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A backbone model of a 10-subunit yeast RNA polymerase I1 has been derived 
from x-ray diffraction data extending t o  3 angstroms resolution. All 10 subunits 
exhibit a high degree of identity wi th  the corresponding human proteins, and 
9 of the 10 subunits are conserved among the three eukaryotic RNA poly- 
merases I, II, and Ill. Notable features of the model include a pair of jaws, formed 
by subunits Rpbl, Rpb5, and Rpb9, that appear t o  grip DNA downstream of the 
active center. A clamp on the DNA nearer the active center, formed by Rpbl, 
Rpb2, and Rpb6, may be locked in  the closed position by RNA, accounting for 
the great stability of transcribing complexes. A pore in  the protein complex 
beneath the active center may allow entry of substrates for polymerization and 
exit of the transcript during proofreading and passage through pause sites in 
the DNA. 

RNA polymerase I1 (pol II), the central en- mass of 3.5 MD. In transcription elongation 
zyme of gene expression, synthesizes all complexes, Mediator and some of the general 
messenger RNA in eukaryotes. The intricate transcription factors are replaced by SII 
regulation of pol I1 transcription underlies (TFIIS), Elongator, other elongation factors, 
cell growth and differentiation. The size and and RNA processing proteins (3, 5, 6). 
complexity of pol I1 befit this important role. Determination of molecular models for 
The best characterized form of the enzyme, the pol I1 transcription machinery has so far 
that from the yeast Saccharomyces cerevi- been limited to a half dozen of the smallest 
siae, comprises 12 different polypeptides, proteins and protein fragments (7-17). De-
with a total mass of about 0.5 megadaltons tailed structural studies of the larger proteins 
(MD) (Table 1). The human enzyme must be and multiprotein complexes, essential for un- 
virtually identical, as the human genes for all derstanding the mechanism and regulation of 
subunits show a high degree of sequence transcription, pose a more formidable chal- 
conservation (Table I), and at least 10 mam- lenge. We report here the x-ray analysis of a 
malian pol I1 genes can be substituted for 10-subunit yeast pol 11. As nine of the sub- 
their counterparts in yeast (1). units are conserved among RNA polymerases 

Pol I1 is the core of the transcription ma- I, 11, and 111 (la), our findings provide a basis 
chinery. On its own, it can unwind the DNA for understanding the entire eukaryotic tran- 
double helix, polymerize RNA, and proof- scription machinery. They suggest roles for 
read the nascent transcript. In the presence of each of the many subunits and give insight 
additional proteins, it assembles even larger into the remarkable features of the transcrip- 
initiation and elongation complexes, capable tion mechanism. 
of promoter recognition and response to reg- Our investigation stemmed originally from 
ulatory signals. A regulated initiation com- the development of a yeast cell extract capable 
plex comprises pol 11, five general transcrip- of accurately initiated pol I1 transcription (19) 
tion factors, and a multiprotein Mediator (2- and the development of a general method of 
4).  It contains some 60 proteins, with a total forming single-layer [two-dimensional (2D)l 

protein crystals (20). An active extract opened 
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crystallization allowed its use as a structural 
assay to guide the preparation of pol I1 that 
would form better crystals. It soon emerged that 
heterogeneity of pol 11, owing to substoichio- 
metric levels of two small subunits, Rpb4 and 
Rpb7, was an impediment to crystallization. 
The problem was solved by the isolation of pol 
I1 from an RPB4 deletion strain of yeast, yield- 
ing a "deletion" enzyme lackmg both Rpb4 and 
Rpb7, which together account for only 8% of 
the mass of the wild-type protein. The deletion 
enzyme, unimpaired in transcription elongation 
and also fully active in transcription initiation 
when supplemented with the missing subunits 
(22), formed exceptionally large, well-ordered 
2D crystals (23). Structures of pol I1 alone. and 
complexed with general transcription factors 
and nucleic acids, were determined by 3D re- 
construction from electron micrographs of 2D 
crystals to about 15 resolution (24-27). In 
the course of this work, it became apparent that 
even at the low protein concentration used for 
2D crystallization, typically about 0.1 mgiml, 
there was a tendency of the crystals to grow 
epitaxially, adding additional layers in register 
with the first (23). This tendency was exploited 
by the use of 2D crystals as seeds for growing 
3D crystals (28), which are now readily ob- 
tained by conventional methods as well. 

X-ray diffraction from 3D crystals of pol I1 
was initially undetectable. The problem proved 
to be oxidation. Maintenance of an inert atmo- 
sphere during the final stages of protein purifi- 
cation and throughout crystal growth, as well as 
improvements in crystallization conditions. en- 
abled the collection of diffraction data to 3.5 A 
resolution (29). Because of the great size of the 
protein and unit cell, only large heavy atom 
clusters, such as an 18-tungsten-atom cluster. 
could be used for initial phase determination. 
The validity of the initial phases was shown by 
a close fit of the electron density map computed 
at 6 A resolution to the pol I1 map from 2D 
crystallography (29). There was only one devi- 
ation between the two maps, which was attrib- 
uted to movement of a protein domain, suggest- 
ed to clamp nucleic acid in a transcribing com- 
plex (29). 

With a 6 A phase set, it should have been 
possible to locate individual heavy atoms in 
isomomhous derivatives and to extend structure 
determination to higher resolution. There were, 
however, three major obstacles. First. diffrac- 
tion to 3.5 A resolution could not be obtained 
reproducibly. Second, the crystals were noniso- 
morphous, varying by as much as 10 A in one 
dimension of the unit cell. Very few crystals 
could be derivatized and matched with an iso- 
morphous native crystal. Because of the low 
abundance of pol 11, approximately 10,000 li- 
ters of cell culture had to be processed to obtain 
the 6 A electron density map, and far more 
would have been required for extension to high 
resolution. The final obstacle was that heahy 
atom compounds commonly used for protein 
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phase determination destroyed diffraction from 
the crystals. 

A crystallographic backbone model for 
RNA polymerase II. These difficulties were 
overcome in the present work by a soaking 
procedure that shrank the crystalsto an apparent 
minimum of the variable unit cell dimension 
(30). The resulting crystals were isomorphous 
and diffracted isotropically to 3.0 A resolution 
(31). Because the improved crystals were non-
isomorphous with the original crystals, initial 
phases were redetermined by multiple anoma-
lous dispersion (MAD) with a six-tantalum-
atom cluster derivative, which showed a single 
peak in difference Pattersons (Fig. 1) (32). 
These phases sufficedto reveal individual heavy 
atoms in other crystals by means of cross-dif-
ference Fouriers (Fig. 1) (33). An extensive 
search identified nonstandard mononuclear 
heavy atom compounds that gave useful deriv-
atives (Table 2) (34). Phases were determined 
by multiple isomorphous replacement with 
anomalous scattering (MIRAS) from 10 data 
sets, ranging from 4.0 to 3.1 A resolution 
(Table 2) (35). The resulting molecular enve-
lope was in good agreement with that previ-
ously obtained at 6 A resolution (29). After 
solvent flattening, an electron density map 
was obtained that revealed the course of the 
polypeptide chain and many amino acid side 
chains (Fig. 2) (36). 

Available structures of pol I1 subunits and 
subunit fragments, comprising 14%of all pol I1 
amino acid residues, were manually fit into the 
electron density (37). The complete structures 
of yeast Rpb5 and Rpb8 were used, whereas 
structures of Escherichia coli and archaebacte-
rial homologs of yeast Rpb3, 6, 9, 10, and 11 
were truncated to the conserved regions (Table 

Table 1. Yeast RNA polymerase II subunits. 

1). In all cases, a unique fit of the subunit fold 
to regions of the electron density map was 
observed. Subunit placement was facilitated by 
the location of eight zinc ions, revealed by a 
zinc anomalous difference Fourier (Fig. 1 and 
Table 1). Most parts of the yeast subunits miss-
ing from the homologous proteins could be 
modeled as polyalanine into adjacent regions of 
electron density. The remaining density, about 
70% of the total volume, was attributed to the 
two large subunits, Rpbl and Rpb2, with a 

A 

Tantalum difference Pattersons 

isomorphous anomalous 
u 

minor contribution from the smallest subunit, 
Rpbl2. It was modeled as polyalanine frag-
ments, with the use of standard secondarystruc-
ture elements wherever possible. Combination 
of phases from MIRAS and an initial polyala-
nine model resulted in an improved map, which 
allowed adjustment and extension of the model 
(38). The polyalanine fragments were assigned 
to Rpbl or RpbZ on the basis of (i) the location 
of the active-site metal bound by Rpbl (see 
below); (ii) two zinc-bindingmotifs in the NH,-

B 
Zinc anomalous difference Fouriers 

Tantalum MAD phases FinalMIRAS phases 

anta alum feedback pack Active site metal 

Fig. 1.Localizationof heavy atoms. (A) Harker sections of isomorphousand anomalous difference 
Patterson maps of the tantalum cluster derivative (Table 2). A single peak at the same position in 
the two maps is observed. Heights of the Harker peaks in the isomorphous and anomalous 
difference Pattersons were 6 a and 5 a,respectively.The resolution range of the data used is 40 
to  5.5 r$. The contour levels are 3 o (background) and 1 o (steps). (8) Anomalous difference Fourier 
calculatedwith native data collected at the zinc anomalouspeak energy usinginitialtantalum MAD 
phases (left) and final MIRAS phases (right). The projection of one asymmetric unit along the z axis 
is shown for tantalum and MIRAS phases at a contour level of 3 a and 7 a,respectively,with 1a 
steps. The eight strong peaks correspondto structuralzinc atoms (Table 1). The ninth peak corresponds 
to  the active site metal and likely arises from partial replacement of magnesium by zinc. 

Subunit Mass Residuesin Identityto Structure used in modelin 

(kD) sequence human(%)I 
Organism Protein Method ID8 Refer- Conserved Zinc site (0)' ~ ~ ~ n ~ s l 

code ence residues' 
Rpbl 191.6 1733 52 1213 (84)' Zn6 (23.2), 

(1449)' Zn8 j19.3j, 
"Zn9" (9.8)' 

RpbZ 138.8 1224 61 949 (78) Zn7 (23.1) 
Rpb3 35.3 318 46 X-ray lbdf (69) 869,162- 264(83) ZnZ (30.2) Cys207 

180,233-
251 

RpM 25.4 221 30 
Rpb5 25.1 215 45 S. cerevisiae Rpb5 X-ray ldzf (47) 211 (98) Cys83 
Rpb6 17.9 155 59 Human RPABC14.4 NMR lqkl ( 7  79-154 140(96) 
Rpb7 19.1 171 61 
Rpb8 16.5 146 43 S. cerevisiae Rpb8 NMR la l d  (73) 114(78) Cys24, 

Cys36 
Rpb9 143 122 37 Thermococcuscder Rpb9COOH- NMR lqyp ( 74) 67-1 12 117 (96) Zn3 (27.5). 

term. domain Zn4 (26.4) 
RpblO 8.3 70 73 Methanobacterium RpblOhomolog NMR lef4 (87) 3-55 65 (93) Zn1 (31.9) 

thermaautotmphkum 
Rpbll 13.6 120 50 E. cdi a X-ray lbdf (69) 19-101 110(92) 
Rpbl2 7.7 70 43 36 (51) Zn5 (24.7) 
Total 513.6 4565 53 3219 (83)' 8 t 1  

'Percentage of identical amino acid residues, for Rpbl excluding the COOH-terminal domain. 2Peaks in the zinc anomalous difference Fourier shown in Fig. 1. Peaks are numbered 
according t o  their height which is given in parentheses in multiples of the standard deviation. Zn6 and Zn8 are located in the NH2-terminal region of Rpbl. Zn7 is located in the 
COOH-terminal region of RpbZ.Zn3 is located in the NH2-terminal and Zn4 in the COOH-terminal domain of Rpb9. 3These exposed cysteine residues coincide with mercury sites 
in two independent derivatives [mercury, Table 2, and ethylmercuryphosphate (89)],confirming the modeling at several places. 4Conse~edresidues (yeast protein numbering) 
t o  which the model structure was truncated before placement in the electron density. SThenumbers in parenthesescorrespondto  Rpbl without the unstructured COOH-terminal 
domain (CTD). 6The ninth peak in the zinc anomalous difference Fourier correspondsto  the active site metal and likely arises from partial replacement of the active site metal 
by zinc. 'The number in parentheses correspondsto  the pol I I  mutant used in structure determination, which lacks subunits Rpb4 and Rpb7. 
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terminal region of Rpbl, connected by a linker The current backbone model comprises 8 assuming all residues are ordered except the 
of appropriate length; (iii) one zinc site in the polyalanine fragments for Rpbl, 10 fragments COOH-terminal domain of Rpbl. Building of 
COOH-terminal region of Rpb2; and (iv) cross- for Rpb2, and major portions of all small sub- an atomic model is well advanced. 
linking of Rpb5 to the COOH-terminal region units (Table 1). It accounts for the entire mo- General architecture and DNA binding. 
of Rpb 1 and of Rpb3 to residues 901 to 992 of lecular volume observed in the crystals and The two largest subunits, Rpb 1 and Rpb2, form 
Rpb2 (39). contains 3219 residues, about 83% of the total, distinct masses with a deep cleft between them 

Fig. 2. Subunit struc- 
tures determined pre- 
viously or rebuilt here A 
fitted to  the experi- " 
mental pol ll electron 
density. The solvent- 
flattened MlRAS elec- 
tron density map 
(blue) is contoured at 
1.0 u. Experimental 1 
phases in the resolu- 
tion range 40 t o  3.1 A 
were used to  calculate 
the map. In (A) and 
(B), the map was fil- 
tered with program 
MAPMAN to  reduce 
noise (84). This maD 
facilitated' fold recog- 
nition but appears to  
be at lower resolution. 
and side chain densitv -4 
is largely removed. 6 
(C), the original map is . . 
shown, which is noisi- 

Residues 
197-21 0 

Znl / 

Q COOH-terminal 
region 

RpblO 

pstrand In Rpbl l  
(residues 6fI-75) 

er but reveals many 
details. (A) Ca model of Rpb5 [black (47)] fitted to the density (blue). A 
loop that is involved in packing against Rpbl is in a different conforma- 
tion in pol II than in the structure of free Rpb5 (orange). Peaks of 
anomalous difference Fourier transforms of two mercury derivatives 
(pink, yellow, both contoured at 5 u)  coincide with the position of Cys83. 
(B) Ca traces of the NMR structure of the RpblO homolog from Meth- 
anobacterium thermoautotrophicum [orange (87)] fitted t o  the density 
(blue) and the rebuilt backbone model for yeast RpblO (black). The 

Location of the zinc ion in the NMR structure coincides with a strong 
peak in  the zinc anomalous Fourier (pink, contoured at 7 a). (C) One 
of the p strands in Rpb l l  (black, residues 68 t o  75) fitted to  the 
density (blue). Distinct electron density is present for several side 
chains. The model was obtained by placing the conserved core of E. 
coli a (69) and replacing the side chains with those in yeast Rpb l l  
using the most common rotamer. This figure was prepared with 
BOBSCRIPT (85) and MOLSCRIPT (86). 

Table 2. Data collection and MlRAS phasing. 

Soaking time 
Dataset' X-ray Wave- Resolution Unique Complete- Redun- Mosa- Phasing 

source' Ie;' (A) reflections' ness (%)' dancy icity (')' (%)" and.nce.- i t  4- (%I6 i s ~ ~ 0 7  i!:po;;, tration 

Data mllection and MlRASphasing 1222, 131 x 225x 370A 
Native (zinc) SSRL 1.283 40-3.1 98,315 (9,073) 99.2 (92.7) 4.7 0.44 8.4 (29.8) 8 -10.97 -10.79 
Tantalum,' peak SSRL 1.2551 40-3.5 64,756 (5.724) 92.9 (82.9) 3.2 0.95 8.2 (25.7) 3 h 2 mM 6 11.3 0.9310.88 0.9711.06 
Tantalum, inflection SSRL 1.2553 40-3.5 61.506 15.6821 88.3 182.31 3.1 7.3 127.31 
Tantalum, remote 
Iridium-la 
Iridium-1 b 
Iridium-2 
Mercury-a 
Mercury-b 
Rhenium-1 
Rhenium-2a 

SSRL 1.3776 
ALS 1.105 
SSRL 1.106 
SSRL 1.107 
SSRL 1.009 
SSRL 1.009 
SSRL 1.181 
ALS 1.176 

Rhenium-2b ALS 1.176 6 3 . 3  79.025 (6,820) 96.0 (83.6) 3.2 0.90 6.4 (33.0) 5 h 5 mM 11 15.1 0.8810.82 0.9010.88 
MlRAS figure ofmerit (FOM) with resolution 
Resolution (A) 39.24-8.58 8.58-6.14 6.14-5.03 5.03-4.37 4.37-3.91 3.91-3.57 3.57-3.31 3.31-3.10 Overall 40-3.1 
FOM (centria) 0.616 0.690 0.689 ' 0.609 0.562 0.557 0.524 0.255 0.585 
FOM (acentrics) 0.801 0.810 0.743 0.621 0.555 0.514 0.440 0.192 0.529 

'Numbers following the element names indicate different heavy atom compounds. Lowercase letters indicate different soaking concentrations or soaking times, leading t o  differences 
in the numbers and occupancies of heavy atom sites. Although data sets from derivative pain obtained in this way were correlated, additional phase information could be extracted 
that proved crucial for obtaining an interpretable electron density map. The heavy atom compounds used were as follows: tantalum. Ta,BrlZ2+; iridium-1, chloro-pentamethylcy- 
clopentadienyl-1,2-bis(diphenylphosphino)ethane-iridium chloride; iridium-2, pentamethylcyclopentadienyl-iridiumchloride dimer; mercury. Hg3N3C18012H,,, a 1,3, 5-triazine-based 
compound. Although the same compound, methyltrioxorhenium, was used for rhenium-1 and rhenium-2, the observed binding sites differ, leading t o  independent derivatives. We 
believe that the compound was altered with time in solution leading t o  a different chemical specificity. Tantalum and iridium-2 derivatives were found previously (29), and gave 
diffraction t o  higher resolution in this study. ,SSRL, beamline 9-2 at the Stanford Synchrotron Radiation Facility; ALS, beamline 5.0.2 at the Advanced Light Source at Berkeley. 
3Statistics for the highest resolution shell are given in parentheses. 4Mosaicity was refined with SCALEPACK (82). 5R,, = Xj hll(i,h) - (I(h))l/Z,,ll(i,h)l, where (I(h)) is the mean 
of the I observations of reflection h. R,, was calculated with anomalous pairs merged; no sigma cut-off was applied. 6Ri,, = komorphous difference = XIF,, - FpIXFpH, where 
Fp, and Fp are the derivative and native structure factor amplitudes, respectively. 'R,,,,,,, mean lack of closure divided by the mean isomorphous/anomalous difference. Phasing 
power, mean value of heavy atom structure factor amplitudes divided by the lack of closure. The numbers given are for acentric reflections. These statistics were calculated with SHARP 
(83). t o  random orientation of the cluster, it was treated as a point scatterer and data were used to  only 4.5 A resolution. The MAD data were used for initial phasing 
but only the peak wavelength data were used in the final MlRAS phasing. 

28 APRIL 2000 VOL 288 SCIENCE www.sciencemag.org 



R E S E A R C H  A R T I C L E S  

active site M$+ by Zn2+ during protein puri- 
fication (Fig. I), and difference Fouriers ob- 
tained from crystals soaked with either Mn2+ or 
Pb2+ showed a single peak at the same location 
(41). The metal ion site occurs within a prom- 
inent loop of Rpbl (Fig. 3), which, on the basis 

(Fig. 3). Each of the small subunits occurs in a 
single copy, arrayed around the periphery. The 
structure is cross-strutted by elements of Rpbl 
and Rpb2 that traverse the cleft A helix of 
Rpbl bridges the cleft, and the COOH-terminal 
region of Rpb2 extends to the opposite side. 
The Rpbl-Rpb2 complex is anchored at one 
end by a subassembly of Rpb3, RpblO, Rpbl 1, 
and Rpbl2. 

The active site was located crystallographi- 
cally by replacement of the catalytic M$+ ion 
with Zn2+, Mn2+, or Pb2+ (40). A native zinc 
anomalous Fourier showed a 10-u peak that 
likely results from partial replacement of the 

the active site (ahead of the transcribing poly- 
merase) was previously determined by differ- 
ence 2D crystallography of an actively tran- 
scribing complex (27). Canonical B-form DNA 
placed in this location lies in the Rpbl-Rpb2 
cleft, and can follow a straight path to the active 
site (Fig. 3). About 20 base pairs are readily 
accommodated between the edge of the poly- 
merase and the active site, consistent with nu- 
clease digestion studies showing the protection 
of about this length of downstream DNA (45). 
This proposal for the pol 11-DNA complex is 
also consistent with results of protein-DNA 
cross-linking experiments: Rpbl and Rpb5 

of preliminary sequence assignment, harbors 
the conserved aspartate residue motif (42). 
Only one catalytic metal ion was found, and 
only one was reported for a bacterial RNA 
polymerase (43), although a two-metal ion 
mechanism, as described for single-subunit 
polymerases (44), is not ruled out. 

The location of duplex DNA downstream of 

Fig. 3. Architecture of yeast RNA polymerase II.  Backbone models for tallographic studies (27). Eight zinc atoms (blue spheres) and the 
the 10 subunits are shown as ribbon diagrams. Secondary structure active site magnesium (pink sphere) are shown (Table 1). The box 
has been assigned by inspection. The three views are related by 90" (upper right) contains a key to the subunit color code and an in- 
rotations as indicated. Downstream DNA, though not present in the teraction diagram. The same views and color coding are used through- 
crystal, is placed onto the ribbon models as 20 base pairs of canonical out the article. This and other figures have been prepared with 
B-DNA (blue) in the location previously indicated by electron crys- RIBBONS (87). 

www.sciencemag.org SCIENCE VOL 288 28 APRIL 2000 



R E S E A R C H  A R T I C L E S  

cross-link to one side of the DNA and Rpb2 to 
the other; and in the case of Rpb5, the cross-
links are located about 5 to 15base pairs down-
stream of the active site (46). 

Jaws position downstream DNA. Rpb5, 
and regions of Rpbl and Rpb9 on the opposite 
side of the Rpbl-Rpb2 cleft, form "jaws" that 
appear to grip the DNA (Fig. 4). Both the upper 
and lower jaw may be mobile, opening and 
closing on the DNA. Mobility within Rpb5 is 
suggested by comparison with the x-ray aystal 
structureof the subunit alone (47). There was a 
nearly perfect fit of the subunit structure to the 
corresponding region of the pol II electron den-
sity map (Fig. 2A), except for a change in 
relative orientation of the NH2- and COOH-
terminal domains, and a conformational change 
of a loop in the COOH-terminal domain (Fig. 
4B). The solvent-exposed, %-terminal do-
main (residues 1 to 142)has apparently moved 
by as much as 5 A in the direction of DNA in 
the pol I1 cleft, relative to the position in RpbS 
alone, with the COOH-terminal domain (resi-
dues 143to 215) held fixed against the body of 
Rpbl (Fig. 4B). The observed position of the 
NH2-terminal domain in pol I1 is defined by 
crystal contacts. 

Residues in the RpbS loops facing the 
DNA are conserved (Fig. 4C). Two prolines 
that are strictly conserved present their side 
chains to the DNA with a spacing and relative 
orientation appropriate for contacting the 
DNA backbone. Proline residues have been 
seen to interact with backbone ribose moi-
eties of DNA in other crystal structures (48, 
49). Such nonspecific van der Waals interac-
tions might favor a particular rotational set-
ting of the DNA, without greatly impeding 
the helical screw rotation required to propel 
the DNA toward the active site and to unwind 
it for transcription. 

Other conserved residues of RpbS are lo-
cated in the linker between the NH2- and 
COOH-terminal domains and in the NH2-
terminal helix (Fig. 4C). Since the linker is 
not involved in subunit-subunit interactions, 
conserved residues might ensure a directed 
movement of the NH,-terminal domain. Con-
served residues in the NH2-terminal helix 
form a positive charge cluster that is too far 
from DNA to contact it directly, but might 
attract it through long-range interactions. 

RpbS is likely to play a role in transcrip-
tional activation (50). The NH2-terminal do-

main of Rpb5 binds to the transactivation 
domain of the hepatitis B virus X protein 
(51). Another Rpb5-interactingprotein inter-
feres with transactivation (52). Some activa-
tors might function by enhancing jaw-DNA 
interaction, thereby stabilizing transcription 
initiation or elongation complexes. 

The upper jaw, formed by regions of 
Rpbl and Rpb9, corresponds with a domain 
previously shown to be mobile by 2D crys-
tallography (53). Rpb9 is composed of two 
zinc-binding domains separated by a 15-res-
idue linker. A stretch of the linker adds a P 
strand to a sheet in the Rpbl region of the 
jaw. Rpb9 therefore buttresses Rpbl, possi-
bly constraining mobility of the jaw and 
strengthening its grip on DNA. Mutations in 
Rpb9 alter the locations of transcription start 
sites (54-56), which might be explainedby a 
diminishedgrip on the DNA, or alternatively, 
by direct Rpb9-DNA interaction before entry 
of the DNA into the Rpb 1-Rpb2 cleft. 

A clamp retains DNA.A second mobile 
element of pol 11, previously revealed by low-
resolution structures and referred to as a 
"hinged" domain, was suggested to clamp nu-
cleic acids in the cleft (29). This element, here 

pal region 

Fig. 4. Jaws. (A) Stereoview of structural ele-
ments constituting the jaws (Left) and the Lo-

&awed cation of these elements within pol II (right). 
m e o m (B) Mobilityof the larger, NH,-terminal domain 

of R b5. Backbone models of free Rpb5 [gray
ProBO PIV~16 (47)rand Rpb5 in pol II (pink) are shown with 

their smaller, COOH-terminal domains super-
imposed. (C) Conservation of amino acid resi-
dues of Rpb5. 

COOH-terminal 

Linker onto Rpbl Linker 
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termed the "clamp," comprises NH,-terminal one, but not two, nucleic acid strands. One lower part of the wall and Rpbl, and continues 
regions of Rpbl and Rpb6 and the COOH- groove winds around the base of the clamp downward between Rpbl and Rpbll (Fig. 7, 
terminal region of Rpb2 (Fig. 5). All three (Fig. 7, groove 1). The other is between the groove 2). We favor groove 1 as the RNA 
polypeptides enter at the base of the clamp near 
the-&tive site, allowing a degree of conforrna- 
tional freedom but not unrestricted movement 
of the clamp. Within the Rpb6 region, 17 out of 
42 residues are negatively charged, forming a 
cluster near the bottom of the clamp. This re- 
gion of Rpb6 is also phosphorylated by casein 
kinase 11, suggesting a regulatory role (57). 

The clamp forms one side of the Rpbl- 
Rpb2 cleft, where it may interact with the DNA 
(and the DNA-RNA hybrid, see below) from 
the active site to about 15 residues downstream. 
This DNA region corresponds with a double- 
stranded DNA binding site, 3 to 12 residues 
downstream of the active site, defined by bio- 
chemical analysis of E. coli RNA polymerase 
(58-60). This binding site was referred to as a 
"sliding clamp" because of its importance for 
the great stability of a transcribing complex and 
processivity of transcription (60). Closure of the 
clamp over the DNA could account for this 
stability. Such a movement of the NH2-terminal 
region of the largest subunit was inferred from 
cross-linking studies of the E. coli enzyme (58). 
Although the clamp is seen here in an open 
conformation, it is involved in crystal contacts 
and the observed position is likely determined 
by the crystal lattice. The electron density in 
this region is of lower quality than elsewhere in 
the map, and the three zinc peaks associated 
with the region have the lowest heights (Zn6-8, 
Table l), also consistent with mobility of the 
clamp. 

DNA-RNA hybrid binding site, RNA 
binding site. Transcribing polymerases have 
been shown to harbor an unwound region of 
DNA, or "bubble," within which is centered a 
DNA-RNA hybrid of 8 or 9 base pairs, with 
the 3' or growing end of the RNA at the 
active site (Fig. 6A) (60). Linear extension of 
duplex DNA placed in our crystallographic 
model, to accommodate the DNA-RNA hy- 
brid, is impossible because of an element 
from Rpb2 blocking the path (Figs. 3, 4, and 
6). This blocking element corresponds with a 
"wall" of density previously noted in the 
structure of bacterial RNA polymerase (43). 
Because of the wall, and because the active 
site lies well beneath the level of the down- 
stream DNA, the DNA-RNA hybrid must be 
tilted relative to the axis of the downstream 
DNA (dashed line in Fig. 6C). The exact ori- 
entation of the hybrid remains to be determined. 

At the upstream end of the DNA-RNA hy- 
brid (5' end of the RNA. remote from the active 
site), the strands must separate. Biochemical 
studies show that the RNA strand enters a 
binding site on the protein, extending from 
about 10 to 20 nucleotides upstream of the 
active site (61). There are two prominent 
grooves in the pol I1 structure exiting the hybrid 
binding site, each of which could accommodate 

- Rpbl 
NHp-terminal 
region 

front 

Fig. 5. Clamp. Structural elements constituting the clamp and their location in pol I1 are shown. The 
COOH-terminal region of Rpb2 and the NH,-terminal region of Rpbl bind one and two zinc ions, 
respectively (blue spheres). The NH,-terminal tail region of Rpb6 extends from its main body (at 
the bottom in the front view) into the clamp. The direction of movement of the clamp revealed by 
comparison with electron crystal structures (29) is indicated (double-headed red arrow). 
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Fig. 6. Topology of the polymerizing complex, and location of Rpb4 and Rpb7. (A) Nucleic acid 
configuration in polymerizing (top) and backtracking (bottom) complexes. (8) Structural features of 
functional significance and their location with respect to  the nucleic acids. A surface representation of 
pol I1 is shown as viewed from the top in Fig. 3. To the surface representation has been added the 
DNA-RNA hybrid, modeled as nine base pain of canonical A-DNA (DNA template strand, blue; RNA, 
red), positioned such that the growing (3') end of the RNA is adjacent to the active site metal and 
clashes with the protein are avoided. The exact orientation of the hybrid remains to be determined. The 
nontemplate strand of the DNA within the transcription bubble, single-stranded RNA and the upstream 
DNA duplex are not shown. (C) Cutaway view with schematic of DNA (blue) and with the helical axis 
of the DNA-RNA hybrid indicated (dashed white line). An.opening in the floor of the cleft that binds 
nucleic acid exposes the DNA-RNA hybrid (pore 1) to the inverted funnel-shaped cavity below. The 
plane of section is indicated by a line in (B), and the direction of view perpendicular to this plane (side) 
is as in Fig. 3. (D) Surface representation as in (B), with direction of view as in (C). The molecular 
envelope of pol I1 determined by electron microscopy of 2D crystals at 16 A resolution is indicated 
(yellow line), as is the location of subunits Rpb4 and Rpb7 (arrow, Rpb4/7), determined by difference 
2D crystallography (25). 
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binding site for three reasons. First, the length 
and location of the groove are appropriate for 
binding a region of RNA 10 to 20 nucleotides 
from the active site, in agreement with bio- 
chemical studies. Second, the RNA path would 
lead back toward the downstream DNA, ending 
in close proximity to the NH2-terminal region 
of Rpbl (defined by a zinc site). This path 
would accord with the reported cross-linking of 
RNA about 20 nucleotides upstream of the 
active site to the NH2-terminal region of the 
largest subunit of E. coli RNA polymerase (58- 
60). Finally, RNA in the groove at the base of 
the clamp could explain the great stability of 
transcribing complexes. The affinity of the 
polymerase for the DNA template. is coupled to 
the presence of an RNA transcript (60). We 
speculate that closure of the clamp over DNA, 
assuring its retention in a transcribing complex, 
would enlarge the groove at the base of the 
clamp, and subsequent binding of RNA in the 
groove would prevent the clamp from reopen- 
ing. RNA would act as a lock on the closed 
conformation of the clamp. 

Mobility of the clamp may also be modulat- 
ed by interactions with other pol I1 subunits and 
tranmiption factors, for example, RpW and 
Rpb7. Although these two small subunits were 
absent from the form of pol I1 analyzed here, 
their approximate location is known from elec- 
tron microscopy of 2D crystals (25). A surface 
representation of the crystallographic backbone 
model corresponds closely with the molecular 
envelope from 2D crystals (Fig. 6D). On this 
basis, Rpb4 and Rpb7 occupy a crevice in the 
surface between the lower jaw and the clamp 
(Fig. 6D). Interaction with either of these 
mobile elements or with downstream DNA 
could underlie the requirement for Rpb4 and 
Rpb7 for the initiation of transcription (22). 

A funnel for substrate entry, back- 
tracking, and elongation factor access. The 
floor of the Rpb 1 -Rpb2 cleft, which supports 
duplex DNA and the DNA-RNA hybrid, is 
very thin and perforated, exposing the nucleic 
acids to the space below. The perforation is 
bisected by the helix that forms a bridge 
between Rpb 1 and Rpb2, creating two pores, 
one of which lies beneath the active site (pore 
1) and the other, beneath the downstream 
DNA (pore 2). Both pores are about 12 A in 
diameter and lie at the apex of an inverted 
funnel-shaped cavity, which increases to 
about 30 A in diameter at the opposite side of 
pol I1 (Fig. 7, bottom). As the Rpbl-Rpb2 
cleft is occupied by duplex DNA and the 
DNA-RNA hybrid during transcription, nu- 
cleotides may be unable to enter above the 
active site and may instead gain access from 
below, through the funnel and pore 1, as 
previously suggested for both pol I1 and bac- 
terial RNA polymerase (29, 43). 

The h e 1  and pore 1 may play similar 
roles in other aspects of transcription. Bacterial 
and eukaryotic RNA polymerases oscillate be- 
tween forward (polymerization) and backward 
(backtracking) movement during transcription 
(Fig. 6A) (60). Backtracking is important for 
proofreading and for traversing obstacles such 
as DNA damage, bound proteins, or natural 
pause sites in the DNA. During backtracking, 
the polymerase and associated transcription 
bubble move backward along both the DNA 
and the RNA. The region engaged in the DNA- 
RNA hybrid retreats like a zipper, releasing the 
3' end of the RNA in single-stranded form, and 
incorporating single-stranded RNA on the 5' 
side of the transcription bubble into the hybrid 
(Fig. 6A). As mentioned above for access of 
nucleotides to the active site during polyrner- 

ization, duplex DNA and hybrid in the Rpbl- 
Rpb2 cleft may block release of the 3' end of 
the RNA into the cleft during backtracking. 
Rather, as suggested for entry of nucleotides, 
the 3' end of the RNA may exit through the 
h e 1  and pore 1. 

Backtracking beyond a certain point can 
result in an arrested complex, unable to re- 
verse direction, to restore the 3' end of the 
RNA to the active site, and to resume tran- 
scription (60). We speculate that when a cer- 
tain length of RNA has been extruded by 
backtracking, it may interact with a site in the 
funnel and be trapped, preventing reversal 
and recovery. For recovery from arrest, 
cleavage of the RNA is required to generate a 
new 3' end at the active site (60). This cleav- 
age is achieved with the help of transcript 
cleavage factors (62, 63). The funnel and 
pore 1 may provide access for such factors, 
for example, TFIIS. A small zinc-binding do- 
main of TFIIS has an extended P hairpin at 
one end with two conserved residues that 
come near the active site of pol I1 and that are 
critical for RNA cleavage (15, 16, 64-66). 
Also included are tryptophan and arginine 
side chains involved in nucleic acid binding 
(67, 68). Modeling shows that this domain, 
only 20 A in diameter, can be accommodated 
in pore 1 with the two conserved p hairpin 
residues reaching the active site, while still 
leaving room for an extruded strand of RNA. 

Comparison with bacterial RNA poly- 
merase. Most information about core bacte- 
rial RNA polymerase structure comes from 
x-ray diffraction studies of the a, homodimer 
from E. coli (69) and the a2PP1 polymerase 
from Thermus aquaticus (43). Regions of 
sequence similarity have been noted between 
a ,  Rpb3, and Rpbll (69), between P and 

back 

Wall 

Fig. 7. Possible RNA exit grooves and funnel beneath the active site. away from the hybrid-binding region (groove 1, red; groove 2, or- 
The model of Fig. 68 is shown in two perpendicular directions of view ange). The nontemplate strand of the DNA within the transcription 
(side, back), and also viewed from the opposite side (bottom). To the bubble and the upstream DNA duplex are not shown. To the bottom 
side and back views have been added dashed lines corresponding to view has been added a solid line indicating the rim of the funnel- 
about 10 nucleotides of RNA, lying in well-defined grooves leading shaped cavity. 
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Rpb2 (70), and between P' and Rpbl (71). 
The crystallographic pol I1 model contains a 
conserved core of secondary structural ele- 
ments similar to those in the bacterial en- 
zyme, surrounded by divergent elements and 
eukaryote-specific subunits. Conserved ele- 
ments are located in the vicinity of the DNA- 
RNA hybrid binding site, the adjacent down- 
stream DNA binding site, and the sides of the 
funnel. Consistent with the conservation of 
these structural elements, similar modes of 
interaction with nucleic acids in the vicinity 
of the active site have been proposed for 
the eukaryotic and bacterial enzymes (72). 
The pore beneath the active site is con- 
served, and the bacterial enzyme may con- 
tain a clamp as well (73). On the other 
hand, the jaws, which include eukaryote- 
specific subunits and a domain of Rpbl, are 
found only in pol 11, possibly reflecting 
their interaction with the eukaryote-specific 
transcription initiation factor TFIIE, as re- 
vealed by 2D crystallography (26). The 
occurrence of jaws in pol 11, but not in the 
bacterial enzyme, presumably accounts for 
the nuclease protection of about 20 base 
pairs of downstream DNA by pol 11, com- 

pared with only about 13 base pairs by the 
bacterial enzyme (45, 60). 

A more detailed comparison is possible, at 
present, for the a, dimer and its counterpart in 
pol 11, the Rpb3-Rpbll heterodimer. The a, 
dimer nucleates assembly of bacterial polymer- 
ase, binding P to form a subcomplex, which 
then binds P' to form a complete core enzyme 
(74). Similarly, the Rpb3-Rpbl l heterodimer 
binds Rpb2 to form a subcomplex (75). The 
location of the heterodimer in pol I1 is similar to 
that of a, in the bacterial enzyme, and the 
domain conserved between Rpb3, Rpb 1 1, and 
a exhibits an identical fold (motif of a helices 
and p sheets forming the lower half of the 
subcomplex in Fig. 8). The conserved domain 
represents almost the entirety of Rpbl 1 and is 
responsible for Rpb3-Rpbl l interaction (or 
dimerization in the case of a). The noncon- 
served domain of Rpb3 (upper half of the sub- 
complex in Fig. 8) interacts with the eukaryote- 
specific subunits RpblO and Rpbl2. Contact of 
RpblO with Rpb3 is consistent with biochemi- 
cal evidence for a stable Rpb3-Rpbl l-RpblO 
subcomplex (76). Rpbl2 binds through a tail, 
which adds a P strand to a sheet in the noncon- 
served region of Rpb3. Rpbl2 also interacts 

with Rpb2 through its zinc-binding module. 
Consistent with this, Rpbl2 has been shown to 
contact the second largest subunit in RNA poly- 
merase I, and this interaction requires an intact 
zinc-binding motif (77). Moreover, a muta- 
tion in the COOH-terminal region of Rpbl2 
impairs assembly of RNA polymerase 111 
(77). Thus, Rpbl2 appears to play an essen- 
tial role in the assembly or maintenance of all 
eukaryotic RNA polymerases by bridging be- 
tween the Rpb3-Rpb 1 1 -Rpb 10 subcomplex 
(or its homologs in polymerases I and 111) 
and the second largest subunit. 

Transcription pathway. The crystallo- 
graphic model of pol I1 also gives insight into 
the transcription pathway and the still larger 
multiprotein complexes involved. The pathway 
begins with the formation of a TFIIB-TFIID- 
promoter DNA complex and its interaction with 
pol 11, followed by entry of TFIIE, and finally 
TFIIH, whose helicase activities melt DNA 
around the start site of transcription. The initial 
interaction of pol I1 with the promoter must be 
with essentially straight, duplex DNA. The pol 
I1 model, however, requires a considerable dis- 
tortion for binding at the active site, which can 
only occur upon melting. The transition from an 
initial complex to a transcribing complex will 
therefore be accompanied by structural changes 
and movement of the DNA. Transcription 
begins with the repeated synthesis and release 
of short RNAs ("abortive cycling"), until a 
barrier at about 10 nucleotides is traversed, 
and chain elongation ensues. On reaching a 
transcript size of about 20 nucleotides, the 
full stability of a transcribing complex is 
attained. The banier at 10 nucleotides corre- 
sponds to the point at which the 5' end of the 
growing transcript must disengage from the 
template DNA and enter the proposed groove 
for RNA in the model. The transcript size 
needed for full stability corresponds with the 
length of RNA needed to fill the groove. 

The interpretation along these lines may 
be extended and evaluated by the solution of 
pol I1 cocrystal structures, with the use of the 
pol I1 model for molecular replacement. Co- 
crystals with TFIIB and TFIIE (78) should 
reveal the trajectory of DNA in the initial pol 
11-promoter complex. Cocrystals containing 
pol I1 in the act of transcription (79) will 
show the locations of nucleic acids in an 
elongation complex. Cocrystals with TFIIS 
(80) may indicate the proposed exit pathway 
for RNA through a pore beneath the active 
site during backtracking. Other cocrystals 
may be sought to investigate the mechanism 
of transcriptional regulation by the multipro- 
tein Mediator complex and associated activa- 
tor and repressor proteins (4). 
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est protostars; they are surrounded by large 
and dusty envelopes that feed the central 
objects and their protoplanetary disks. These 
sources undergo violent ejection of matter 
related to accretion processes. The shock- 
waves created when the protostellar ejecta 
collides with the surrounding gas produce the 
Herbig-Haro (HH) jets observed at optical 
wavelengths. These jets seem to drive the 
bipolar molecular outflows (4-6) detected 
around protostars and represent a second 
mass loss-driven phenomenon taking place 
during the earliest evolutionary stages of the 
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