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Structural Basis for Substrate Selection
by T7 RNA Polymerase

out all of the steps in the transcription process in a
nearly identical manner to that observed for multisubunit
RNAPs (Jeruzalmi and Steitz, 1998; McAllister, 1997;
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preexisting primer, RNAPs must initiate transcription de450 Clarkson Avenue
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The C-terminal domain of T7 RNAP exhibits the sameGraduate School of Science
overall architecture as the pol I family of DNAPs, resem-University of Tokyo
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The structure around the active site in the palm domainJapan
is highly conserved among T7 RNAP and DNAPs and
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metal ions that are required during the phosphoryl trans-Summary
fer reaction (Jeruzalmi and Steitz, 1998; Steitz et al.,
1994; Steitz and Steitz, 1993). The fingers domain con-The mechanism by which nucleotide polymerases se-
tains the highly conserved O and O� � helices (Y and Zlect the correct substrate is of fundamental impor-
helices in T7 RNAP), which in DNAPs were shown totance to the fidelity of DNA replication and transcrip-
interact with the incoming deoxy NTP (dNTP) substratetion. During the nucleotide addition cycle, pol I DNA
and the template base to which it is paired (Figure 1).polymerases undergo the transition from a catalyti-
To simplify the comparison between DNAPs and RNAPs,cally inactive “open” to an active “closed” conforma-
we refer to Y and Z helices in RNAP as to O and O�tion. All known determinants of substrate selection
helices, respectively.are associated with the “closed” state. To elucidate if

In both RNAPs and DNAPs, each cycle of nucleotidethis mechanism is conserved in homologous single
addition can be divided into several distinct steps (Fig-subunit RNA polymerases (RNAPs), we have deter-
ure 1A) (Yin and Steitz, 2004 [this issue of Cell]). Struc-mined the structure of T7 RNAP elongation complex
tural studies of pol I DNAPs have identified two major

with the incoming substrate analog. Surprisingly, the
states (catalytically active and inactive) of the enzyme

substrate specifically binds to RNAP in the “open” (Figure 1) (Doublie and Ellenberger, 1998; Johnson et
conformation, where it is base paired with the ac- al., 2003; Kiefer et al., 1998; Li et al., 1998b). In the
ceptor template base, while Tyr639 provides discrimi- catalytically active “closed” conformation, the O/O� heli-
nation of ribose versus deoxyribose substrates. The ces are proximal to the active center, and the substrate
structure therefore suggests a novel mechanism, in is bound by interactions with a number of conserved
which the substrate selection occurs prior to the isom- basic residues in the O helix (Figure 1B). In this configu-
erization to the catalytically active conformation. Mod- ration, the substrate dNTP and the acceptor DNA nucle-
eling of multisubunit RNAPs suggests that this mecha- otide at position n (i�1 in RNAP nomenclature) of the
nism might be universal for all RNAPs. template strand (TSn) are located in the “insertion” site,

where the formation of a correct Watson-Crick base
Introduction pair is required to achieve catalysis, thereby preventing

incorporation of mismatched bases (Figure 1B) (Doublie
The single subunit RNA polymerase encoded by bacte- and Ellenberger, 1998; Johnson et al., 2003). The dis-
riophage T7 (T7 RNAP; 98 kDa) is structurally related to crimination against ribonucleotides (rNTPs) also occurs
the pol I family of DNA polymerases (DNAPs) yet carries in the insertion site through a “steric gate,” in which the

substrate deoxyribose is sandwiched between the side
chains of invariant Glu and Phe residues (Astatke et al.,*Correspondence: yokoyama@biochem.s.u-tokyo.ac.jp (S.Y.), dmitry@

yumiyoshi.harima.riken.go.jp (D.G.V.) 1998; Joyce, 1997).
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Figure 1. Nucleotide Addition Cycle

(A) Schematic drawing reflecting four possi-
ble states of the protein/nucleic acid complex
during nucleotide addition cycle. Eo, Ec–open
and closed conformations of the enzyme, re-
spectively; n, (n-1)—positions occupied by
the 3�-terminal primer nucleotides incorpo-
rated in the DNA.
(B) Two conformational states of DNAPs dur-
ing the nucleotide addition cycle. The figure
is based on the schematic drawing previously
done for B. stearothermophilus enzyme (John-
son et al., 2003); the numbering of active site
aspartates and the tyrosine blocking the en-
trance of the insertion site for the TSn base
in the “open” conformation corresponds to
that of B. stearothermophilus DNAP.

The catalytically inactive state is characterized by an between RNAPs and DNAPs, we will use the term “open”
in place of “semi-open” throughout this paper.“open” conformation in which the O/O� helices are distal

from the catalytic center, and the portion of the insertion Previously reported structures of T7 RNAP initiation
(Cheetham and Steitz, 1999) and elongation complexessite that will later be occupied by the TSn base is blocked

by a Tyr residue from the tip of the O helix (Y639 in the O (Tahirov et al., 2002; Yin and Steitz, 2002) were obtained
in the absence of substrate and correspond to an openhelix of T7 RNAP) (Figure 1B). The inactive configuration

forms a “preinsertion” binding site in which the TSn base conformation in which the TSn base is in the preinsertion
position (Huang and Sousa, 2000; Ma et al., 2002). Ais sequestered in a protein pocket formed by O/O� heli-

ces (Figure 1B) (Johnson et al., 2003). So far, no struc- number of residues that affect the fidelity of base incor-
poration (Gly640, Phe644, Gly645, His784) or providetural data are available for substrate bound with high

affinity and specificity in the preinsertion site of ternary discrimination against incorporation of dNTPs (Tyr639)
have been identified in T7 RNAP (Brieba and Sousa,DNAP complexes (Johnson et al., 2003; Kiefer et al.,

1998; Li et al., 1998a, 1998b). 2000; Huang et al., 2000; Sousa and Padilla, 1995). When
mapped onto the existing structures of T7 RNAP, theseThe transition from an open to closed configuration

is accompanied by movement of helices O and O�, which residues (except for Tyr639) are located far from the
catalytic center, making it difficult to interpret these dataresults in displacement of the blocking Tyr residue (Fig-

ure 1B). Judging by the high level of structural homology by structural analogy with DNAPs. The mechanism by
which T7 RNAP achieves substrate selection and itswith DNAPs in the vicinity of the active site, a similar

transition between open and closed forms is likely to coupling with the catalytic reaction was therefore ob-
scure.occur in T7 RNAP. The state of RNAP in the ternary

RNAP elongation complex (EC), which corresponds to In this work, we determined the structure of a T7 RNAP
EC with an analog of the incoming substrate ribonucleo-the open conformation of DNAPs, has been referred

to as “semi-open,” as more extensive opening of the tide (rNTP) specifically bound in the preinsertion site.
Significantly, the rNTP is observed to interact with theenzyme is observed in the absence of nucleic acids (Yin

and Steitz, 2004). To allow for an easier comparison acceptor DNA base, allowing the “fit” of the incipient
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base pair to be sampled prior to formation of the catalyti- ever, it is worth noting that the TSn DNA base which
occupies the preinsertion site is located at slightly differ-cally active closed conformation. The structure suggests
ent distances from the active site in the four differentthat discrimination against dNTPs also commences while
independent RNAP molecules in the crystal.substrate is bound in the preinsertion site. Inspection of

the structures of multisubunit bacterial RNAPs suggests
Substrate Binding Sitethat similar mechanisms for substrate selection may
In the present structure, the substrate is bound alongexist in these enzymes as well.
the open O helix at a distance of �10 Å from the active
center in a nearly identical manner in all four moleculesResults and Discussion
in the asymmetric unit of the crystal (Figures 2B and
2C). The phosphates of the AMPcPP are fixed throughStructure Determination and Overall Structure
hydrogen bonds with three basic residues, Arg627,To elucidate the mode of substrate binding, T7 RNAP
Lys631, Arg632 in helix O and Lys472 and Tyr571, all ofEC were assembled on a nucleic acid scaffold that di-
which are well conserved (Figure 2C). Substitutions ofrects the incorporation of ATP downstream of an 8 bp
all these residues have dramatic effects on NTP bindinghybrid (Tahirov et al., 2002; Temiakov et al., 2002, 2003)
and enzyme activity (Figure 3A) (Bonner et al., 1992,and were cocrystallized with the nonhydrolyzable ATP
1994; Guajardo and Sousa, 1997; Huang et al., 2000;analog (�,�-methylene ATP, AMPcPP), resulting in crys-
Osumi-Davis et al., 1992; Tunitskaya and Kochetkov,tals that diffracted beyond 3 Å. Fourier maps with coeffi-
2002; Woody et al., 1998). Interactions of NTP with twocients of |2Fobs � Fcalc|, calculated after initial rigid
of these five residues (Arg627 and Lys631) persist in thebody and B factor refinement for the data, showed clear
closed substrate complex (Yin and Steitz, 2004); thus,electron density (ED) for the protein residues and addi-
although the modes of substrate binding in the preinser-tional ED for the ribose and tri-phosphate moieties of
tion and insertion sites are different, there is a partialAMPcPP in all four independent molecules in the asym-
overlap between these sites by virtue of common inter-metric unit. A Mg2� ion bound to the � and � phosphates
acting residues in the O helix. These observations indi-of AMPcPP could also be fit in the ED. However, signifi-
cate that substrate binding in the open state as observedcant ED for the adenine base of the AMPcPP was ob-
here is specific and that the complex is a functionallyserved in only two of four molecules at this initial stage
important intermediate in the nucleotide addition cycle.of refinement. Atomic models for AMPcPPs were built

Significantly, the base moiety of AMPcPP in the T7into the ED and refinement was carried out until it con-
RNAP EC-NTP complex is located within interacting dis-verged to a final R factor of 25.5% (Rfree � 31.1%) at
tance from the base of the complementary DNA TSn3.2 Å resolution. The refinement substantially improved
thymine in the preinsertion sites in all four RNAP mole-the quality of the model and phases, so that ED was
cules (Figure 2C). Though the substrate and DNA tem-clearly visible for the base moieties of the AMPcPP in
plate nucleotides do not form exact Watson-Crick baseall four molecules, as revealed by a final simulated an-
pairs, their relative orientations are appropriate tonealing omit |Fobs � Fcalc| ED map (Figure 2A). How-
achieve base-specific recognition in the preinsertion siteever, significant residual ED was present in close vicinity
upon subtle movements of the TSn base and/or sub-

to the ribose O2� atoms of the AMPcPPs in all four RNAP
strate. Consistent with this observation, the best ED for

molecules. Very similar strong EDs were also present
the substrate base is observed in the RNAP molecule

at the same positions in the initial ED maps. Water mole- in which the distance between the substrate and com-
cules were introduced into the atomic coordinates and plementary DNA bases is the shortest (�3.1 Å). In an-
the refinement was carried out from the beginning. Sur- other molecule in which the substrate base is located
prisingly, despite the strong repulsive interactions that further away from the complementary DNA base (�4.2 Å)
should prevent a close approach of these water mole- its position is less well defined.
cules and the AMPcPP O2� oxygens, the refinement An important characteristic of the substrate bound in
brought the water and O2� oxygens to a distance as the preinsertion site is the presence of a Mg2� ion bound
short as �2.2–2.3 Å, which corresponds to the actual to the O2� of the AMPcPP ribose, which is clearly ob-
centers of the peaks in the omit ED maps. The most served in all four RNAP molecules. This Mg2� ion is
likely interpretation for this result was that the residual coordinated by the hydroxyl of Tyr639, which blocks
ED reflects the presence of Mg2� ions that are coordi- entry of the TSn nucleotide of the DNA into the insertion
nated by the O2� oxygens of the AMPcPP and Tyr639 site and stacks upon the template base at n-1 (Figure
hydroxyls. Consistent with this, refinement carried out 2C). The Mg2�-mediated interaction between the Y639
with Mg2� atoms in these positions resulted in �8–9� OH and the 2�OH of the ribose accounts for the key role
level peaks in the final simulated annealing omit |Fobs � of Y639 in the discrimination of the ribo-versus deoxy-
Fcalc| ED maps (Figure 2A). ribo nucleotides (Brieba and Sousa, 2000; Huang et al.,

The overall structure of the RNAP EC in complex with 1997b; Kostyuk et al., 1995; Sousa and Padilla, 1995).
the substrate analog is very similar to that observed This Mg2� ion might be also coordinated by His784, the
previously in the EC in the absence of substrate, with carbonyl oxygen of Met635, and interestingly, by the
root mean square deviation of about �1.2 Å overall main ribose O2� atom of the 3� rNMP of the RNA/DNA hybrid
chain atoms and corresponds to the open configuration (n-1 position) through water-mediated interactions. The
in which the TSn base remains in the preinsertion posi- substrate ribose and base moieties are additionally fixed
tion (Figure 2B) (Tahirov et al., 2002; Yin and Steitz, through stacking interactions with the side chain of
2002). The four independent RNAP EC structures in the Met635, consistent with previous biochemical studies

(Figure 3A) (Guajardo and Sousa, 1997).asymmetric unit of the crystal are highly similar. How-
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Figure 2. Structure of T7 RNAP EC with Bound AMPcPP

The protein structure is shown by ribbon diagram. The refolded N-terminal domain and the rest of the protein are cyan and white, respectively.
RNA, DNA template, and nontemplate nucleotides are shown in yellow, red, and blue, respectively. AMPcPP (green sticks) and protein side
chains (white sticks) involved in a substrate binding are shown by ball-and-stick models. Mg2� ions are shown as magenta spheres.
(A) Simulated annealing |Fobs � Fcalc| omit electron density maps produced after refinement for substrate (green, 3� level) and Mg2� ions
(blue, 5� level).
(B) Overall view of the T7 RNAP EC with AMPcPP bound in the substrate entry channel along the open O helix.
(C) Substrate binding site. Hydrogen bonds and Mg2� coordination bonds are shown as white dashed sticks.

Another Mg2� ion is bound to the � and � phosphates with the metal ion, but potentially might be involved in
Mg2� coordination through water-mediated interac-of the AMPcPP (Figure 2C). Although there are two con-

served acidic residues, Asp471 and Asp506, in the vicin- tions. The binding mode of Mg2� to the phosphates of
the AMPcPP is quite similar to that of one of the catalyticity of the phosphate bound Mg2� ion (Figure 2C), these

residues seem to be too far away to interact directly Mg2� ions in DNAP (Doublie et al., 1998) and RNAP (Yin
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Figure 3. Mechanism of Substrate Selection by T7 RNAP

(A) Mapping of mutations in the substrate binding site. The residues, mutations of which affect substrate binding, incorporation of mismatched
bases, or dNTPs are shown in cyan, magenta, and orange, respectively. The RNA, DNA template nucleotides and substrate are shown in
yellow, red, and green, respectively.
(B) Schematic drawing of the two RNAP conformations corresponding to substrate (green) selection and catalysis during RNA synthesis.

and Steitz, 2004) closed complexes, and it is possible catalytic center (insertion site) (Figure 3B). Indeed, the
two major criteria for substrate selection, recognition ofthat this ion would move to the active site together with

the phosphates of the substrate. the O2� ribose atom and proper base pairing with the
complementary DNA nucleotide, are likely to commence
in this site.Substrate Selection by T7 RNAP

According to the present structural results, the orien-The structure provides two major implications. First, it
tations of both substrate and TSn nucleotide in the prein-shows the pathway through which NTP substrate gains
sertion site should be crucial for the fidelity of baseaccess to the active site of the enzyme, as binding of
incorporation. The base of the TSn nucleotide has nothe substrate to the closed insertion site is sterically
direct interactions with the protein and is located in aimpossible (Yin and Steitz, 2004). Second, the binding
large protein cavity (Figure 4A), nevertheless its orienta-mode of AMPcPP in the preinsertion site indicates that,
tion is fixed by constraints imposed by the phosphateat least in part, this site is used to achieve selection

of the proper substrate prior to its movement into the backbone that links the nucleotide to the adjacent up-
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1997b; Kostyuk et al., 1995; Sousa and Padilla, 1995).
The Y639F mutation, which results in a 20-fold increase
in dNTP incorporation, is of particular interest, as it ac-
counts for the primary role of the Tyr hydroxyl group in
rNTP selection.

In the closed complex (Yin and Steitz, 2004), the sub-
strate retains base-specific and ribose-discriminating
interactions that might prove crucial for the fidelity of
RNA synthesis beyond the preliminary substrate selec-
tion observed in the preinsertion site. However, it seems
unlikely that substrate-specific interactions would be
disrupted after their formation in the open complex and
then restored in the closed configuration. We therefore
suggest that, once established in the preinsertion site,
these interactions would be maintained or even en-
hanced during transition from the open to the closed
states. The requirement of a close fit of the active site
to a properly formed base pair in order for catalysis to
occur (Doublie et al., 1998) would thus provide a final
sieve in terms of the fidelity of substrate incorporation
(Figure 3B) (Yin and Steitz, 2004).

Comparison with DNAPs
In DNAPs, the fidelity of nucleotide incorporation is be-
lieved to rely largely on the close fit of the active site
(insertion site) in the closed complex to a strictly comple-
mentary Watson-Crick base pair, such that the geometry
of an incorrectly formed base pair would not be consis-
tent with catalysis (Doublie et al., 1998; Johnson et al.,
2003). This fit is ensured in part by a “steric gate,” which
plays a major role in selection of the deoxyribo sub-
strates (Astatke et al., 1998; Joyce, 1997). The structure
of DNAP indicates that, as in RNAP, once the closed
conformation has been achieved, the insertion site is
not accessible for binding of exogenous substrate. It isFigure 4. Structural Organization of Preinsertion Sites
therefore likely that substrate binding must occur when(A) T7 RNAP. (B) B. stearothermophilus DNAP. The proteins are
the enzyme is in the open configuration. There are tworepresented by the surfaces of electrostatic potentials (red, blue,

and white are positively charged, negatively charged, and neutral possible pathways for substrate binding in the open
regions, respectively). DNAP conformation.

First, the substrate might bind the O helix mostly
through its phosphates as observed in T7 RNAP and in
the two binary substrate complexes of DNAPs (Kieferstream and downstream T strand nucleotides (TSn-1,

TSn�1) (Figure 3A). Consistent with the proposed role of et al., 1998; Li et al., 1998b). In principle, in this mode
of binding, initial substrate selection might occur in athe preinsertion site in substrate selection, three of the

four T7 RNAP mutants that are known to exhibit a signifi- manner similar to that of T7 RNAP. However, an impor-
tant difference between T7 RNAP and DNAPs concernscant increase in incorporation of mismatched bases

(G640A, F644A, G645A) (Huang et al., 2000) are involved the manner in which the TSn nucleotide is positioned in
the preinsertion site. In contrast to T7 RNAP (discussedin the loop that intervenes between the O and O� helices

(which defines a portion of the preinsertion site) and above) (Figures 3B and 4A), the TSn base in DNAPs is
sequestered in a tight pocket formed by the O and O�interact with TSn�1 base and TSn/TSn�1 phosphate back-

bone (Figure 3A). In addition, substitution of His784 helices (Figures 1 and 4B), thereby precluding potential
interactions with the substrate if it would bind along the(H784A), which is within interacting distance from the

TSn-1 nucleotide and may therefore affect the orientation open O helix in a similar manner to that of T7 RNAP
(Johnson et al., 2003). Another important structural con-of the TSn base, results in both misincorporation errors

and extension of mismatched base pairs (Huang et al., sideration arguing against the close similarity of sub-
strate selection mechanisms in the open state between2000) (Figure 3A).

The structure indicates that selection of rNTPs versus DNAPs and RNAP is that the “steric gate” controlling
selection of dNTPs in DNAPs can be entirely formeddNTPs could also occur in the preinsertion site in T7

RNAP through Mg2�-mediated interaction of the Tyr639 only in the closed conformation, whereas no other
mechanism which may substitute for the “steric gate”hydroxyl with the 2�OH group of substrate ribose. This

is in an excellent agreement with the role of Tyr639 in the open form is evident. Finally, in DNAPs, all known
substitutions that affect incorporation of mismatchespreviously revealed by biochemical and genetic results

(Figure 3A) (Brieba and Sousa, 2000; Huang et al., 1997a, and/or discrimination of dNTPs versus rNTPs are con-
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bind directly to the insertion (catalytic) site in the open
configuration, in which case it is likely to be fixed mostly
through its base (via interactions with theTyr639 coun-
terpart) and deoxyribose moieties, as has been ob-
served in a ternary DNAP complex (Li et al., 1998b).
However, the latter complex was obtained in the crystal
of a closed ternary complex upon dissociation of the
substrate from the insertion site and is therefore some-
what artificial. Moreover, as interactions of the substrate
phosphates with basic residues in the O helix would be
lacking (as compared to the mode of binding described
above), the affinity of the substrate is likely to be
rather low.

To conclude, the structural data available thus far are
insufficient to favor one of these pathways in DNAPs,
and the possibility of substrate binding/selection in the
open form of DNAP remains to be tested.Figure 5. Mapping of Substitutions on the Active Site Region of

Bacillus stearothermophilus DNAP

The residues, substitutions of which affect incorporation of mis- Multisubunit RNAPs
matched bases, or both mismatched bases and rNTPs are shown Recently determined structures of the T7 RNAP EC re-
in magenta and orange, respectively. The DNA template, primer,

vealed that the organizational changes that occur duringand substrate are shown in red, yellow, and green, respectively.
the transition from initiation to the elongation phase of
transcription result in an unexpected similarity at the
structural level between the single and multisubunit en-centrated in the vicinity of the insertion site (Figure 5)

(Minnick et al., 1999, 2002; Patel et al., 2001; Shinkai zymes (Cramer et al., 2001; Gnatt et al., 2001; Tahirov
et al., 2002; Vassylyev et al., 2002; Yin and Steitz, 2002).and Loeb, 2001; Tosaka et al., 2001). Though most of

these residues have no direct interactions with the sub- All previously identified structural elements that are
characteristic of the stable ECs in the multisubunit en-strate, they are likely either to reduce the space in the

active site or to destabilize the closed conformation in zymes (substrate entry and RNA exit channels, RNA/
DNA hybrid binding cavity, and downstream DNA bind-the presence of mismatched bases (Minnick et al., 1999;

Patel et al., 2001), thereby precluding formation of im- ing sites) are also present in the T7 RNAP EC. Given
this, it is reasonable to expect a certain level of similarityproper base pairs between the substrate and the TSn

nucleotide in the closed insertion site (Figure 5). On the in fundamental aspects of transcription including sub-
strate binding and discrimination. To evaluate the possi-other hand, in the structure of B. stearothermophilus

DNAP (PDB ID 1L3S), Arg789 interacts with the phos- bility that multisubunit enzymes might utilize a mecha-
nism of substrate selection similar to that observed inphate backbone of the TSn-1 nucleotide and stacks on

the TSn�1 base in the preinsertion site; this residue might T7 RNAP, we constructed a model of the T. thermophilus
RNAP docked with the RNA/DNA hybrid and down-therefore affect substrate miscincoporation in an analo-

gous manner as residues in the preinsertion site in T7 stream DNA from the T7 EC (in which the TSn acceptor
base is in the preinsertion position).RNAP if these enzymes utilize a similar mechanism of

substrate selection. However, substitution of its coun- It had been suggested that in multisubunit RNAPs,
the bridge helix is involved in DNA translocation and theterpart in E. coli DNAP (Arg849) had no effect on the

fidelity of substrate incorporation (Minnick et al., 1999). delivery of the TSn DNA nucleotide to the active site
(Epshtein et al., 2002; Gnatt et al., 2001; Murakami andNevertheless, we cannot rule out the possibility that

initial base pairing between substrate and the TSn nucle- Darst, 2003; Tahirov et al., 2002; Vassylyev et al., 2002).
This helix would therefore be the functional equivalentotide may occur in DNAP during the transition from the

open to the closed conformation, as movement of the of the O-O� helices of the single subunit DNAPs (RNAPs).
The two states of Tyr639 in the T7 RNAP O helix areO helix may expose the TSn base as it is released from

the preinsertion site (Johnson et al., 2003). This would likely to control the movement of the incoming DNA
template nucleotide between the preinsertion and inser-be consistent with the observation that substitution of

a conserved tyrosine in DNAPs, which is analogous to tion sites (Yin and Steitz, 2004). Similarly, two states of
the bridge helix have been observed in the mulitsubunitTyr639 of T7 RNAP, substantially increased incorpora-

tion of mismatched base pairs, though it did not affect RNAPs. Whereas in yeast RNAP the helix is uniform, in
the T. thermophilus RNAP, two residues in the helix arediscrimination against rNTPs (Bell et al., 1997; Minnick

et al., 1999). This tyrosine could also assist rNTP biding flipped out and the central portion of the helix is dis-
torted (Cramer et al., 2001; Gnatt et al., 2001; Vassylyevby DNAPs, but only when steric gating residue (Glu710

in E. coli DNAP) is truncated (E710A) to eliminate its et al., 2002). The yeast RNAP transcription complex is
in the pretranslocated state, in which the base paircompeting interactions with the tyrosine side chain (As-

tatke et al., 1998; Brieba and Sousa, 2000). This latter formed by the newly incorporated substrate and the TSn

base is still in the active site; the position of the TSnobservation leaves open the possibility that DNAPs and
RNAPs discriminate rNTPs versus dNTPs by not alto- base in this structure would therefore correspond to the

TSn base in the insertion site in the closed conformationgether different mechanisms.
In the second mode of binding, the substrate may of T7 RNAP (c.f., Figures 4B and 6A, right panels). The
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Figure 6. Putative Mechanism of Substrate Selection by Multisubunit RNAPs

(A) Schematic drawing of two possible conformations (distorted and uniform) of the bridge helix in multisubunit RNAPs corresponding to the
preinsertion (distorted) and insertion (uniform) sites for the TSn nucleotide and substrate. The region of bridge helix that is distorted in the
preinsertion site is shown in light green; the substrate is green. Sequence numbering corresponds to that of T. thermophilus RNAP.
(B) Stereo view of the RNA:DNA hybrid of the T7 RNAP EC and substrate base paired with the DNA TSn nucleotide in the preinsertion site
modeled into the T. thermophilus RNAP structure (distorted conformation of the bridge helix).

distorted conformation of the helix in the T. thermophilus otide in the RNA:DNA hybrid (Epshtein et al., 2002) is
likely to bind to the substrate � phosphate and/or ribose,RNAP would thus correspond to the T7 RNAP EC in the

open configuration (c.f., Figures 3B and Figure 6A, left thereby increasing the affinity of the substrate for the
preinsertion site.panels). Modeling of the RNA/DNA hybrid from the T7

RNAP EC into the T. thermophilus RNAP structure re- Recently, based on kinetic and mutational analyses,
the presence of an allosteric substrate binding site wasveals that the DNA TSn nucleotide in the preinsertion

conformation fits nicely to the distorted conformation proposed for multisubunit RNAPs, and it was suggested
that presampling of substrates prior to their delivery toof the bridge helix (Figure 6B). Modeling of the substrate

base paired with the DNA acceptor TSn base in the the catalytic center might occur in this site (Foster et
al., 2001; Holmes and Erie, 2003). Interestingly, the pro-preinsertion position does not result in clash of the sub-

strate with the protein and suggests that the substrate posed substrate “prebinding” site is in close proximity
to the preinsertion site described in our work (thoughphosphates, although lacking interactions with active

site Mg2� ions, might be fixed in this preinsertion mode not identical).
by the same triad (Arg�557, Arg�879, Lys�846) of basic
residues that are likely to bind the substrate in the active Concluding Remarks

The structure of the incoming nucleotide bound to thesite. Arg��1087 from the bridge helix, which has been
demonstrated to form a crosslink with the 3� RNA nucle- T7 RNAP EC in the open conformation, together with
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Table 1. Data Collection and Refinement Statistics

Space group P1

Unit cell parameters (Å) a � 81.13, b � 87.70, c � 206.53
(	) � � 91.93, � � 91.02, � � 110.66

Resolution (Å) 40.0–3.0 (3.11–3.0)a

Reflections (Total/Unique) 229,915/94,902
I/�(I) 7.1 (2.3)
Rmerge (%) 8.4 (46.1)
Completeness (%) 89.4 (83.9)

Refinement Model quality

Resolution (Å) 40.0–3.2 (3.31–3.2) RMSD bond length (Å) 0.022
Reflections used 73,174 (7,731) RMSD bond angles (	) 2.1
Rfactor (%) 25.5 (37.7) RMSD improper angles (	) 1.46
Rfree (%) 30.7 (41.6)
Number of protein atoms 26,984
Number of nucleic acid atoms 2,802
Number of AMPcPP atoms 124
Number of Mg2� atoms 8
Number of water moleculesb 999

Rmerge � 
hkl
j | Ij(hkl) � �I(hkl)�|/
hkl
j �I(hkl)�, where Ij(hkl) and �I(hkl)� are the intensity of measurement j and the mean intensity for the
reflection with indices hkl, respectively. Rfactor, free � 
hkl||Fcalc(hkl)| � |Fobs(hkl)||/
hkl|Fobs|, where the crystallographic R factor is calculated including
and excluding reflections in the refinement. The free reflections constituted 4% of the total number of reflections. RMSD—root mean square
deviation. I/�(I)—ratio of mean intensity to a mean standard deviation of intensity.
a The data for the highest resolution shell are shown in brackets.
b The water molecules with electron density peaks less than 1.25� in the |2Fobs � Fcalc| electron density map were removed from the model.

GGGAATCGATATCGCCGC; NT strand: ATCGATTCCC; RNA: AACUthe previously determined structures of the posttranslo-
GCGGCGAU. Crystallization was carried out under conditions de-cation complex (Tahirov et al., 2002; Yin and Steitz, 2002)
scribed before (Temiakov et al., 2003) in the presence ofand two structures of the closed ternary RNAP com-
�,�-methylene ATP (4 mM, Sigma). Large, cube-like crystals (0.4 


plexes (Yin and Steitz, 2004), provide a complete picture 0.4 
 0.4 mm) were obtained by microseeding against 7% PEG
of all four steps in the nucleotide polymerization cycle 8000, 6% MPD in 100 mM Tris (pH 7.9). Crystals were flash-frozen

in a cryoprotectant solution containing 8% PEG 8000, 6% MPD,(Figure 1A). It also provides insights into the mechanism
20% ethylene glycol, 50 mM NaCl, 10 mM MgCl2 in 50 mM Trisby which the incoming NTP substrate gains access to
(pH 7.9). Diffraction data were collected at 3.0 Å resolution usingthe active site of RNAP, as well as the structural basis
synchrotron radiation at Spring-8 beam line BL26 and processedfor substrate selection.
using the HKL2000 program package (Otwinowski and Minor, 1997).

However, two important questions remain open. The
first is whether the base-specific and ribose-discriminat-

Structure Determination and Refinement
ing interactions with the substrate established in the Though the space group of the crystals was the same as for the
open ternary complex are the principal determinants of EC, the unit cell parameters were substantially changed (Table 1)

(Tahirov et al., 2002, 2003). Therefore, the initial R factor of the ECthe fidelity of substrate incorporation or whether they
model was �45% at 3.2 Å resolution. The crystals were character-correspond to initial contacts that require further proof-
ized by the same type of twinning observed previously for the ECreading in the closed state. Additional biochemical anal-
crystals (Tahirov et al., 2002, 2003). However, in the present crystals,yses are required to address this question. We anticipate
the twinning was even more prominent. Though crystals diffracted

that substitutions of residues other than Gly640, Phe644, to 2.9 Å resolution, 3.2 Å resolution data produced better quality of
Gly645 near the preinsertion site, as well as those around the electron density than that obtained for higher resolution data.

After rigid body refinement carried out by the CNS program (Brungerthe insertion site (similar to analyses performed for
et al., 1998), the Rfree dropped to 36.5%. At this stage, the modelDNAPs), may shed light on the mechanism of substrate
for AMPcPP was built into the omit |2Fobs � Fc| electron densityselection by T7 RNAP.
map in all four RNAP molecules in the asymmetric unit. After severalAnother important question is whether DNAPs also
subsequent cycles of positional and B factor refinements using

utilize a mechanism involving substrate selection in the strong noncrystallographic symmetry restraints and alternate “water
open state as observed for T7 RNAP. As discussed pick” and “water delete” procedures as implemented in the CNS

program (Brunger et al., 1998), refinement converged to the final Rabove, both structural considerations and available bio-
factor of 25.5% (Rfree � 31.1%) (Table 1). The relatively high valuechemical data argue against the existence of such a
of Rfree probably accounts for the relatively low resolution of themechanism. However, more data will be required to
data used, as well as in part by the presence of twinning, whichdraw a final conclusion. Substitutions in the vicinity of
likely affected the quality of the processed diffraction data. With

the preinsertion site, for example in the loop intervening few exceptions, the EDs in the final |2Fo-Fc| and omit |Fo-Fc| maps
between O and O� helices, may help to elucidate the were of sufficiently high quality to determine functionally important

structural elements (AMPcPP, Mg2� ions, protein residues bound tomode of substrate selection by DNAPs.
the substrate and TSn nucleotide) (Figure 2A) in all four independent
molecules in the asymmetric unit of the crystals. However, judgingExperimental Procedures
by the modest resolution of the data, the structure might not be
precise in terms of detailed structural information (i.e., exact confor-Crystallization and Data Collection

T7 RNAP elongation complexes were assembled on a nucleic acid mations of the NTP phosphates and protein side chains, proper
positions, and coordination of Mg2� ions, etc). Figure 5 was preparedscaffold as previously described (Tahirov et al., 2002, 2003). The

sequences of the nucleic acid components were: T strand: using the SWISS-PDB Viewer program (Kaplan and Littlejohn, 2001).
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Figures 2, 3, 4A, and 6B were drawn using the MOLSCRIPT (Kraulis, Holmes, S.F., and Erie, D.A. (2003). Downstream DNA sequence
effects on transcription elongation. Allosteric binding of nucleoside1991), BOBSCRIPT (Esnouf, 1999), and Raster3D (Merrit and Bacon,

1997) programs. The atomic coordinates for the T7RNAP substrate triphosphates facilitates translocation via a ratchet motion. J. Biol.
Chem. 278, 35597–35608.complex reported here, as well as the corresponding structure fac-

tors, have been deposited in the Protein Data Bank with accession Huang, J., and Sousa, R. (2000). T7 RNA polymerase elongation
number 1S0V. complex structure and movement. J. Mol. Biol. 303, 347–358.
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