Structure of a Transcribing T7
RNA Polymerase Initiation
Complex
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The structure of a T7 RNA polymerase ( T7 RNAP) initiation complex captured
transcribing a trinucleotide of RNA from a 17-base pair promoter DNA con-
taining a 5-nucleotide single-strand template extension was determined at a
resolution of 2.4 angstroms. Binding of the upstream duplex portion of the
promoter occurs in the same manner as that in the open promoter complex,
but the single-stranded template is repositioned to place the +4 base at the
catalytic active site. Thus, synthesis of RNA in the initiation phase leads to
accumulation or “scrunching” of the template in the enclosed active site pocket
of T7 RNAP. Only three base pairs of heteroduplex are formed before the RNA

peels off the template.

In comparison to the multisubunit DNA-de-
pendent RNAPs that synthesize messenger
RNA in prokaryotes and ecukaryotes (/, 2),
the DNA-dependent RNAP from a T7 bacte-
riophage is a relatively simple enzyme (of
molecular weight 100 kD) that is capable of
transcribing the complete T7 phage DNA. T7
RNAP is homologous to ecukaryotic mito-
chondrial, chloroplast, and other phagelike
RNAPs (3) and to the well-studied polymer-
ase I (pol ) family of DNA polymerases (4,
5). Because it shows most of the functional
features that are characteristic of RNAPs, its
close relation to the pol I DNA polymerases
makes it ideal for understanding the structural
bases for the functional differences between
DNA and RNA polymerases.
DNA-dependent RNAPs have several func-
tional features not seen in DNA polymerases,
although they share a common two-metal-ion
mechanism for phosphodiester bond formation
(6). The RNAPs can initiate transcription,
which involves recognition of specific promoter
DNA sequences (7) followed by melting of the
DNA strands close to the catalytic active site
and precise positioning of the single-stranded
template at positions +1 and +2 for base pair-
ing with incoming ribonucleoside triphos-
phates. In contrast to DNA polymerases, initi-
ation is primed by a single nucleotide rather
than an oligonucleotide. The initiation phase is
characterized by abortive cycling, a process of
repeated synthesis and release of short RNA
products (&). During initiation, the template
strand and active site must constantly translate
in relation to each other while a firm grip of the
promoter is retained (9). Synthesis of short
oligonucleotide products continues until some
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transition or conformational change occurs to
form the more stable elongation complex that is
capable of transcribing the complete template.
The intermediate DNA-RNA hybrid duplex is
analogous to the primer-template DNA homo-
duplex product synthesized by DNA poly-
merases. However, in contrast to the DNA
polymerase, the transcript peels away from the
template and exits the transcribing polymerase
complex. A final contrast with the DNA poly-
merases is that the initiation of transcription by
RNAPs is regulated by many protein transcrip-
tion factors.

The structure of a binary complex formed
between T7 RNAP and a 17-base pair open
promoter DNA (T7 RPP) (/0) established that
domains present in the RNAP but not in the
DNA polymerase are able to recognize specific
promoter sequences and denature the duplex to
form an initiation bubble. The template base at
position —1 is bound in a hydrophobic pocket
adjacent to the catalytic active site, and this
positions the template strand for initiation by a
single nucleotide. On the basis of the structures
of this T7 RNAP binary complex, the termary
complex of T7 DNA polymerase (//), a model
of an initiation complex was constructed with a
priming nucleotide at +1 and an incoming
nucleoside triphosphate (NTP) at +2.

The structure of a transcribing initia-
tion complex shows that, during synthesis,
the template strand has accumulated or
scrunched into a pocket in the enzyme to
place positions +3 and +4 of the template
strand at the catalytic site. Only the 3 base
pairs of heteroduplex observed are likely to
form before the transcript peels off and exits
through its own RNA binding cleft. The spec-
ificity for synthesis of RNA rather than DNA
transcripts appears to reside largely in the nu-
merous hydrogen bonds made between the pro-
tein and 2'-OH of the incoming NTP and each
of first three nucleotides of the transcript (at
least) as well as the enzyme’s structural

complementarity to the true A-form heterodu-
plex. The inhibitory effect on T7 RNAP of T7
lysozyme, which binds to the side of the poly-
merase opposite the active site (12), is achieved, in
part, by this transcription factor allosterically al-
tering the structure of the polymerase active site
and its suitability for catalysis.

The Structure of a Transcribing RNAP
Initiation Complex

Because the cocrystal form of the T7 RNAP
initiation complex with promoter DNA, three
nucleotides of transcribed RNA, and a ribonu-
cleoside triphosphate analog is nearly isomor-
phous with the crystal of the binary promoter—
T7 RNAP complex (T7 RPP), the new structure
could be solved by rebuilding models into
difference maps and subsequent coordinate re-
finement to a crystallographic R factor for 5% of
data omitted from refinement, R, ., of 0.26% at
a resolution of 2.4 A (13). The template exten-
sion encodes the RNA transcript 5'-GGGAG
at positions +1 though +5. Thus, with the
addition of guanosine 5'-triphosphate (GTP)
and o,B-methylene adenosine 5'-triphosphate
(ATP), the enzyme synthesizes a ribonucleotide
trimer, pppGpGpG (p, phosphate group), which
can be seen in the experimental difference elec-
tron density maps, and then prematurely stalls.
The incoming ATP analog and two associated
magnesium ions are evident in the 2.8 A 1eso-
lution structure of a second isomorphous crystal
(14). This ATP substrate can be positioned in
the first T7 RNAP complex by superposition of
12 C-a atoms located in the active site (3 strands.

The T7 RNAP in this transcribing quaterna-
ry complex (Fig. 1) makes the same interactions
with the duplex part of the promoter (—5 to
—17) as observed previously in T7 RNAP (10),
and the protein structures are nearly identical in
the two complexes. In contrast, the single-
stranded template portion of the open promoter
“bubble” (—1 to —4) has a dramatically differ-
ent conformation. The primer terminus of the
RNA transcript (now at +3), the incoming ATP
analog, and the template nucleotides to which
they are paired have nearly the same location in
the active site as was modeled for the incoming
and priming NTPs at positions +1 and +2 (10)
by homology to the T7 DNA polymerase ter-
nary substrate complex (/7). Thus, as synthesis
proceeds down the template, the catalytic and
promoter recognition sites maintain the same
relative orientation by accumulating or scrunch-
ing the transcribed template in.a pocket on the
enzyme.

Structural studies of DNA polymerases
from a variety of organisms (4, 5, 11, 15-17)
have a common overall shape that has been
morphologically compared to a right hand with
domains called “thumb,” “fingers,” and “palm.”
The active site of T7 RNAP is located in a deep
pocket bounded by the polymerase fingers,
thumb, and palm subdomains and an NH,-
terminal domain that is unique to the RNAP
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(10). In contrast, DNA polymerases bind the
primer-template DNA homoduplex product in a
more open cleft. This difference in the active
site has important implications for many of the
fundamental differences between DNA-depen-
dent RNAPs and DNA polymerases.

The newly transcribed RNA chain forms a
DNA-RNA hybrid duplex inside the pocket
(Figs. 1 and 2), has an exact A-form helical
conformation, and occupies a position similar
to that of the first few base pairs of primer-
template DNA duplex product seen in DNA
polymerase complexes. The helical axis of
the template-RNA heteroduplex is, however,
rotated by ~15° toward the thumb subdo-
main, as compared to the DNA homoduplex
product bound to T7 DNA polymerase (/7).
The thumb subdomain of T7 RNAP does not
interact with the heteroduplex, as does the
primer-template homoduplex in DNA poly-
merases. The position of the heteroduplex is
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Fig. 1. The structure of a transcribing T7 RNAP
complex. (A) The position of the template
(gray) and nontemplate (purple) DNA, RNA
transcript (green), and ATP (light green) on a
surface representation of RNAP. The thumb
(green) is truncated so the heteroduplex and O
helix (light blue) can be seen in the active site
pocket. The fingers are blue, the palm is purple,
the palm insertion is pink, and the NH,-termi-
nal domain is yellow. (B) The structure of the
template strand (gray), nontemplate strand
(purple), RNA transcript (green), and next in-
coming ribonucleoside triphosphate (light
green) as seen in the transcribing complex with
T7 RNAP. The template-RNA heteroduplex is an
A-form helix that is displaced from the up-
stream promoter duplex. Polymerase elements
interacting with the promoter duplex are
shown. Figures 1, 2, 3, and 5 were generated
with the program RIBBONS (39).
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fixed by a hydrogen bond between the 2'-OH
ribose group of G(+2) and the main-chain
carbonyl of residue 425. Because of the strict
stereochemical requirements for catalysis in
the active site, the positions of the ribose
rings at the 3’-terminus of the RNA transcript
(+3), the 3'-end of the primer strand in DNA
polymerase, and the incoming NTPs (+4 in
T7 RNAP) are very similar. Thus, the active
site of T7 RNAP is able to specifically bind
ribonucleotides with C3’-endo ribose puckers
and conserve the catalytic geometry in the
active site.

The helical axis of the upstream B-form
duplex region of the T7 DNA promoter has a
similar orientation to that of the heterodu-
plex, but the two helical axes are offset by
~30 A (Fig. 1). The promoter duplex is
bound to T7 RNAP at a site remote from the
active site pocket. Positions —4 through —1
in the template strand connect the DNA-RNA
heteroduplex and the DNA homoduplex he-
lices. This single-stranded region is bound
within the active site pocket to form part of
the upstream transcription bubble. As ob-
served in the T7 RPP structure, the nontem-
plate strand from positions —3 through —1 is
disordered in electron density maps.
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Fig. 2. The active site heteroduplex. (A) The
pppGpGpG RNA transcript (green) and DNA
template (gray) on a surface rendition of the
active site pocket and cotor coded as in Fig. 1
(40). Residue Y639 from the end of the O helix
interacts with T+4 and partly overlaps the
ATP(l) binding site in the complex missing the
ATP. Residues M635 and T636 are conserved in
phagelike RNAPs and provide the hydrophobic
surface against which the base of NTP(I) packs.
(B) Peeling of the transcript away from the
template after four base pairs. Electron density
for the mismatched base pair at position +1 is
shown. Dashed line indicates single hydrogen
bond.

Specificity of T7 RNAP for
Synthesizing RNA Rather Than DNA

There are several important ways in which this
pol I family RNAP differs from the homolo-
gous T7 DNA polymerase; these differences
enable it to synthesize RNA rather than DNA
transcripts. Not only does this enzyme selec-
tively bind and incorporate ribonucleotides
rather than deoxyribonucleotides, but it also
binds the 2'-OH groups of the transcript RNA
and accommodates the C3'-endo ribose confor-
mation. DNA polymerases enforce specificity
for the incorporation of deoxyribose nucleo-
tides because a bulky residue (“steric gate”)
sterically excludes ribose (/9). In T7 DNA
polymerase, the residue Glu*®® functions as a
steric gate. The corresponding residue in T7
RNAP is Gly*#?, which is absolutely conserved
in phagelike RNAPs. The lack of any side chain
allows the 2'-OH of the incoming ribonucleo-
side triphosphate to be accommodated. Residue
His’® can move toward and directly interact
with the 2'-OH ribose position of NTP(I). In
DNA polymerase, the position corresponding
to His”3* is usually occupied by glutamine (Fig.
3), which is constrained to adopt an alternate
side-chain rotamer because of the steric gate
residue, Glu*#°. Residue Tyr*® is also within
hydrogen-bonding distance of the 2'-OH of
NTP(I), although it is disordered in the quater-
nary complex.

The “O helix” in the fingers subdomain of
pol I family polymerases contains a highly con-
served sequence motif that is important for
binding the incoming nucleotide. However, its
conformation in T7 RNAP is different from that
in the homologous DNA polymerases. Residue
Tyr%3°, homologous to Tyr’®® in Escherichia
coli DNA polymerase I, Tyr>3° in T7 DNA
polymerase, and Tyr’!* in Bacillus DNA poly-
merase (/9), is located in a loop region imme-
diately adjacent to the O helix. It is not part of
the helix, as observed in DNA polymerase, but
adopts a novel position with respect to NTP(I).
The mutation Tyr®*® — Phe®*® substantially
reduces the preference of T7 RNAP for ribonu-
cleotide over deoxyribonucleotide substrates
(20). It also increases the misincorporation of
bases and the extension of short RNA tran-
scripts. An analogous mutation, Tyr’®® —
Phe’®®, in E. coli DNA polymerase I affects the
fidelity of deoxyribonucleotide incorporation
(21). These data suggest that residue Tyr®*®
may have a multifunctional role in RNAP,
which may be different than its role in DNA
polymerase. Additional mutations suggest that
Tyr®*® may distinguish between GTP(I) and
ATP(I) (22).

The phenolic ring of Tyr®*® plays a role in
positioning the +3 ribonucleotide and, conse-
quently, NTP(I) (Fig. 2A) by stacking against
the template base (+3), which is paired with the
primer terminus. It also helps to redirect the
template strand away from the active site across
the face of the fingers subdomain so that posi-
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tion +5 stacks against residue Phe%*, in a
similar manner to that seen in human immuno-
deficiency virus (HIV)-type 1 reverse tran-
scriptase (23). On the basis of the observed
position of the incoming nucleoside, ATP(I),
and the position of the +4 template base in this
structure, the phenolic ring of residue Tyr®3°
partially overlaps with the ATP(I) binding
pocket when the ATP(I) is not present. It ap-
pears that residue Tyr®*® can compete with
NTP(I) for similar positions within the T7
RNAP active site. The role of residue Tyr®*° in
T7 RNAP, seen in our structure, is therefore
very similar to that of residue Tyr’!* in the
structures of Bacillus DNA polymerase com-
plexed with several DNA substrates (/9).

There are other important structural differ-
ences between T7 RNAP and the homologous
DNA polymerases that enable it to specify the
formation of an RNA-DNA heteroduplex. Dis-
crimination between ribose and deoxyribose is
achieved, in part, by hydrogen bonding be-
tween the protein and the 2'-OH groups of the
growing RNA transcript. Specificity for the
2'-OH at the primer terminus, NTP(P), is
achieved by a direct hydrogen bond between
Arg*?> and the 2'-OH ribose group. Residue
Arg*?® also hydrogen bonds to the N3 position
of G+3 (and could make similar contacts with
the N3 position of A or with the O2 position of
U and C), located in the minor groove of the
A-form template-RNA hybrid. In the T7 DNA
polymerase (/1) and the Thermus aquaticus
DNA polymerase (17), primer-template com-
plexes (residues Arg*?® and Arg>">, respective-
ly) make only a single hydrogen bond with the
04" deoxyribose position of the primer 3’-ter-
minus. The constraints imposed on the position
and orientation of residue Arg*?® by the sur-
rounding side chains in T7 RNAP therefore
define a unique binding site for ribonucleotides
with C3’-endo ribose conformation. The 2'-OH
of the second nucleotide from the primer termi-
nus, G(+2), is hydrogen bonded to a backbone
carbonyl oxygen.

The binding site for the RNA-DNA hetero-
duplex is complementary to the true A-form
duplex rather than to the conformation seen
with DNA polymerases (11, 17, 19, 24). The
ribose backbone of the heteroduplex bound to
T7 RNAP superimposes on the crystal structure
of an RNA-DNA heteroduplex (25) with a root
mean square deviation (rmsd) of 1.0 A and on
the corresponding portion of the primer tem-
plate bound to T7 DNAP with a rmsd of 1.9 A
Unlike duplex DNA bound to DNA poly-
merases, the heteroduplex shows all the char-
acteristics of A form, including base pairs being
tilted and displaced in relation to the helix axis.

Substrate-Induced Conformational
Changes in T7 RNAP

The three DNA polymerases and HIV reverse
transcriptase structural studies have shown a
substantial rotation of the fingers domain upon
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binding of dNTP to the polymerase-DNA bina-
ry complex (26). This large rotation in the
fingers subdomain orients catalytically impor-
tant amino acids located in the O helix (which is
conserved in the pol I family) or in an analo-
gous feature in other polymerase families. In
the transcribing complexes of T7 RNAP, re-
ported here, the fingers subdomain is consider-
ably more closed than in either the unliganded
(27) or T7 lysozyme complex (I/2) crystal
structures. However, the arrangement of poly-
merase domains are unchanged with respect to
the binary T7 RPP complex. Although this
closing of the polymerase conformation upon
promoter binding by T7 RNAP is small (in
relation to the differences observed in the DNA
polymerases), it is sufficient to move residue
Lys%3!, which interacts with the triphosphate
moiety of the incoming ribonucleotide substrate
(28), and residue Tyr%*° 6 A closer to the
catalytic active site.

Regulation of T7 RNAP Activity by T7
Lysozyme

T7 lysozyme appears to inhibit transcription
by T7 RNAP in part by allosterically chang-
ing the T7 RNAP active site structure. In the
complex between T7 RNAP and T7 ly-
sozyme (/2), the COOH-terminal residues
and the closely associated active site of T7
RNAP are in an altered conformation when
compared to the transcribing complex de-
scribed here.

The catalytic active site of T7 RNAP is
located on the surface of three B strands in the
palm subdomain, which lies between the fin-
gers and thumb subdomains. The COOH-ter-
minal residues of T7 RNAP and other phage-
like RNAPs have a sequence that is highly
conserved and occupy a position that is similar
to that occupied by a fourth B strand seen in
homologous DNA polymerase structures. In the
absence of a bound promoter, residues Phe®82-
Ala®®3.COOH can be cleaved in solution by
carboxypeptidase A; however, this “FOOT” be-
comes resistant to proteolysis during transcrip-
tion initiation (29). In the T7 RNAP-T7 ly-
sozyme complex (/2), the partially ordered
FOOT adopts an extended conformation,
whereas in the transcribing complex, Phe®8?
and Ala®®* are bound in a hydrophobic pocket
beneath the three 3 strands. This protects them
from proteolysis and induces a structural rear-
rangement in the active site conformation that
orients the catalytically essential residues,
Asp>37 and Asp®'? (28) (Fig. 4), and thus cre-
ates the binding sites for magnesium ions and
ribonucleotide substrates.

Thus, it appears that the T7 lysozyme inter-
action with T7 RNAP inhibits the binding of
the COOH-terminal FOOT to the palm subdo-
main, thereby inhibiting the formation of an
active site that can stably bind NTP and RNA
transcript in the initial stages of transcription.
This is consistent with an observed reduced

affinity of the T7 RNAP-lysozyme complex
for NTPs (30). The palm-insertion module (res-
idues 450 through 527) (27), which is not
present in DNA polymerase, closes in behind
the FOOT, preventing it from retracting out of
its hydrophobic binding site. The FOOT is lo-
cated beneath the active site, more than 8 A
away from the catalytically essential carboxyl-
ate residues, and is not in a position to interact
with either the incoming ribonucleotide sub-
strate or RNA transcript, as had previously been
suggested (31, 32).

Length of the Transcript-Template
Heteroduplex

It appears that the intermediate heteroduplex
cannot extend beyond a total of four base pairs,
including the interaction of the template with
the next incoming substrate, NTP(I). Extension
of the template-RNA heteroduplex in the active
site pocket by even one additional base pair
would result in clashes with the polymerase
NH,-terminal domain. The non-Watson-Crick

Fig. 3. Comparison of the nucleotide binding sites
in T7 RNAP (red and blue) and T7 DNA polymer-
ase (gray). The structures were aligned by super-
imposing 15 C-a positions located in three cor-
responding active site 3 strands. The secondary
structure of only T7 RNAP is depicted as ribbons,
whereas T7 DNA polymerase residues are gray
(40). Side chains in palm and fingers subdomains
are red and blue, respectively. (A) The structures
of ATP(I+4) (light green) and primer terminus
(P+3) (green) at the active site with selected
important interactions with T7 RNAP interac-
tions. (B) Comparison with T7 DNAP viewed from
the top of (A). Residues Y639 and Y530 are in
dramatically different orientations, whereas
H784 and R425 interact with 2'-OH groups. The
ribose groups for the +3(P) and +4(l) substrates
in T7 RNAP are shown in green.
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base pair seen at position +1, 3 base pairs from
the primer terminus, is likely to end the hetero-
duplex (Fig. 2). The single hydrogen bond be-

Fig. 4. Experimental evidence for scrunching of
the template in the active site pocket. The struc-
tures of the single-stranded template strand
(gray) (A) at initiation and (B) after synthesis of
three nucleotides. (A) Before formation of the
first 3'-5' phosphodiester bond by T7 RNAP, the
template strand at position—1 binds in a hydro-
phobic pocket adjacent to the catalytic active site
(1; white) (40). This orients the +1 and +2
template positions (dark gray) to create the bind-
ing sites for two GTP substrates (light green) in
the incoming and priming positions. The template
strand overhang (positions +1 through +3) and
the GTP substrates were modeled on the basis of
the T7 DNA polymerase structure and the tran-
scribing T7 RNAP complex. (B) After synthesis of
ppPPGpGPG (dark green), the +3 and +4 posi-
tions of the template strand are now located in
priming and incoming positions. The template
base T-1 flips out of the small hydrophobic pock-
et into the larger active site pocket. The structure
of template residues T-3 to T-1 has completely
changed. (C) Extension of a primer template be-
yond three base pairs taken from the T7 DNA
polymerase structure results in clashes with the
protein. Figure 4 was generated with the program
GRASP (47). Thumb subdomain and NH,-termi-
nal domain are green and yellow, respectively.
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tween the template base C(+1) and pppG base
at the 5'-end of the RNA product may be the
point at which the transcript starts to peel away
from the template (Fig. 2B). In contrast, the
open cleft in DNA polymerases allows the prim-
er-template DNA homoduplex product to ex-
tend out of the enzyme as a continuous duplex.

DNA Scrunching During Transcription
Initiation and Abortive Cycling

Ikeda and Richardson (9) have previously
shown that, upon synthesis of pppGpGpG, the
footprint of T7 RNAP on the template strand is
extended in the downstream direction from po-
sition +3 to position +8. In contrast, the up-
stream footprint remains constant, consistent
with the enzyme-retaining interactions with the
upstream promoter duplex during initiation and
abortive cycling. Only after the synthesis of an
8- to 10-nucleotide (nt) RNA transcript (32) and
transition to processive RNA synthesis does T7
RNARP release the upstream promoter contacts.
Thus, during abortive cycling, the downstream
contacts between the polymerase and the tem-
plate expand and contract while the upstream
contacts are constant. These footprinting data
are consistent with three popular models for
transcription initiation: “polymerase inchworm-
ing,” in which the enzyme progressively extends
on the downstream template and nontemplate
strands; “DNA scrunching,” in which the con-
formation of the polymerase remains unchanged
while the transcribed template strand accumu-
lates within the active site pocket; and a third
model in which the DNA slides forward and
back.

thumb

Fig. 5. The active site pocket and transcript exit
channel. A view of the active site with the protein
represented as a surface. The polymerase thumb
subdomain (green), NH_-terminal domain (yel-
low), specificity loop (bzlue), and palm (purple)
from the active site pocket. The deep pocket into
which the single-stranded template (gray) accu-
mulates is highly positively charged and adjacent
to the exit channel for the RNA transcript. The
remaining volume of the active.site pocket is
sufficient to accommodate a further four-tem-
plate-strand base (eight in total), enabling the
RNA transcript (8-nt oligomer) to bridge the gap
to the exit channel. A possible binding site for the
transcript exiting the active site is shown by a
green arrow. The fingers subdomain has been
removed to reveal the pocket.

Comparison of the crystal structure of the
transcribing RNAP with that of the T7 RPP
complex (10) provides the first direct structural
evidence for accumulation or scrunching of nu-
cleic acid chains in the catalytic active site. In
order to position the template base at +4 in the
active site opposite the incoming NTP(I), the
single-stranded template substantially changes
its conformation within the active site pocket
(Fig. 5). The template base at position —1 ori-
ents the +1 and +2 template positions to bind
two guanosine ribonucleotide triphosphate sub-
strates during the first step of initiation. After the
synthesis and translocation of a trinucleotide,
the base at —1 has flipped out of the hydropho-
bic pocket formed by Trp*?, His*®, and Tyr’*®
and has assumed a new position (Fig. 4). In
contrast, the structure of the protein does not
change substantially during this process. The
polymerase and NH,-terminal domains of these
two complexes superimpose with a rmsd of 0.84
A for all 862 C-a positions. Thus, it appears that
the template is accumulating in the active site as
RNA synthesis proceeds.

The volume of the active site pocket ap-
pears to be sufficient to accommodate the
template required to synthesize a transcript
that is 6 to 9 nt long. Its volume is defined by
the positions of the base pair at +1 and the
NH,-terminal domain and is ~3850 A® (Fig.
5). This volume is sufficient to accommodate
four further template bases (eight template
bases in total) in the active site pocket, as-
suming an approximate solvent content of
30% and a Matthews coefficient, ¥ (33),
equal to 1.9 to 2.0. Thus, the observed aver-
age transcript length of abortive products (8
to 10 bases) (32) and the number of template
bases that can be accommodated appear to be
correlated.

Escape from the Initiation Phase to
Processive Elongation

We hypothesize that the escape from abortive
cycling to the processive elongation phase oc-
curs when the additional template can no longer
be accommodated in the active site pocket and
the transcript is long enough to bind tightly to
the NH,-terminal domain. Once the electrostat-
ically positive pocket is filled with the template,
either the message dissociates and synthesis
begins again (abortive synthesis) or the duplex
promoter releases from the protein to allow
removal of the template. A longer transcript is
likely to favor the latter possibility, because a
transcript-induced change in the thumb confor-
mation might allow it to cover the cleft, thereby
forming a tunnel through which the elongating
RNA would pass.
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Phase-Coherent Amplification
of Matter Waves

Mikio Kozuma," Yoichi Suzuki,” Yoshio Torii,2 Toshiaki Sugiura,’
Takahiro Kuga,” E. W. Hagley,? L. Deng?®

Phase-coherent matter-wave amplification was demonstrated using Bose-
Einstein—-condensed rubidium-87 atoms. A small seed matter wave was created
with coherent optical Bragg diffraction. Amplification of this seed matter wave
was achieved by using the initial condensate as a gain medium through the
superradiance effect. The coherence properties of the amplified matter wave,
studied with a matter-wave interferometer, were shown to be locked to those
of the initial seed wave. The active matter-wave device demonstrated here has
great potential in the fields of atom optics, atom lithography, and precision

measurements.

Advances in laser science and technology
have been supported by the development of a
variety of optical elements that can be cate-
gorized as either passive or active. Mirrors,
beam splitters, and polarizers are typical ex-
amples of passive elements, whereas devices
such as optical pulsed-dye amplifiers (/) are

www.s;ciencemag.org SCIENCE VOL 286 17 DECEMBER 1999

active ones. By passing through such an ac-
tive device, a weak laser beam can be ampli-
fied while maintaining its phase coherence:
the mechanism of lasing itself.

In the field of atom optics it has long been
speculated, in direct analogy with optical am-
plifiers, that it should be possible to coherently

amplify a matter wave by using an appropriate
gain medium. Bose-Einstein condensation (the
macroscopic occupation of a single quantum
state) in dilute alkali gases (2, 3) has the poten-
tial of being such a gain medium because it is
an ideal source of highly coherent matter
waves. What has long since happened for the
optical laser is now becoming a reality for
matter waves, In fact, many passive matter-
wave elements have already been demonstrat-
ed. For example, Bragg diffraction (4) of a
Bose-Einstein condensate (BEC) by a moving,
optical standing wave (5) can be used to coher-
ently diffract any fraction of;,a BEC into a
selectable momentum state, makihg it an ideal
mirror or beam splitter. These passive elements
were key in the development of 2 highly effi-
cient (nearly 100% contrast) Mach-Zehnder
BEC interferometer (6, 7). In addition, most
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partment of Physics, Gakushuin University, Mejiro
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