.geacted the
resulting CAP derivative with [1251]-{3_-[N-
(3-iodo-4-azidosalicyl) cysteaminyl]-2-thi-
opyridine} (10) (Fig. 3, A and B) under
conditions that resulted in highly efficient,
highly selective, derivatization of surface
cysteine (12, 13) (Fig. 3C).

To assess the ability of IAC!'CAP to
activate transcription, we did abortive ini-
tiation in vitro transcription experiments
with a derivative of the lac promoter
having a consensus DNA site for CAP:
lacP(ICAP) (14). The results establish
that IAC'®!CAP retains nearly full ability
to activate transcription (=70% of the
level of transcription activation shown by
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Fig. 1 (left). Identification by photocrosslinking
and radiolabel transfer of the site on RNAP that is
closest to the activating region of CAP in the
promoter-RNAP-CAP ternary complex. (A) Forma-
tion of a ternary complex with a CAP derivative
having a photoactivatible crosslinking agent incor-

porated at a single, defined amino acid within the activating region. The photoactivatible crosslink-
ing agent contains a radiolabel (asterisk) and is attached to CAP through a disulfide linker (SS). (B)

Photocrosslinking. (C) Cleavage and radiolabel transfer.

Fig. 2 (right). (A) Crystallographic

structure of the CAP-DNA complex (1) [coordinates obtained from Brookhaven Protein Data Bank
(accession code 3GAP)]. CAP is blue; DNA and CAP-bound cAMP are red. The activating region
of CAP is dark blue (3). Amino acid 161 is yellow. (B) Model for the structure of the IAC'6'CAP-DNA
complex. The ['25]}-[\-(3-iodo-4-azidosalicyl)cysteaminyl] moiety is green.

underivatized CAP) (16). We infer that
incorporation of the photoactivatible
crosslinking agent at position 161 does not
prevent formation of the promoter-
RNAP-CAP ternary complex and does
not grossly alter the conformation of the
promoter-RNAP-CAP ternary complex.
To assess photocrosslinking  with
IAC!S'CAP, we formed the ternary com-
plex using the same reaction conditions as
were used in the in vitro transcription
experiments, and we irradiated the ternary
complex with UV (17). We then analyzed
the products, either directly (Fig. 4A), or
after cleavage and radiolabel transfer (Fig.
4B). The results establish that CAP —

Fig. 3. Construction of IAC'8'- A

CAP. (A) Synthesis of S[N@4 )
azidosalicyl)cysteaminyl]-2-thio- U TN
pyridyl. (B) Radioiodination of
S-[N-(4-azidosalicyl)cysteami- B

RNAP crosslinking occurs efficiently (efh-
ciency =20%). The results further establish
that crosslinking occurs exclusively within
the a subunit of RNAP; no detectable
crosslinking occurs within the B, B’, or o
subunits of RNAP. Control experiments
established that crosslinking requires UV
irradiation, promoter DNA, RNAP, and
adenosine 3’,5’-monophosphate (cAMP)
(the allosteric effector required for specific
DNA binding by CAP) (Fig. 4). Addition-
al control experiments established that
crosslinking requires that the promoter
DNA fragment contain a properly posi-
tioned DNA site for CAP.

To define the site within the a subunit

Ny
H
— SN NS, NN]’Q(
o o

O OH

nyl]-2-thiopyridyl (10). (C) Reac- " M "
tion of [Cys'®';Ser'78|CAP with ["js~s~“rq - L";(s‘s’\/nrq'-
[1251]-{S-[N-(3-iodo-4-azidosali- ° - °

cyl)-cysteaminyl]-2-thiopyridyl} c
(12, 13). The resulting linker arm
between the a carbon of position
161 and the photoreactive atom is
15 A. The linker arm is suitable for
analysis of interactions occurring
at or just beyond side chain contact distance.

CAP__SH +

H t H N
S S

O OH O OH

15A
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A 12345

B' (155 kD)_
B (151 kD)~
G (T0KD)™ ~Crosslinked CAP-c:
o (37 kD)
CAP (23 kD)~ MSSe——— - C/P
B 12345
B' (155 kD)_
B (151 kD)™
o (70 kD)~
o (37 kD) - - -

CAP (23 kD) - e —CAP
Fig. 4. Photocrosslinking experiments (17). (A)
Photocrosslinking. (B) Photocrosslinking fol-
lowed by cleavage and radiolabel transfer.
Lane 1, photocrosslinking reaction; lane 2, con-
trol reaction omitting promoter DNA; lane 3,
control reaction omitting RNAP; lane 4, control
reaction omitting CAMP; lane 5, control reaction
omitting UV irradiation. Radiolabeled CAP in (B)
is the product of intramolecular, intrasubunit
self-photocrosslinking; radiolabeled a in (B) is
the product of intermolecular, CAP — a photo-
crosslinking (Fig. 1).

at which crosslinking occurs, we did pro-
teolytic mapping with hydroxylamine,
which cleaves « into fragments consisting
of amino acids 1 to 208 and amino acids
209 to 329 (18-20) (Fig. 5). The results
establish that crosslinking occurs exclusive-
ly within amino acids 209 to 329.

We conclude that the COOH-terminal
region of the o subunit of RNAP is in direct
physical proximity to the activating region
of CAP in the promoter-RNAP-CAP ter-
nary complex (<16 A from the a carbon of
amino acid 161 of CAP). The combination
of (i) genetic results indicating that the
COOH-terminal region of the a subunit is
essential for transcription activation at the
lac promoter (4), and (ii) the present bio-
chemical results indicating that the
COOH-terminal region of the a subunit is
in direct physical proximity to the activat-
ing region of CAP at the lac promoter,
constitutes strong evidence that transcrip-
tion activation at the lac promoter involves
protein-protein  contact between the
COOQOH-terminal region of the a subunit
and the activating region of CAP.

i Lf s
o (37 kD) —

o1 to 208) (23 kD) —

(209 to 329) (14 kD) - » — (209 to 329)

Fig. 5. Proteolytic mapping (78). Lane 1, radio-
labeled a; lane 2, hydroxylamine digest of
radiolabeled a.
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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





