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Stable transcription-elongation complexes consisting of T7 RNA

polymerase (molecular mass 99 kDa) in association with a nucleic

acid scaffold consisting of an 8 bp RNA±DNA hybrid and 10 bp of

downstream DNA were assembled and crystallized by the sitting-

drop vapour-diffusion technique under near-physiological conditions.

The crystals diffract beyond 2.6 AÊ resolution and belong to space

group P1, with unit-cell parameters a = 79.91, b = 84.97, c = 202 AÊ ,

� = 90.36, � = 92.97, 
 = 109.94�. An unambiguous molecular-

replacement solution was found using the C-terminal portion of the

T7 RNA polymerase structure from the early initiation complex as a

search model. Model building and structure re®nement are now in

progress.
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1. Introduction

Although the DNA-dependent RNA poly-

merase (RNAP) encoded by bacteriophage T7

consists of a single subunit (883 amino acids,

99 kDa), this enzyme is able to carry out all the

steps of the transcription cycle in the same

manner as the multisubunit RNAPs found in

bacteria and eukaryotic cells (McAllister,

1997). The C-terminal portion of phage RNAP

(residues 267±883, which contains the active

site) is structurally related to the pol I-like

DNA polymerases and it has been suggested

that the N-terminal domain of the phage

RNAP confers upon the catalytic core the

ability to carry out the steps that are speci®c to

the transcription process (Cheetham et al.,

1999; Cheetham & Steitz, 2000; Jeruzalmi &

Steitz, 1998; Sousa et al., 1993).

To initiate RNA synthesis, the enzyme must

bind to a speci®c promoter DNA sequence that

lies upstream of the start site for transcription,

melt apart the two strands of the DNA in the

vicinity of the start site (forming a transcription

bubble) and begin RNA synthesis using the

coding strand of the downstream DNA as a

template and a single ribonucleotide as a

primer. A number of biochemical observations

indicate that the organization of the tran-

scription complex during elongation (EC) is

distinct from the organization of the early

initiation complex (IC), suggesting that

substantial changes in structure may occur

during this transition. These include changes in

the footprint of the enzyme on the DNA,

changes in the pattern of protease cleavage

and changes in nucleic acid±protein contacts as

probed by nuclease protection and protein±

nucleic acid crosslinking experiments (Brieba

& Sousa, 2001; Ikeda & Richardson, 1986; Ma,

Temiakov et al., 2002; Place et al., 2000; Sousa et

al., 1992; Temiakov et al., 2000).

Four structures of T7 RNAP have been

reported: free enzyme, RNAP bound to the

transcription inhibitor T7 lysozyme, a binary

RNAP±promoter complex and an early IC in

which the ®rst three bases of the template

strand have been transcribed (Cheetham et al.,

1999; Cheetham & Steitz, 1999; Jeruzalmi &

Steitz, 1998; Sousa et al., 1993). All these

structures exhibit a similar conformation of the

enzyme, indicating that the initial stages of

transcription may be achieved without serious

changes in enzyme structure. However, these

structures were not in agreement with

biochemical observations with regard to the

organization of the EC and did not provide

plausible mechanisms for further transcription

progress (Huang & Sousa, 2000; Liu & Martin,

2001; Ma et al., 2002; Severinov, 2000;

Temiakov et al., 2000).

Here, we report crystallization of the T7

RNAP EC, the structure of which may help to

resolve the principal differences between

previous biochemical and structural data

(Cheetham & Steitz, 1999; Severinov, 2000;

Temiakov et al., 2000) and provide further

insight into mechanisms of transcription at

various stages of transcription cycle.

2. Experimental procedures and results

2.1. T7 RNAP purification and assembly of the

elongation complex

Histidine-tagged T7 RNAP was puri®ed as

previously described (He et al., 1997; Temiakov

et al., 2000) with an additional puri®cation step

on phosphocellulose introduced to ensure high

purity of the enzyme. Brie¯y, after elution from
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Ni2+-agarose beads the protein was dialyzed

against phosphate buffer (20 mM sodium

phosphate pH 7.7, 50 mM NaCl, 5 mM

�-mercaptoethanol) and mixed with 1 ml of

phosphocellulose slurry (Whatman P11;

prepared as recommended by the supplier).

After 1 h incubation on a rotary shaker at

277 K, the slurry was ®ltered through an

empty PD10 column (Pharmacia). The

¯owthrough was discarded and the poly-

merase was eluted with four 1 ml aliquots of

elution buffer (200 mM sodium phosphate

pH 7.7, 400 mM NaCl, 5 mM �-mercapto-

ethanol). Peak fractions were identi®ed by

gel electrophoresis, pooled and dialyzed

against buffer containing 10 mM Tris pH 8.1,

200 mM NaCl, 20 mM MgCl2 and 5 mM

�-mercaptoethanol. The protein was

concentrated to 50 mg mlÿ1 on a Vivaspin

concentrator (Sartorius), divided into

aliquots and stored at 203 K. We estimate

the purity of the polymerase to be greater

than 99% by gel electrophoresis.

Synthetic DNA oligonucleotides (18 nt

template strand and 10 nt non-template

strand) and 12-mer synthetic RNA (Dhar-

magon Research) were dissolved in water

(all at 3 mM concentration), incubated for

7 min at 343 K and then allowed to cool to

293 K over a period of 2±3 h to give a

solution of scaffold template having an

eight-base-pair RNA±DNA hybrid with an

unpaired 50 RNA `tail' of 4 nt and 10 bp of

downstream DNA (Fig. 1a). Transcription

complexes were assembled by mixing T7

RNAP with the scaffold in a 1:1 molar ratio

in buffer containing 10 mM Tris pH 8.1,

200 mM NaCl, 20 mM MgCl2 and 5 mM

�-mercaptoethanol. Such complexes have

been shown to be stable and fully active in

vitro and to have all of the properties of ECs

formed by initiation at a T7 promoter in a

double-stranded DNA template (Temiakov

et al., 2003).

2.2. Crystallization

We elected to use low-salt solutions in

search of crystallization conditions for the

T7 RNAP EC in order to ensure stability of

the assembled complex (Temiakov et al.,

2003). In previous crystallization attempts

(Chen et al., 1999), it was demonstrated that

PEG 8000 was the only precipitant that

produced crystals of wild-type and His-

tagged T7 polymerase. The same precipitant

was successfully used in crystallization of

promoter and initiation complexes of T7

RNAP, even though a higher salt concen-

tration was used (Cheetham & Steitz, 1999;

Jeruzalmi & Steitz, 1998). We have tried a

variety of polyethylene glycol precipitants

and found that solutions of PEG 5000 MME,

PEG 6000 and PEG 8000 produced crystals,

the latter crystals being suitable for crystal-

lographic studies. Crystallization was carried

out by the sitting-drop vapour-diffusion

technique at 293 K. The drop, containing

2 ml of 10 mg mlÿ1 complex solution, was

mixed with 2 ml of well solution containing

10% PEG 8000, 10% glycerol, 5 mM

�-mercaptoethanol, 100 mM Tris buffer pH

8.1. Thin plate-like crystals (0.35 � 0.35 �
0.05 mm) grew within 3±5 d.

To analyze the composition of the

complex prior to collection of diffraction

data, one large single crystal was removed

from the sitting drop, washed several times

in a stabilizing solution (12.5% PEG 8000,

12.5% glycerol, 5 mM �-mercaptoethanol in

100 mM Tris buffer pH 8.1), dissolved in

SDS and subjected to electrophoresis in a

4±12% Nu-PAGE gradient gel using an MES

buffer system (Invitrogen). After electro-

phoresis, the gel was stained with silver stain

(Wako) (Fig. 1b). The crystal sample (lane 3)

contained a large protein band (100 kDa)

corresponding to T7 RNAP (lane 4) as well

as a fast-migrating band (<4 kDa) that

corresponded to the nucleic acid scaffold

(lane 2).

The size and the quality of the crystals

depended upon the ionic strength of the

solution, the pH and the presence of certain

additives. The ®nal conditions (10% PEG

8000, 8% glycerol, 5 mM �-mercapto-

ethanol, 100 mM Tris buffer pH 8.1) yielded

high-quality crystals (Fig. 2).

2.3. Data collection and processing

The quality of the crystals was ®rst

checked using a laboratory X-ray generator

(Rigaku FR-D, rotating anode, Cu radiation,

focal size 0.15 � 1.5 mm, confocal mirrors)

operated at 50 kV and 100 mA. Diffraction

was measured using a Rigaku R-AXIS IV++

imaging-plate detector. For data collection

at room temperature (293 K), the crystals

were mounted in glass capillaries. For data

collection at cryotemperature (100 K), the

crystals were soaked in a stock solution in

which the concentration of cryoprotectant

was gradually increased over a period of

�2±3 min. The crystals then were mounted

in nylon loops (Hampton Research) and

¯ash-cooled in a stream of cold nitrogen gas.

The best cryoprotectant solution contained

10%(w/v) PEG 8000, 10%(v/v) glycerol,

20%(v/v) PEG 400, 100 mM sodium

chloride, 10 mM magnesium chloride and

5 mM �-mercaptoethanol in 50 mM Tris

buffer pH 8.1. The reduction of salt

Figure 1
(a) Nucleic acid scaffold used to assemble T7 RNA
polymerase elongation complex. (b) PAGE analysis
of the crystals. Samples were resolved in 4±12%
gradient gels (Nu-PAGE, Invitrogen) using an MES
buffer system and visualized by silver staining. Lane
1, Mark-12 molecular-weight standards (Invitrogen);
lane 2, RNA±DNA scaffold; lane 3, crystal; lane 4, T7
RNA polymerase.

Figure 2
Crystals of T7 RNA polymerase elongation complex.

Table 1
Data-collection statistics for the T7 RNAP elonga-
tion complex.

Values in parentheses are for the highest resolution shell.

Unit-cell parameters
a (AÊ ) 79.91
b (AÊ ) 84.97
c (AÊ ) 202.00
� (�) 90.36
� (�) 92.97

 (�) 109.94

Temperature (K) 100
Space group P1
Molecules in asymmetric unit 4
Solvent content (%) 57.3
Resolution (AÊ ) 40±2.6 (2.69±2.6)
Observations 488245
Unique re¯ections 143689
Rmerge² 0.081 (0.451)
Completeness (%) 94.2 (73.6)
I/�(I) 14.7 (2.9)

² Rmerge =
P jIj ÿ hIjij=

PhIji, where Ij is the intensity of

re¯ection j and hIji is the average intensity of re¯ection j.
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concentration in the cryoprotectant helped

to prevent crystal cracking and improved

diffraction quality.

A complete diffraction data set at 2.6 AÊ

resolution was collected using synchrotron

radiation at SPring-8 beamline BL45XU

equipped with a Rigaku R-AXIS V imaging-

plate detector. The diffraction data were

processed using the HKL2000 program

package (Otwinowski & Minor, 1997)

(Table 1).

3. Discussion

Although the shape and thickness of the

different crystals were variable, the unit-cell

parameters were nearly identical. Crystals

belong to space group P1 and the solvent

content (Matthews, 1968) (Table 1) showed

that the asymmetric unit could accom-

modate four molecules of the complex.

Initial attempts to solve the structure by

the molecular-replacement method using

the coordinates of the whole T7 RNA

polymerase molecule from the initiation

complex (PDB code 1qln) were unsuc-

cessful, indicating that large conformational

changes occur upon the transition of T7

RNA polymerase from the early IC to the

EC. Indeed, the 8 bp DNA±RNA hybrid (as

observed in the eukaryotic EC; Gnatt et al.,

2001) superimposed on the 3 bp hybrid of

the T7 RNAP early IC clashes with the

RNAP N-terminal domain, suggesting that a

major rearrangement of this domain occurs

upon the transition from the early IC to the

EC. When the N-terminal domain (residues

2±267) and the protruding parts of

C-terminal domain (residues 344±393,

590±612, 742±767) were removed from the

search model, clear rotation and translation

solutions for the four molecules in the

asymmetric unit (related by non-crystal-

lographic symmetry) were obtained using

the AMoRe program (Navaza, 2001) (Table

2). The rigid-body re®nement, as imple-

mented in AMoRe, yielded an R factor of

43.7% at 3.0 AÊ resolution. Model building of

the nucleic acids and the rearranged

portions of the protein and re®nement of the

structure are in progress.
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Table 2
Molecular-replacement solution in P1 space group
for T7 RNAP elongation complex.

(a) Rotation search. Resolution range 20.0±4.0 AÊ , search
radius 30.0 AÊ . CC_P and CC_I are Patterson and
intensity-based correlation coef®cients as de®ned in the
AMoRe program (Navaza, 2001).

CC_P CC_I R factor (%)

1st peak 28.1 24.8 52.4
2nd peak 27.4 23.6 52.4
3rd peak 14.9 21.5 53.7
4th peak 13.5 20.3 54.2
5th peak 8.7 18.2 54.5

(b) Translation search. Resolution range 8.0±4.0 AÊ .

Correlation
coef®cient

Translation
function

R factor
(%)

2 molecules in ASU
1st peak 30.0 19.8 47.0
2nd peak 20.3 5.3 50.3

3 molecules in ASU
1st peak 35.0 16.5 46.0
2nd peak 26.5 4.9 48.7

4 molecules in ASU
1st peak 38.2 15.6 45.2
2nd peak 30.9 5.0 47.5

(c) Rigid-body re®nement.

Resolution range (AÊ ) 8.0±3.0
R factor (%) 43.7


