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Methods

Sample preparation. The DNA encoding residues 47±210 of tGCN5 was

ampli®ed from the cDNA1 and subcloned into the NdeI±HindIII site of the

pRSET-B vector (Invitrogen). Nine TAA and TAG codons, which encode

glutamine in Tetrahymena, were mutated to CAA and CAG and veri®ed by

DNA sequencing. Phe 90 (encoded by TTT) was mistakenly identi®ed as Leu

(encoded by CTT) in the sequence published previously1. The protein was

expressed in Escherichia coli strain BL21(DE3) in LB or M9 medium with

appropriately enriched NH4Cl and glucose and appropriate D2O/H2O ratios.

NMR samples contained 0.4±0.5 mM protein in (50 mM NaH2PO4/Na2HPO4

pH 6.5, 100 mM NaCl, 10 mM DTT, 0.8±1.0 mM unlabelled CoA, 0.1 mM

NaN3, 0.1 mM EDTA).

NMR spectroscopy. NMR spectra were acquired at 27 8C. We obtained

protein backbone assignments from triple resonance spectra of 100% 2H-, 15N-

and 13C-labelled samples as described17. Ha protons were assigned from a 3D
15N TOCSY-HSQC spectrum. Almost complete side-chain resonances were

assigned using H(CC)(CO)NH and (H)C(C)(CO)NH spectra of a 65% 2H,

100% 15N- and 13C-labelled sample and a 13C NOESY-HSQC spectrum19. The

CoA protons were assigned from 2D TOCSYand 2D NOESY spectra of a 100%
2H-labelled sample in D2O. Intramolecular distance restraints were obtained

using 15N NOESY-HSQC, 13C NOESY-HSQC and 2D NOESY spectra.

Intermolecular restraints were obtained from a 2D 15N NOESY-HSQC

spectrum of a 100% 2H- and 15N-labelled sample and a 2D 13C-edited
12C-®ltered NOESY spectrum of a 100% 15N- and 13C-labelled sample.

Structure calculation. We derived distance restraints as described18. There

were 2248 intra-protein NOE-derived restraints (1139 intra-residue, 512

sequential, 214 medium range, and 382 long range), 58 intra-protein hydrogen

bond restraints for slowly exchanging backbone amide protons in regular

secondary structure, 37 intra-CoA restraints and 54 intermolecular restraints.

No dihedral angle restraints were used. Structures were calculated using a two-

stage protocol17, adding the CoA in a random conformation and orientation for

the second stage. Forty-nine out of 60 starting structures were selected after the

®rst stage and 35 out of 49 structures after the second stage, on the basis of small

total X-PLOR energies. An additional 10 structures were discarded because the

CoA adenine group had a conformation that was not consistent with the NOE

data. The ®nal 25 structures have no NOE violations greater than 0.4 AÊ , and

93.7% of the non-glycine and non-proline residues lie in the most favourable

and additionally allowed regions of the Ramachandran plot. The mean r.m.s.

deviation from the mean structure is 0:54 6 0:102 ÊA for the backbone heavy

atoms of residues 49±176 and 196±203, 1:10 6 0:108 ÊA for all heavy atoms of

the same residues, and 0:59 6 0:12 ÊA for all heavy atoms of CoA. The r.m.s.

deviations from ideal geometry are 0.0030 AÊ for bonds, 0.488 for bond angles

and 0.348 for improper angles. Figures were produced with InsightII program

(Molecular Simulations Inc., San Diego) (Fig. 1b), Molscript20 (Fig. 1c), and

GRASP21 (Fig. 3).

Histone peptide titrations. We performed histone peptide titrations with

0.25-mM samples of 15N-labelled protein, recording 15N HSQC spectra before

and after addition of the unlabelled histone H3 peptides (1)-ARTKQTARK-

STGGKAPRKQLQ-(21) and (9)-KSTGGKAPRKQ-(19) at concentrations of

up to 1.3 and 1.0 mM, respectively.
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Fas is a cell-surface receptor molecule that relays apoptotic (cell death) signals into cells. When Fas is activated by
binding of its ligand, the proteolytic protein caspase-8 is recruited to a signalling complex knownas DISC by binding to
aFas-associatedadapter protein.A largenewprotein, FLASH,hasnowbeen identi®edbycloningof its complementary
DNA. This protein contains a motif with oligomerizing activity whose sequence is similar to that of the Caenorhabditis
elegans protein CED-4, and another domain (DRD domain) that interacts with a death-effector domain in caspase-8 or
in the adapter protein. Stimulated Fas binds FLASH, so FLASH is probably a component of the DISC signalling complex.
Transient expression of FLASHactivates caspase-8,whereas overexpression of a truncated formof FLASHcontaining
onlyone of its DRDorCED-4-like domains does not allowactivation of caspase-8 and Fas-mediated apoptosis to occur.
Overexpression of full-length FLASH blocks the anti-apoptotic effect of the adenovirus protein E1B19K. FLASH is
therefore necessary for the activation of caspase-8 in Fas-mediated apoptosis.

Fas is a widely expressed cell-surface receptor molecule belonging to
the tumour-necrosis factor (TNF) receptor family1,2, which can
induce apoptotic signals in Fas-expressing cells by binding with
agonistic anti-Fas monoclonal antibody or with its natural ligand,
FasL (CD95L)3±5. The mechanism of signal transduction of Fas-
mediated apoptosis has been extensively investigated as a model of
mammalian apoptotic cell death. Several proteins have been iden-
ti®ed that bind the intracellular domain of Fas, designated the death
domain, which is essential for signal transduction of Fas-mediated
apoptosis2. Of the Fas-binding molecules, the adapter protein
FADD/MORT1, which has a death domain in its carboxy-terminal
region, has an important function in Fas-mediated apoptosis6±9.
FADD is recruited to Fas after stimulation of Fas10, and then binds
caspase-8 (also known as FLICE/MACH/Mch5), a member of the
mammalian caspase family through homophilic interaction
between the amino-terminal domains of FADD and caspase-8,
which are known as the death-effector domains (DED)11,12. In the
complex of Fas, FADD and caspase-8, which is called the death-
inducing signalling complex (DISC)10, caspase-8 becomes proteo-
lytically autoactivated by oligomerization13,14, whereupon it stimu-
lates other caspases, including caspases 3 (ref. 15), 6 (ref. 16) and 7
(ref. 17), by cleaving them. These downstream caspases cleave the
death substrates18 that are central to apoptotic events such as
morphological changes19 and DNA fragmentation20.

Although it has been proposed that caspase-8 is proteolytically
autoactivated in the DISC complex after oligomerization through
its DED domain during Fas-mediated apoptosis13,14, we suspected
that some other molecule(s) apart from Fas and FADD could
activate caspase-8 in DISC; this was based on the fact that the
Caenorhabditis elegans protein CED-4 and its mammalian homo-
logue Apaf-1 are required for the activation of C. elegans caspase
CED-3 and mammalian caspase-9, respectively21,22. It has been
shown that the anti-apoptotic adenovirus protein E1B19K, which
is unable to bind Fas, FADD or caspase-8, can indirectly prevent
Fas-mediated and FADD-induced activation of caspase-8 (ref. 23),
indicating that it may inhibit Fas-mediated apoptosis by binding an
unknown protein(s) that is involved in the activation of caspase-8.
In addition, Fas-induced DISC formation was barely detectable in

some Fas-sensitive cells expressing suf®cient amounts of the known
components of DISC24, suggesting that there may be another
component(s) in the DISC. Here we identify a new protein that
binds to caspase-8, which we call FLASH (for `FLICE-associated
huge' protein). We show that FLASH, which contains a motif
structurally related to CED-4/Apaf-1 and two tandem-repeated
DED homologous domains, is required for the activation of
caspase-8 during Fas-mediated apoptosis.

Identi®cation of FLASH
To investigate the mechanism of activation of caspase-8 in Fas-
mediated apoptosis, we screened a mouse T-cell complementary
DNA library by using the yeast two-hybrid technique and two
tandem-repeated DED domains of procaspase-8 as a probe. We
obtained 76 b-galactosidase-positive clones from 2 3 107 library
transformants. Classi®cation of the positive clones by restriction
analysis and nucleotide sequencing revealed that they contained
thirteen independent clones of FADD, seven UBC9 clones, two c-
FLIP/Casper/CASH short forms, and two other unknown clones,
numbers 68 and 149. UBC9, which is one of the ubiquitin-
conjugating enzymes (E2), binds Fas or other molecules in yeast
two-hybrid experiments. A BLAST search suggested that clone 68
was a mouse homologue of Gal4. The other clone, clone 149, has no
signi®cant identity to any proteins in the GenBank Database but has
a domain homologous to DED of caspase-8.

To obtain the full-length sequence of clone 149, rapid ampli®ca-
tion of 59 cDNA ends by polymerase chain reaction (59-RACE PCR)
was performed using a cDNA library from WR19L12a cells, and
then a cDNA library prepared from F9 cells was screened by colony
hybridization with the fragments obtained by 59-RACE PCR.
Partially overlapping isolated inserts were ligated to give a cDNA
containing a very long open reading frame (5,886 base pairs (bp))
with an initiator methionine (ACCATGG), in agreement with
Kozak's consensus25. We determined the initiation site by ®nding
an in-frame stop codon 18 bp upstream of the putative initiator
methionine in a G+C-rich 59 region of the cDNA. This gene encodes
FLASH, a polypeptide of 1,962 amino-acid residues and of
predicted relative molecular mass 219.1K (Fig. 1a).
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Sequence analysis of FLASH revealed that the C-terminal
region originally obtained from a yeast expression library contained
a domain signi®cantly homologous to the duplicated DED of
caspase-8 (sequence was 20% identical and 41% similar), although
the similarity of the duplicated DED of caspase-8 to FLASH is less
than that to c-FLIP and caspase-10 (Fig. 1b). Some consensus
amino-acid residues in DED are not conserved in FLASH. We
designated this DED-like domain of FLASH as DRD (for DED-
recruiting domain), because FLASH interacts with the DED domain
not only of caspase-8 but also of FADD through its DED-like
domain (see later).

An ATP/GTP-binding motif homologous to the Walker's A-box
consensus sequence was found in the central part of FLASH (amino
acids 944±951; underlined in Fig. 1c)26. The region at residue
positions 939±1,191 containing the putative nucleotide-binding
site showed weak structural similarity with CED-4, Apaf-1, tomato
PRF and plant resistance-gene products (Fig. 1c). This region of
FLASH, however, contains an extra stretch of 24 amino-acid
residues at 1,030±1,054 as compared with other CED-4-homolo-
gous proteins, and appears to lack the Walker's B-box (Fig. 1c). The
sequence identity and similarity between the region of FLASH
before the insert (residues 939±1,029) and the corresponding

region of CED-4 were 18 and 38%, respectively. Those between
the region of FLASH after the insert (amino acids 1,055±1,191) and
the corresponding region of CED-4 were 15 and 33%, respectively.
The amino-terminal segment of FLASH (residues 1±858; region DA
in Fig. 1d) showed no signi®cant homology to any protein in the
GenBank Database.

We found an amino-acid sequence homologous to the nuclear-
localization signal (NLS) in the C-terminal region of FLASH27 and a
nuclear-exclusion signal (NES)-like sequence28 in the central region
of FLASH (LFEKLKKILL) (Fig. 1a). The putative NES of FLASH
may be functional because western blotting with rabbit anti-FLASH
antibody indicates that most FLASH is in the cytoplasmic fraction
(data not shown).

Northern blotting analysis revealed that FLASH was constitu-
tively expressed as two transcripts (of ,4.7 kb and ,7 kb) in all
adult mouse tissues examined (Fig. 2). Its expression was relatively
high in the heart, brain, thymus, lung, testis (Fig. 2) and spleen (data
not shown). Western blotting analysis with an af®nity-puri®ed
rabbit anti-FLASH antibody detected speci®c bands at 220K in
NIH3T3, Balb3T3 and FH2 cells and in mouse thymocytes (data not
shown). The relative molecular mass of this band coincided with the
value calculated from the deduced amino-acid sequence, indicating
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MAADDDNGDG TGLFDVCPAS PLKNNDEGSL DIYAGLDSAV SDSTARSCVS 50
FRNCLDLYEE ILTEEGTAKE ATYNDLQIEY GKCQQQMKDL MKRFKEIQTQ 100
NLNLKNENQS LKKNISALIK TARVEINRKD EEINHLHQRL SEFPHFRNNH 150
KAARTKDSQS TSPHLDDCSK TDHGVKSDVQ KDVHPNTAQP NLEKEGKSHS 200
EAQNPLHLST GVEKHCANNV WSRSPYQVGE GNSNEDNRRG RSGTRHSQCS 250
RGTDRTQKDL HSSCNDSEPR DKEANSRLQG HPEKHGNSEA RTESKISESK 300
SSTGMGYKSE RSASSWEKET SRERPHTRVE SQHDKNLEKQ NERLQNMHRK 350
ELPSQDKTER KVDVKFKPAG EEQGHRGRVD RALPPHPKND VKHYGFNKYH 400
PEERRGREDC KRDRGMNSHG FQDRRCSSFL SSNRNSKYPH SKEVSVAHQW 450
ENTPFKAERH RTEDRRKRER ENKEESRHVK SDKKSPPEHL QRTHKDTKKS 500
TADGKRQTEP KHGKGAVSNS ELSKGTDSKE GATKVESGPN EAKGKDLKLS 550
FMEKLNLTLS PAKKQPACQD NPHQITGVPE PSGTCDSRSL ETTGTVACLP 600
SGSEHNREET KSELPEPKEA LLATSQLRIS IPENKMKEEK RLLFKSVENT 650
VPCELLACGT EISLPAPVEI EQARCLLGSV EVEETCGGAR TAASVVMHVL 700
PEHASEDASQ ELDTKRHDGI NACAISEGVK TKVILSPKAA AASESHLAPL 750
VEEPSISLVN CSGDNNPKLE PSLEERPIVE TKSCPLESCL PKETFVPSPQ 800
KTELIDHKIE TGESNSVYQD DDNSVLSIDF NNLRPIPDPI SPLNSPVRPV 850
CKVVSMESSC AIPLYDSSHK DEFPSNSTLS TFKSQSDLNK ENEKPVPKFD 900
KCSEADSCKH LSLDELEEGE IRSDDEESVA QKRLEKSARP RVSAEVQPGK 950
SSPGSRRSTV HVHKDNGRTA VKLPRDRLTW SKRSSESRPS NTERKSKTMS 1000
ISSLEKILPL ILVPSSLWEV MHMLRLLGKH VRKNYMKFKI KFSLTQFHRI 1050
IESAILSFTS LIKCLDLSKI CKSVSTLQKS LCEVIESNLK QVKKNGIVDR 1100
LFEQQQTDMK KKLWKFVDEQ LDYLFEKLKK ILLKFCDSVN FENENSEGKL 1150
GKKYKERTQH SNCQKKKMDN KEIRREKVLK SENTVNFKSS LGCEKSEEKH 1200
QDQNKTNASI VKHDVKRTFS TCSDNTKNAE CKEQFLEKSC PSTPRPGKDE 1250
GHTEEEAQAA QHASAKSERS FEILTEQQAS SLTFNLVSDA QMGEIFKSLL 1300
QGSDLLDTSG TEKAEWELKT PEKQLLESLK CESAPACATE ELVSEGASLC 1350
PKVISDDNWS LLSSEKGPSL SSGLSLPVHP DVLDENCMFE VSSNTALGKD 1400
NVYSSEKSKP CISSILLEDL AVSLTVPSPL KSDGHLSFLK PEVLSTSTPE 1450
EVISAHFSED ALLEEEDASE QDIHLALESD NSSSKSSCSS WTSRSVASGF 1500
QYHPNLPMHA VIMEKSNDHF IVKIRRATPS TSPGLKHGVV AEESLTSLPR 1550
TGKEAGVATE KEPNLFQSTV LKPVKDLENT DKNIDKSKLT HEEQNSIVQT 1600
QVPDIYEFLK DASNKVVHCD QVVDDCFKLH QVWEPKVSEN LQELPSMEKI 1650
PHSLDNHLPD THIDLTKDSA TETKSLGELM EVTVLNVDHL ECSQTNLDQD 1700
AEITCSSLQP DTIDAFIDLT HDASSESKNE GSEPVLAVEG MGCQVICIDE 1750
DTNKEGKMGR ANSPLESIVE ETCIDLTSES PGSCEIKRHN LKSEPPSKLD 1800
CLELPETLGN GHKKRKNSPG VSHSSQKKQR KDIDLSSEKT QRLSPNSDRN 1850
GDAHRKQASK KREPAVNETS LSSEASPEVK GSTAVLAASP ASLSAKNVIK 1900
KKGEIIVSWT RNDDREILLE CQKRMPSLKT FTYLAVKLNK NPNQVSERFQ 1950
QLKKLFEKSK CR 1962

a

Figure 1 Structure of mouse FLASH and sequence comparison. a, The deduced

amino-acid sequence of mouse FLASH. Numbers on the right indicate the amino-

acid residue position. The original clone isolated by yeast two-hybrid screening is

underlined. The box and dotted boxes indicate the putative nuclear exclusion

signal (NES) and the putative nuclear localization signal (NLS), respectively.

b, Sequence alignment of amino-acid residues 1,584±1,785 of FLASH (DRD) with

the two tandem-repeated DED of caspase-8, -10, and c-FLIP. Dark shaded boxes,

identical residues; light shaded boxes, similar residues. The ®rst and second

FLASH(1584-1785)

Caspase-8(1-216)
Caspase-10(18-227)

FLIP(6-217)

I D K S K L T H E E Q N S I V Q T Q V P D I Y E F L K D A S - - N K V V H C D Q V V D D C F - K L H Q - - - V W

M D F S R N L Y D I G E Q L - D S E D L A S L K F L S L D Y I P Q R K Q E P I K D A L M L F Q R L Q E K R M L E
V S F R E K L L I I D S N L - G V Q D V E N L K F L C I G L V P N K K L E K S S S A S D V F E H L L A E D L L S

V S - A E V I H Q V E E C L - D E D E K E M M L F L C R D V T E N L A A P N V - - - R D L L D S L S E R G Q L S

FLASH(1584-1785)

Caspase-8(1-216)
Caspase-10(18-227)
FLIP(6-217)

E - - - P K V S E N L Q E L P S M E K I P H S L D N H L P D T H I D L - T K D S A T E T K S L G E L M E V T V -
E S N L S F L K E L L F R I N R L D L L I T Y L N T R K E E M E R E L Q T P G R A Q I S A Y R V M L Y Q I S E E

E E D P F F L A E L L Y I I - R Q K K L L Q H L N C T K E E V E R L L - - P T R Q R V S L F R N L L Y E L S E G
- - - F A T L A E L L Y R V R R F D L L K R I L K T D K A T V E D H L - R R N P H L V S D Y R V L L M E I G E S

FLASH(1584-1785)
Caspase-8(1-216)

Caspase-10(18-227)
FLIP(6-217)

L N V D H L E C S Q T N L D Q D A E I T C S S L Q P D - - T I D A F I D L T H D A - S S E S K N E G S E P V L A
V S R S E L R - S F K F L L Q E E - I S K C K L D D D M N L L D I F I E M E K R V I L G E G K L D I L K R V C A
I D S E N L K - D M I F L L K D S - L P K T E M T S - - - - L S F L A F L E K Q G K I D E D N L T C L E D L C K

L D Q N D V S - S L V F L T R D Y - T G R G K I A K D K S F L D L V I E L E K L N L I A S D Q L N L L E K C L K

FLASH(1584-1785)

Caspase-8(1-216)
Caspase-10(18-227)

FLIP(6-217)

- V E G M G C Q V I C I D E D T N - K E - G K M G R - - - A N S P L E - S I V E E T C I D L T - S E S P G S C E

Q I - - N K S L L K I I N D Y E - - - E F S K E R S S S L E G S P D E F S N G E E L C G V M T I S D S P R E Q D
T V - - V P K L L R N I E K Y K - - R E K A I Q I V T P P V D K E A E S Y Q G E E E L V S Q T D V K T F L E A L

N I - H R I D L N T K I Q K Y T Q S S Q G A R S N M N T L Q A S L P K L S I K Y N S R L Q N G R S K E P R F V E

b

1st motif

2nd motif



© 1999 Macmillan Magazines Ltd

that we had isolated the full-length clone of mouse FLASH. The
4.7-kb messenger RNA could encode truncated FLASH, although
we could not clone this cDNA by 59-RACE PCR and colony
hybridization. The signi®cance of this mRNA remains to be
determined.

FLASH interacts with caspase-8 and FADD
To investigate the interaction of FLASH with caspase-8 in mamma-
lian cells, a Flag-tagged FLASH-expression plasmid (pME18S-Flag±
FLASH) was used for transient transfection with plasmid for the
protease-dead form of procaspase-8 with a histidine tag (pME18S-
His-caspase-8(C360S)) in human 293T cells. His±procaspase-
8(C360S) was speci®cally co-immunoprecipitated with Flag±
FLASH by an anti-Flag monoclonal antibody (Fig. 3a). The
FLASH immunoprecipitate contained the processed N-terminal
fragment of caspase-8, p43 (His-p43). As FLASH bound the DED
domain of FADD in yeast (data not shown), we tested whether
transiently expressed FADD was co-immunoprecipitated with
Flag±FLASH in 293T cells. Overexpressed haemagglutinin-tagged
(HA)±FADD was found to co-immunoprecipitate with Flag±
FLASH using anti-Flag mAb (Fig. 3c). FLASH was also shown to
bind caspase-8 and FADD through its DED-like DRD domain:

DRD bound to caspase-8 and FADD whereas the CED-4-like
domain and N-terminal region of FLASH could not bind to these
proteins (Fig. 3b, d). Thus, overexpressed FLASH interacts with
caspase-8 and FADD in mammalian cells.

FLASH is a component of DISC
We analysed the binding of transiently expressed FLASH to endo-
genous caspase-8, FADD and Fas before and after stimulation of Fas
with the agonistic anti-Fas monoclonal antibody CH11 in 293Fas
cells (Fig. 3e). Fas and FADD was mainly co-immunoprecipitated
with Flag±FLASH only after stimulation of Fas, whereas caspase-8
likewise bound FLASH, regardless of whether Fas was stimulated.
These results indicate that FADD and the complex of FLASH with
caspase-8 might be recruited to Fas after stimulation of Fas, and that
the association of FLASH and Fas might be indirect.

The formation of DISC, which is composed of at least Fas, FADD
and caspase-8, is required for signal transduction of Fas-mediated
apoptosis24,29. We next tested whether endogenous FLASH could be
a component of DISC. Mouse WR19L12a cells stably expressing
human Fas were stimulated with CH11, and then Fas was immuno-
precipitated with the anti-Fas monoclonal antibody HFE7A.
Consistent with the results of our overexpression experiment,
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endogenous FLASH speci®cally co-immunoprecipitated with acti-
vated Fas (Fig. 4a, lane 3), indicating that FLASH is a component of
DISC. The speci®city of the anti-FLASH antibody was con®rmed by
western blotting of a total lysate from 293T cells transfected with or
without Flag±FLASH, which showed a speci®c band at 220K
(Fig. 4a, lanes 6 and 7). These observations indicate that this
antibody can recognize not only transfected mouse FLASH but
also human FLASH in 293T cells.

We then analysed DISC formation in two different human cell
lines, SKW6.4 and Jurkat. SKW6.4 and Jurkat cells were reported to
be type 1 and type II cells, respectively24. In type I cells, Fas triggering
caused strong caspase-8 activation at DISC; only a small amount of
DISC was formed in type II cells. In type I SKW6.4 cells, DISC
consisting of Fas, FADD, caspase-8 and FLASH was formed after a
5-min stimulation of Fas (Fig. 4b). There was a weak interaction
between Fas and FADD before Fas stimulation, but none between
caspase-8 and Fas. In type II Jurkat cells, which express comparable
amounts of DISC components, including FLASH, DISC formation
occurred after 5 min of Fas stimulation, although there was much
less FADD, FLASH and caspase-8 co-immunoprecipitating with Fas
than in type I cells. These results indicate that FLASH is a
component of DISC in both type I and type II cells.
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Figure 2 Tissue distribution of mouse FLASH mRNA. Northern blotting analysis

has been described43. Expression of EF1a mRNA was used as a standard.
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Activation of caspase-8 requires FLASH
To investigate the function of FLASH, we analysed the effects of
transiently transfected FLASH and its deletion mutant on activation
of endogenous caspase-8 by processing in 293Fas cells (Fig. 5a).
Expression of FLASH and its mutant was con®rmed by western
blotting with anti-Flag monoclonal antibody (Fig. 5b, lanes 2 and
3). Immunoblotting with anti-caspase-8 showed that the active p18
subunit of endogenous caspase-8 appeared 120 min after stimula-
tion of Fas in control 293Fas cells. The p18 subunit appeared sooner
(30 min after stimulation) in 293Fas cells expressing transfected
wild-type FLASH. Overexpression of the truncated DD mutant of
FLASH (comprising amino acids 1,553±1,962; Fig. 1d), which
includes the DRD domain, signi®cantly attenuated the produc-
tion of p18, although the p43-cleaved intermediate of caspase-8
still appeared in cells transfected with DD, as it did with intact
FLASH.

We next analysed whether transiently overexpressed FLASH and
its mutants (Fig. 1d) could affect Fas-mediated apoptosis in HeLa-
cell-derived HF1 cells stably expressing transfected human Fas
(Fig. 5c, f). Overexpression of wild-type FLASH or the DC
FLASH mutant in HF1 cells potentiated Fas-mediated apoptosis
after stimulation with anti-Fas antibody, although transfected
FLASH and DC gave no signi®cant effects in the absence of Fas
signalling. In contrast, overexpression of either the DB or DD
mutant inhibited Fas-mediated apoptosis, with co-transfection of
DB and DD giving the strongest inhibition. Results were similar
when 293Fas cells were used instead of HF1 cells (data not shown).
In addition, the effects of overexpressed FLASH and its mutants
were essentially the same in TNF-mediated apoptosis on HF1 cells,
whereas FLASH did not signi®cantly affect staurosporine (STS)-
induced apoptosis (Fig. 5d, e). Taken together, these results indicate
that FLASH, which is recruited to Fas together with caspase-8 upon
stimulation of Fas, is involved in Fas- and TNF-induced apoptosis
mediated by activated caspase-8, although not in staurosporine-
mediated apoptosis that may not need caspase-8. In addition, both
the DED-like DRD and CED-4-like domains of FLASH are impor-
tant in Fas- and TNF-induced apoptosis.

Self-association of FLASH
In C. elegans, CED-4 processes CED-3 by oligomerization, which is
inhibited by binding of CED-9 or Bcl-XL to CED-4 (ref. 30). These
observations raised the possibility that FLASH might activate
caspase-8 in the same way, so we tested whether FLASH could
self-associate in vivo. We transfected Flag-tagged FLASH with or
without Myc-tagged FLASH into 293T cells, and then immunopre-
cipitated it with anti-Flag antibody; we found that Myc±FLASH
immunoprecipitated with Flag±FLASH (Fig. 6a). Next, four Flag-
tagged deletion mutants of FLASH were co-expressed with full-
length Myc±FLASH to identify the domain through which FLASH
self-associates. Myc±FLASH co-immunoprecipitated with deletion
mutant DB, which contains the CED-4-homologous domain, and
with DC, which has the CED-4-homologous domain and the DRD
domain, but not with the N-terminal DA mutant, which lacks both,
or with the C-terminal DD mutant containing DRD (Fig. 6b). These
results indicated that FLASH self-associates through the CED-4-
homologous domain.

Interaction of FLASH with E1B19K
Although the anti-apoptotic adenovirus protein E1B19K suppresses
the activation of caspase-8 during Fas-mediated and FADD-
induced apoptosis23, very little is known about how it does this.
We therefore tested whether FLASH interacts with E1B19K by
overexpressing E1B19K with Flag±FLASH in 293T cells. Flag±
FLASH was immunoprecipitated with anti-Flag and the co-immu-
noprecipitated E1B19K was analysed by western blotting (Fig. 7a).
We then analysed which domain of FLASH was interacting with
E1B19K in 293T cells using our mutants DA±DF and found that the

C-terminal region of FLASH (DD), including the DRD domain,
could interact with E1B19K (data not shown).

FLASH attenuates the fucntion of E1B19K
We next tested the effects of FLASH on Fas-mediated apoptosis in
FH2 cells transfected with E1B19K and also compared the effects of
FLASH on the anti-apoptotic activity of E1B19K and on Z-VAD-
fmk and poxvirus serpin CrmA, which are direct inhibitors of
caspase-8 (Fig. 7b). We found that anti-Fas-induced apoptosis
was blocked not only by pretreatment with Z-VAD-fmk but also
by overexpression of CrmA or E1B19K. Although transiently
expressed FLASH did not signi®cantly stimulate Fas-mediated
apoptosis in Z-VAD-fmk-treated or CrmA-expressing cells, it
signi®cantly inhibited the anti-apoptotic activity of E1B19K in
Fas-mediated apoptosis. Essentially similar results were obtained
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when HF1 cells were used instead of FH2 cells, indicating that
FLASH links caspase-8 to E1B19K and E1B19K inhibits the activa-
tion of caspase-8 by binding to FLASH.

Discussion
Although FLASH associates with Fas and FADD as well as procas-
pase-8 in mammalian cells (Figs 3, 4), we do not know whether the
association is direct or indirect, or with which protein(s) FLASH
prefers to interact under physiological conditions. On the basis of
our results from co-immunoprecipitation with and without Fas
(Figs 3, 4), FLASH seems to be associated with procaspase-8 in non-
apoptotic mammalian cells. Once Fas signalling is stimulated,
FADD and then the FLASH±procaspase-8 complex are recruited
to the intracellular domain of aggregated Fas at the cellular
membrane in both SKW6.4 and Jurkat cells (previously reported
as type I and type II cells24, respectively) (Fig. 4). FLASH may
promote the activation of caspase-8 in DISC with the help of FADD,
given that the FLASH mutants DB and DD inhibit Fas-mediated
activation of caspase-8 and apoptosis.

Because of the hydrophobicity in the prodomain of procaspase-8,
this protein is likely to aggregate (Y.I. et al., unpublished observa-
tions) and be auto-activated in the cytosol. Overexpression of
procaspase-8 or of the DED domains of caspase-8 can induce
apoptosis. Under physiological conditions, however, the concentra-

tion of procaspase-8 may be too low for it to aggregate and enable
DISC to be activated rapidly. CED-4 and Apaf-1, respectively, have
been proposed to serve as chaperones to control the local concen-
trations of CED-3 and procaspase-9 and to facilitate their auto-
catalytic activation by inducing conformational changes or
oligomerization in response to upstream apoptotic signals. These
effects of CED-4 and Apaf-1 are mediated by homophilic interac-
tion between the so-called CARD domains30,31. We propose that
FLASH may serve as a chaperone to control the conformation and
local concentration of procaspase-8 before the stimulation of Fas;
also, FLASH may promote the autocatalytic activity of procaspase-8
with the help of FADD by binding to procaspase-8 through DRD±
DED interaction and oligomerizing procaspase-8 through its CED-
4-like domain after activation of Fas (Fig. 6).

FLASH mutants DB and DD inhibit Fas-mediated apoptosis in
HF1 (Fig. 5c, f) and 293Fas cells (data not shown); they also inhibit
TNF-mediated but not staurosporine-induced apoptosis, indicat-
ing that FLASH must be required for activation of caspase-8. The
binding of DD to procaspase-8 (Fig. 3b) could prevent it from
binding to endogenous FLASH, and DB may inhibit the oligomeri-
zation of endogenous FLASH by binding to it (Fig. 6), so a
combination of DB and DD caused the strongest inhibition of
Fas- and TNF-mediated apoptosis.

More FLASH messenger RNA was expressed in thymocytes (type
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I cells) than in hepatocyte (type II cells) (Fig. 2). The difference
between type I and type II cells24, however, could not be explained by
endogenous expression of caspase-8 and FLASH, given that the
expression of these proteins is similar in type I SKW6.4 cells and in
type II Jurkat cells, although there is slightly less FADD in the latter
(Fig. 4b). Recruitment of FADD to Fas after and even before
stimulation of Fas is more likely in type I SKW6.4 cells than in
type II Jurkat cells (Fig. 4b). These results suggest that recruitment
of FADD can cause suf®cient DISC formation in type I cells,
although it is possible that recruitment of the FLASH±caspase-8
complex to Fas±FADD complex is dominant.

We found that a portion of FLASH transiently transfected into
mammalian cells could be proteolytically cleaved without Fas
stimulation (Fig. 4a, lane 7). We suspected that overexpressed
FLASH could be processed by caspase-8 activated in a Fas-inde-
pendent manner, because the cleaved products of FLASH disap-
peared from cells treated with the caspase inhibitor Z-VAD-fmk (a
general caspase inhibitor) or Z-IETD-fmk (a caspase-8-like caspase
inhibitor), but not Ac-DEVD-CHO (a caspase-3-like caspase inhi-
bitor) (data not shown). There are potential cleavage sites for
caspase in FLASH and putative NLSs are present in the C-terminal
region, suggesting that cleaved C-terminal FLASH with the DRD
domain might translocate to the nucleus following caspase activa-
tion. The cleavage products of FLASH may have a role in caspase-
dependent nuclear translocation of apoptotic effectors or signal
ampli®ers such as CAD/DFF40 and DEDD (refs 20, 32, 33).
Alternatively, the processing of FLASH may be a negative-feedback
pathway for activating caspase.

FLASH has a Walker's A-box motif for ATP/GTP binding in the
CED-4-like domain and is speci®cally labelled in vitro by 59-p-
¯uorosulphonylbenzoyl adenosine, an ATP analogue (data not
shown). FLASH has an extra 24 amino acids between the Walker's
A and B boxes compared with other CED-4-related molecules. In an
experiment in which the FLASH ATP/GTP-binding site was dis-
rupted (using an A-box K950R mutant), there was no signi®cant
activation of caspase-8 or apoptosis (data not shown). It is hard to
assess the dominant-negative effect of the mutant as both the
mutant and full-length FLASH were poorly expressed. The ATP/
GTP requirement of FLASH in vivo therefore remains to be
determined.

CED-4 and its mammalian counterpart Apaf-1 activate procas-
pases by oligomerization through the CED-4 domain, an effect of
that is inhibited by binding of CED-9 and the anti-apoptotic Bcl-2
family of proteins, respectively30,31. We have shown that FLASH
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Flag-tagged deletion mutants of FLASH (see Fig.1d) (b) in the presence of 20 mM
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9E10. Expression of Flag±FLASH and Myc±FLASH was determined by western

blotting for total-cell lysate with anti-Flag and anti-Myc mAbs, respectively.
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self-associates through its CED-4-homologous domain in the same
way as CED-4 and Apaf-1 (Fig. 6). FLASH binds E1B19K, another
member of the Bcl-2 family, preventing it from inhibiting Fas-
mediated apoptosis (Fig. 7). As E1B19K prevents apoptosis induced
by FADD as well as by Fas, but not by caspase-8 (ref. 23), it probably
works before caspase-8 is activated and mitochondrial damage is
induced by Bid34±36. E1B19K could block formation of the DISC
complex by binding to FLASH, and overexpressed FLASH might
stop E1B19K binding to the complex of FLASH with caspase-8.
FLASH and Bcl-2, both of which are overexpressed in 293T cells, can
be co-immunoprecipitated (data not shown), but the signi®cance of
this in vivo is unclear as Bcl-2 does not attenuate Fas-mediated
activation of caspase-8 in type I cells24. In type II cells, Bcl-2 may
inhibit Fas-mediated apoptosis24, not only by suppressing Bid-
induced mitochondrial damage after caspase-8 is activated in the
DISC complex34±36, but also by inhibiting the activation of caspase-8
as a result of binding to the FLASH±procaspase-8 complex.

In C. elegans, CED-4 binds to both CED-3 and CED-9 in a
complex called the apoptosome37,38; CED-9 inhibits oligomerization
of CED-4 and hence apoptosis30. In mammalian systems, CED-4-
homologous Apaf-1 binds to procaspase-9 and cytochrome c (ref.
22); Bcl-2 prevents release of cytochrome c from mitochondria39,40

and may bind to Apaf-1 and inhibit it41,42. The mechanisms of
inhibition by CED-9 and Bcl-2 of CED-4 and Apaf-1, respectively,
are therefore different, and in this respect FLASH, which can bind to
pro-caspase-8 and to Bcl-2 family proteins, is like CED-4. Apopto-
somes may be genetically conserved in the FLASH system, but the
physiological signi®cance of the interaction between FLASH and the
Bcl-2 family of proteins is unclear. In conclusion, our results
indicate that FLASH has a similar function to CED-4, oligomerizing
like CED-4 or Apaf-1 in order to activate procaspase-8. M
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Methods

cDNAs, cDNA libraries and antibodies. cDNA fragment of mouse caspase-8

encoding amino-acid residues 1±202 was generated by PCR using pME18S±

caspase-8 (ref. 43) as template and was cloned into the yeast expression vector

pGBT9 (Clontech). Human caspase-8 cDNA (C360S) with a histidine tag was

generated by using a Quick-change site-directed mutagenesis kit (Stratagene)

and His-tagged human caspase-8 cDNA, prepared by conventional RT-PCR, as

a template and then cloned into the mammalian expression vector pME18S

(ref. 44). The random oligonucleotide- and oligo(dT)-primed cDNA libraries

for yeast expression screening were prepared from poly(A)+ RNA of the mouse

T-cell lymphoma cell line WR19L12a (ref. 1) and the mouse embryonal

carcinoma cell line F9 using TimeSaver cDNA synthesis kits (Amersham±

Pharmacia), and inserted into pGAD424.

Anti-human Fas mAb (HFE7A) was freshly prepared. Rabbit polyclonal

antibody against mouse FLASH was raised against a 13-mer peptide,

LSPNSDRNGDAHR, of FLASH (amino-acid residues 1,843±1,855), and

af®nity-puri®ed with a deletion mutant of Flag-tagged FLASH (DD:C-terminal

residues 1,553±1,962).

cDNA cloning of FLASH. 59-RACE PCR combined with nested PCR was

performed using a cDNA library of WR19L12a cells in pGAD424 as the

template. cDNA libraries of F9 cells were screened using 59-RACE PCR

products encoding amino acids 1±542 and 586±1,012 of FLASH as probes by

standard colony hybridization procedures43. Five independent clones were

sequenced, revealing that these overlapping clones covered the entire coding

region of FLASH. Full-length mouse FLASH cDNA was obtained by ligating

these clones. cDNA encoding full-length and various deletion mutants of

mouse FLASH were cloned into the mammalian expression vector pME18S-

Flag2, or pME18S-Myc.

Cell lines, transfection and assay of Fas-mediated apoptosis. Human 293

cells stably expressing human Fas (293Fas) and mouse Balb3T3 cell-derived

FH2 cells stably expressing transfected mouse Fas were prepared in this

laboratory. Cells precultured for 1 day were transfected with various expression

vectors using the LipofectAMINE PLUS Reagent (Life Technologies) or cells

were transfected by electroporation at 300 volts with a capacitance of 960 mF

using a Gene Pulser (Bio-Rad). Total amounts of transfected plasmid DNA in

individual experiments were adjusted to be the same with the empty vector

plasmid. Transfected cells were cultured for at least 24 h after transfection and

were used for immunoprecipitation or induction of Fas-mediated apoptosis.

Human HF1 cells and mouse FH2 cells were transfected with various

expression vectors, together with the b-galactosidase expression vector pJ7-

LacZ. After 24 h cultivation, HF1 and FH2 cells were stimulated with the

human anti-Fas antibody CH11 (ref. 3) in the presence of 10 mg ml-1 cyclo-

heximide and anti-mouse Fas monoclonal antibody RFM-2 (ref. 45),

respectively. Following incubation for 6 h, cells were ®xed with 0.2%

glutaraldehyde and 2% formaldehyde, and stained with X-Gal for 0.5±1 h.

The numbers of blue b-galactosidase-positive cells with ¯at adherent mor-

phology and with shrunken round morphology were counted as viable and

apoptotic cells, respectively. At least 300 b-galactosidase-positive cells were

scored for each transfection in triplicate, and the mean percentages of apoptotic

blue cells and their standard errors were calculated.

Immunoprecipitation andwesternblotting analysis. Cells were lysed in lysis

buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol,

0.5% Triton X-100, 1 mM PMSF, 2 mg ml-1 aprotinin, 2 mg ml-1 leupeptin and

2 mg ml-1 pepstatin A). Flag-tagged FLASH was immunoprecipitated from the

cell lysate with anti-Flag antibody and protein-G-coupled Sepharose beads

(Amersham±Pharmacia), and washed four times with lysis buffer.

Immunoprecipitates or total cell lysates were analysed by western blotting

with primary antibodies and horseradish-peroxidase-conjugated second

antibodies, and speci®c bands were detected using chemiluminescence

detection reagents (Renaissance; NEN Life Science). To assay the interaction

between endogenous FLASH and Fas, WR19L12a cells (2 3 108) were treated

with 2 mg ml-1 CH11 for 15 min at 37 8C (stimulated sample) or for 30 min at

4 8C (unstimulated sample). In SKW6.4 and Jurkat cells (3 3 109), cells (60 ml)

were treated with 2 mg ml-1 CH11 for 5 min at 37 8C (stimulated sample) or for

30 min at 4 8C (unstimulated sample). Treated cells were lysed and immuno-

precipitated with anti-human Fas antibody (HFE7A).

For Fig. 3, pME18S±His-caspase-8 (C360S) (His±Casp 8(C360S)) or

pME18S±HA-FADD was introduced into 293T cells, together with pME18S

encoding Flag±FLASH or Flag-tagged deletion mutants of FLASH (Fig. 1d), or

empty pME18S. Transfected cells were cultured for 20 h and then for 16 h in the

presence of 20 mM Z-VAD-fmk (Peptide Institute, Osaka, Japan). Flag±FLASH

was immunoprecipitated with anti-Flag mAb M2 (Kodak) from cell lysates

containing 1 mM Z-VAD-fmk. Co-immunoprecipitated His-Casp 8(C360S)

and HA±FADD was detected using anti-His mAbRGS×His (Qiagen) and anti-

HA mAb 12CA5 (Roche Diagnostics), respectively. Total cell lysate was also

analysed by western blotting using anti-Flag, anti-His and anti-HA monoclonal

antibodies. 293Fas cells were transfected with pME18S±Flag-FLASH. 36 h later,

cells were treated with or without 2 mg ml-1 agonistic anti-human Fas mAb

CH11 for 15 min. Then, Flag±FLASH was immunoprecipitated from cell

lysates using anti-Flag mAb. Co-immunoprecipitated Fas, FADD and caspase-8

were detected by western blotting analysis using anti-Fas HFE7A, anti-FADD

mAb clone 1 (Transduction Labs) and anti-caspase-8 mAb 5F7 (MBL, Nagoya,

Japan). Immunoprecipitated Flag±FLASH was also detected with anti-Flag

mAb.
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Although the single-polypeptide-chain RNA polymerase from
bacteriophage T7 (T7RNAP), like other RNA polymerases, uses
the same mechanism of polymerization as the DNA polymerases,
it can also recognize a speci®c promoter sequence, initiate new
RNA chains from a single nucleotide, abortively cycle the synth-
esis of short transcripts, be regulated by a transcription inhibitor,
and terminate transcription1±3. As T7RNAP is homologous to the
Pol I family of DNA polymerases4, the differences between the
structure of T7RNAP complexed to substrates and that of the
corresponding DNA polymerase complex provides a structural
basis for understanding many of these functional differences.
T7RNAP initiates RNA synthesis at promoter sequences that are
conserved from positions -17 to +6 relative to the start site of
transcription. The crystal structure at 2.4 AÊ resolution of T7RNAP
complexed with a 17-base-pair promoter shows that the four base
pairs closest to the catalytic active site have melted to form a
transcription bubble. The T7 promoter sequence is recognized by
interactions in the major groove between an antiparallel b-loop
and bases. The amino-terminal domain is involved in promoter
recognition and DNA melting. We have also used homology
modelling of the priming and incoming nucleoside triphosphates
from the T7 DNA-polymerase ternary complex structure to
explain the speci®city of T7RNAP for ribonucleotides, its ability
to initiate from a single nucleotide, and the abortive cycling at the
initiation of transcription.

T7RNAP has a relative molecular mass of 99,000 (Mr � 99K) and
is homologous to the RNA polymerases from the T3 and SP6
phages5,6, as well as the nuclear-encoded mitochondrial RNA poly-
merases from fungi, plants and animals7. Hydroxyl radical foot-
printing of the initiation phase of RNA synthesis reveals an
extension of DNA protection by T7RNAP downstream from the
promoter with no change in upstream protection8, a phenomenon
explained either by protein expansion (`inchworming') or DNA
contraction (`scrunching'). In this initiation phase, the RNA poly-
merase can abort synthesis of the transcript before entering the
elongation phase, resulting in short transcripts (abortive cycling)2.
The relative simplicity of T7RNAP makes it an attractive polymerase
to study9,10

We co-crystallized T7RNAP with a blunt-ended, 17-base-pair

³ Present address: Laboratory of Molecular Biophysics, The Rockefeller University, 1230 York Avenue,

New York, New York 10021, USA.

(bp) promoter DNA (sequence given in Fig. 1). The structure of the
complex was determined at 2.4 AÊ resolution by multiple isomor-
phous replacement, using selenomethionyl-substituted protein and
iodo-containing oligonucleotides, and a mercury acetate derivative.
The coordinates of the complex have been re®ned to yield an Rfree

value of 0.27 (Table 1).
T7RNAP and other members of the DNA-polymerase I family

have modular structures, with auxiliary domains and motifs speci®c
to each polymerase attached to the catalytic core domain11. The 324-
residue N-terminal domain of T7RNAP, which is unique to the
RNA-polymerase members of the Pol-I family, blocks part of the
active-site cleft9 which binds primer-template product in DNA
polymerases. Thirteen base pairs (positions -17 to -5) of the T7
promoter are bound to this N-terminal domain in a position away
from the location of primer-template DNA seen in DNA
polymerases12,13. Base pairs -1 to -4 are melted by T7RNAP and
the template strand is directed into the catalytic active-site cleft of
the polymerase.

Sequence-speci®c recognition of the duplex promoter by
T7RNAP is accomplished by a combination of direct and indirect
readout in adjacent major and minor grooves, respectively (Fig. 2a).
Direct base-recognition is achieved by an anti-parallel b-ribbon that
is inserted into the DNA major groove. Most DNA±protein com-
plexes perform sequence-speci®c recognition of bases by inserting
an a-helix, present in a variety of motifs, into the major groove of B-
form DNA14; however, sequence recognition by antiparallel b-
strands is far less common15,17.

Although, in principle, up to six amino-acid positions can be
presented by antiparallel b-strands for interaction with the exposed
edges of base pairs18, T7RNAP uses four side-chains lying on one
side of an extended antiparallel b-hairpin motif, or speci®city loop
(residues 739±770). These form the basis for discrimination
between T7 promoter and other DNA sequences. In contrast to
other Pol-I polymerases, this speci®city loop is an insertion between
the polymerase ®ngers and palm subdomains and exhibits no
known homology to other sequence-dependent DNA-binding
motifs.

The T7, T3 and SP6 RNA polymerases are a homologous family of
enzymes that recognize and discriminate among similarly homo-
logous but different promoter sequences. This is accomplished
mainly by the four protein side chains that interact with four
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bases. The guanidinium group of Arg 756 interacts with the 6-keto
and 7-imino groups of G-9, while Gln 758 and Arg 746 make
bidentate hydrogen-bonds with A-8 and G-7, respectively (Fig.
2b). The only major groove interactions with bases of the non-
template strand are made by Asn 748, which directly hydrogen-
bonds to N7 and indirectly interacts through a water-mediated
hydrogen bond to the 6-keto group of G-11. These interactions are
essential for recognition of the T7 promoter; mutation of Asn 748 to
Asp makes T7RNAP speci®c for T3 promoters5, explaining why the
T3 enzyme has Asp at this position. Similarly, the primary dis-
crimination elements of the SP6 promoter are base pairs at -8 and
-9 (ref. 6). The Asp 748 mutant of T7RNAP can recognize the T3
promoter by forming an alternative hydrogen-bonding network
with C-11 (non-template) and G-10 (template), and by relocating
the water molecule within the protein±DNA interface. The biden-
tate interaction of Arg 756 and Gln 758 with the template strand at
positions A-8 and G-9 accounts for the inability of T7RNAP
speci®cally to recognize and use SP6 promoters, which have
thymine and cytosine at these positions. The recognition residues
in the SP6 enzyme corresponding to 756 and 758 are lysine and

serine.
The N-terminal domain of T7RNAP indirectly recognizes the

DNA sequence in the minor groove at base pairs -17 to -13 by
inserting a ¯exible surface loop, or AT-rich recognition loop
(residues 93±101), into the minor groove (Fig. 2a). At the same
time, the phosphodiester backbone is distorted to form a wider (7 AÊ

versus 5.7 AÊ ) and shallower (4.4 AÊ versus 7.5 AÊ ) minor groove,
compared to B-form DNA. Thus, T7RNAP may recognize the
A � T-rich sequence through its inherent ¯exibility14. These distor-
tions cause a slight bend in the axis of the DNA helix. However,
compared to the DNA distortion produced by eukaryotic TATA-
binding proteins19,20, unwinding of the double helix at these posi-
tions by T7RNAP is minimal.

The N-terminal domain also facilitates melting of the promoter
duplex, both by inserting a b-hairpin containing Val 237 in place of
base pair -4 to stack on base pair -5, and by providing an extensive
binding site for the melted template strand (Fig. 2c). The packing of
this b-hairpin containing Val 237 is also presumably essential for the
maintenance of the upstream part of the bubble during the elonga-
tion phase of transcription. An analogous denaturation of duplex
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RNA occurs in the complex between tRNAGln and Gln±tRNA
synthetase, where Leu 136 stacks on G2±C71 and melts base pair
U1±A72 (ref. 21).

The promoter is further stabilized in an open conformation by
interactions between the single-stranded portion of the template
strand and residues belonging to the speci®city loop (Fig. 2c). These
interactions are mostly con®ned to the phosphodiester backbone,
consistent with the need for sequence-independent binding of the
template strand during translocation. The aromatic side chain of
Trp 422 stacks on the -1 base, inducing a sharp bend in the
template strand, which orients the base at position +1 for initiating
ribonucleotides.

Because the T7 RNA and DNA polymerases are homologous
enzymes of the Pol-I family, the structure of the DNA polymerase
complexed with primer-template and dGTP13 can be used to model
by homology the +1 to +3 template strand as well as the priming
and incoming ribonucleoside triphosphates onto the T7RNAP. To
align the two polymerases, 17 a-carbon atoms from the three b-
strands in the polymerase palm domains containing the conserved
carboxylates in each enzyme were superimposed with a root-mean-
square deviation (r.m.s.d.) of 0.67 AÊ . We assumed that the substrates
bind to both polymerases identically, and transferred ®ve nucleo-
tides at the primer terminus of the DNA-polymerase complex to the
T7RNAP (Fig. 3). This produced a model for the +1 to +3 template
nucleotides, the priming GTP and the incoming GTP. The b- and a-
phosphates of the priming GTP were positioned to make plausible
interactions with the T7RNAP protein.

The homology-modelled initiation complex ®ts well onto the
T7RNAP promoter complex, with no steric clashes; it explains many
of the functional properties of T7RNAP. The surface topology of the
RNA polymerase exactly accommodates the +1 to +3 nucleotides of
the template strand in the conformation observed in the DNA
polymerase (Fig. 3), supporting the idea that these two enzymes
bind this portion of the template in the same way. The two Mg2+

ions and the incoming nucleoside triphosphate are positioned next
to the catalytic carboxylates in exactly the same way in both
enzymes. Perhaps the strongest support for this model is the
distance of 1.4 AÊ between the terminal 59 phosphate (position -1)
in the RNA polymerase co-crystal structure and the O39 ribose
position (+1) homology modelled from the T7DNAP complex,
without any optimization of their relative positions.

The model suggests two reasons why T7RNAP can initiate

synthesis from a single priming nucleotide, whereas the DNA
polymerase cannot. First, as a result of the speci®c promoter
binding, the RNA polymerase exactly positions the template
strand in the active site, providing important complementary
base-pairing sites for the bases of the priming and incoming
nucleoside triphosphates at the +1 and +2 positions, unlike a
single-stranded DNA bound at DNA-polymerase active sites.
Second, there is an additional interaction between the 29-hydroxyl
of the priming nucleotide and the RNA polymerase that would
further stabilize the positioning of this nucleotide. The Nd1 posi-
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Table 1 Summary of crystallographic analysis

Data collection and MIRAS analysis

Native HgI Iodine I Iodine II SeMet
...................................................................................................................................................................................................................................................................................................................................................................

Wavelength (AÊ ) 0.92 1.5418 1.5418 0.92 0.979
Resolution (AÊ ) 2.4 3.4 3.8 4.0 3.2
Completness 96.7 91.3 85.3 91.4 79.0
R sym ( I )* 0.08 0.12 0.12 0.07 0.08
No. of sites 5Hg � 2I 1 2 22
Riso(F)² 0.32 0.17 0.25 0.18
Phasing power
acentric data³

1.21 0.67 0.84 1.03

...................................................................................................................................................................................................................................................................................................................................................................

Solvent-¯attening density modi®cation

Resolution 20±15.0 10.0 7.0 5.5 4.8 4.4 4.0 3.8 3.6 3.4 3.2 3.0 2.8 All
MIRAS F.o.m.§ all data 0.83 0.7 0.7 0.7 0.61 0.5 0.4 0.4 0.52
SOLO F.o.m. all data 0.86 0.9 0.8 0.8 0.8 0.8 0.8 0.83 0.8 0.71 0.6 0.5 0.4 0.5
...................................................................................................................................................................................................................................................................................................................................................................

Structure re®nement (40±2.4AÊ )

Resolution (AÊ ) 40±2.4 F . 3j�F�

No. re¯ections working/free 45,066/5,011
R/Rfreek 40±2.40AÊ (outer bin 2.45±2.40AÊ ) 0.22 (0.32)/0.27 (0.37)
r.m.s. d. (bond), (angle)¶ 0.009AÊ ,1.478
No. protein residues/nucleotides/water 862 (missing residues 1±5, 56±71)/31 (missing non-template -1 to -3)/450
...................................................................................................................................................................................................................................................................................................................................................................

* Rsym � jI 2 hIij=I, where I is the observed intensity and hIi is the average intensity for multiple observations of symmetry related re¯ections.
²Mean fractional isomorphous difference � SjjFphjjFpjj=jFpj where |Fp| is the protein structure factor amplitude and |Fph| is the heavy-atom structure factor amplitude.
³ Phasing power � r:m:s:�jFphj=E�, where E is the residual lack of closure.
§ F.o.m., ®gure of merit.
kRfree is the same as Rcryst but calculated on the 10% of data excluded from re®nement. R � j�jFpj 2 jFcj�j=�jFpj�, where Fp and Fc are the observed and calculated structure factor amplitudes,
respectively.
¶ Root-mean-squared deviation given from ideal values.
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tion of His 811, which is implicated in ribonucleotide binding and
phosphodiester-bond formation22, is ideally positioned to hydro-
gen-bond with the 29-OH of the priming GTP. This interaction also
assures initiation by ribo rather than deoxyribonucleotides.

T7RNAP can incorporate ribonucleotides in preference to deoxy-
ribonucleotides because of His 784 and Gly 542. The discrimination
of DNA polymerases against ribonucleotides has been proposed23 to
result from these enzymes presenting a `steric gate' to the incoming
nucleotide; the steric gate is a bulky residue that overlaps the
position that would be occupied by the 29-OH of a ribonucleotide.
In most DNA polymerases of the Pol-I family, this residue is a
glutamic acid (residue 710 in the Klenow fragment). The corre-
sponding homologous residue in T7RNAP is Gly 542, allowing
room for a 29-OH. T7RNAP discriminates against a deoxy substrate
partly by providing His 784 to hydrogen-bond to the 29-OH;
desolvating His 784 in the absence of the 29-OH, leaving a
hole, would be energetically costly. Both Gly 542 and His 784 are
absolutely conserved in all phage-like DNA-dependent RNA
polymerases.

This co-crystal structure indicates that the abortive cycling that
occurs at the initiation of transcription requires accumulation of the
DNA template strand at the polymerase active site. The extent of
promoter protection from hydroxyl-radical hydrolysis produced by
methidiumpropyl-EDTA×Fe(II) in the presence of T7RNA polymer-
ase at various early stages in the elongation reaction has been
determined8. Although protection of the downstream DNA
sequences extended as the open complex was formed and RNA
was synthesized, the extent of protection of the upstream sequences
did not change. At least two models can explain how the polymerase
can expand its downstream protection of the DNA while maintain-
ing the upstream protectionÐ`protein inchworming' and `DNA
scrunching'. The protein-inchworming model suggests that the
duplex recognition portion of the enzyme and the polymerase
portion of the enzyme reside on different domains and can move
independently of each other as RNA synthesis proceeds. The DNA-
scrunching model keeps the enzyme structure constant but requires
that the template and non-template DNA strands can be accom-
modated progressively in the polymerase active site as synthesis
proceeds; the single-stranded DNA is compacted or `bunched' near
the synthesis site. The synthesis active site and the promoter-
binding region cannot move relative to each other because the
antiparallel b-ribbon that is recognizing the promoter DNA comes
from the `®ngers' domain, which also provides part of the binding
site for the incoming nucleoside triphosphate. We propose that,
during the abortive initiation phase of RNA synthesis, the template
strand accumulates in the active site while the promoter duplex is
still bound to the protein. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

We puri®ed T7RNAP as described9 from Escherischia coli strain BL21(DE3)

containing plasmid pAR1219 (ref. 24). The selenomethionyl enzyme was

produced in E. coli strain B834(DE3) and puri®ed under strict reducing

conditions. For crystallization, duplex T7 DNA promoters, made by annealing

trityl-puri®ed (Vydac C4 reversed-phase column) synthetic oligonucleotides,

were mixed with T7RNAP in a 1.3:1 ratio at a concentration of 30 mg ml-1 and

pH 7.8. We obtained very thin plate-like crystals, which diffract to 2.4 AÊ

resolution at the CHESS F1 beamline, by vapour diffusion of the complex

mixed with an equal volume of the well solution against a well solution

containing 20% PEG 8000K, 200 mM ammonium sulphate, 0.25% b-octyl

glucopyranoside and 100 mM Tris±HCl, pH 8.7. Derivatives were prepared

either by adding heavy-atom reagents to the crystallization drop or by using

modi®ed DNA oligonucleotides in crystallization, and diffraction data were

collected at 100K±110K using crystals that had been stabilized by addition of

16% propylene glycol before ¯ash-freezing in liquid propane. We reduced the

intensity data using MOSFLM25, DENZO26 and the CCP4 program suite27 to

reveal a unit cell of dimensions a � 220:1, b � 73:3, c � 161:9 ÊA and space

group P212121. However, subsequent analysis of these data revealed a systematic

distribution of weak intensities for reciprocal lattice with planes odd values of l,

resulting from the two molecules in the crystallographic asymmetric unit being

separated by a translation corresponding to almost exactly c/2. As the mean

I=j�I� � 1:3, for all odd values of l data, further analyses were performed in a

unit cell with one half the c dimension and one molecule per asymmetric unit.

Reducing the number of parameters by 2 proved more useful than including the

extremely weak re¯ections. Initial experimental phases calculated by multiple

isomorphous replacement with anomalous scattering with the program

MLPHARE27 gave readily interpretable electron-density maps only after

phase extension from 3.6 AÊ to 2.8 AÊ resolution using solvent-¯attening den-

sity-modi®cation (Program Solomon28). Iterative cycles of model rebuilding29

and re®nement30 were performed, initially incorporating experimental phase

information in electron-density-map calculation and model-re®nement

restraints. Individual B-factors were re®ned and a bulk solvent correction

was applied. Coordinates have been deposited in the Protein Data Bank

(accession number 1ClZ).
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