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The T7 RNA polymerase-T7 lysozyme complex
regulates phage gene expression during infection of
Escherichia coli The 2.8 A crystal structure of the
complex reveals that lysozyme binds at a site remote
from the polymerase active site, suggesting an indirect
mechanism of inhibition. Comparison of the T7 RNA
polymerase structure with that of the homologous pol |
family of DNA polymerases reveals identities in the
catalytic site but also differences specific to RNA
polymerase function. The structure of T7 RNA poly-
merase presented here differs significantly from a
previously published structure. Sequence similarities
between phage RNA polymerases and those from mito-
chondria and chloroplasts, when interpreted in the
context of our revised model of T7 RNA polymerase,
suggest a conserved fold.
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Introduction

The RNA polymerase (RNAP) from bacteriophage T7
has several advantages for use in the study of the structural
basis of the unique properties of RNA polymerases. At
98 kDa, it is smaller than the multi-subunit prokaryotic
and eukaryotic RNA polymerases, facilitating X-ray crys-
tallographic studies. Its well-characterized interactions
with promoter DNA (Ujvari and Martin, 1997) and the
inhibitor T7 lysozyme (Kumart al, 1997; Zhang and
Studier, 1997) enable a detailed structure—function ana-
lysis. Homology between T7 RNA polymerase and the
well-studied DNA polymerase | family (Brautigam and
Steitz, 1998; Doublieet al, 1998) is important for
deciphering the structural basis of the functional differ-
ences between RNA and DNA polymerases.

The bacteriophage T7 RNA polymerase-T7 lysozyme
(PL) complex participates in the regulation of gene expres-
sion upon infection oEscherichia coli During infection,
the phage RNA polymerase directs transcription of two
classes of viral genes (Il and Ill). As levels of the viral
class Il gene-product T7 lysozyme (LYS) rise, RNAP
molecules are sequestered into transcription-inhibited PL
complexes (McAllister and Wu, 1978; Moffat and Studier,
1987). Since phage T7 promoter DNA sequences display
varying efficiency at RNA chain initiation (class Il
> class Il), the resulting reduction in available phage
transcriptional capacity shuts off expression of class Il
genes (McAllisteret al, 1978, 1981). Transcription of
class 1ll gene products continues until lysis (Studier,
1972). Control of phage transcription in this way achieves
a physiological economy of gene products relevant to the
phage life-cycle (Studier and Dunn, 1983). Consistent
with this scheme, phage lacking the lysozyme gene or

While there is now extensive structural information on With an RNAP resistant to lysozyme inhibition, fail to
many DNA polymerases and their substrate complexes repress class Il gene expression (McAllisétral., 1981;
(Arnold et al., 1995; Brautigam and Steitz, 1998), much Moffat and Studier, 1987).

less is known of the structural basis of DNA-dependent

While the PL complex is competent to catalyze the

RNA polymerase function. Although the chemistry of synthesis of short RNA molecules, it fails to clear the

polymerization is likely to be conserved (Delaratal.,

abortive initiation phase. Early in its transcriptional cycle,

1990; Steitz, 1993), RNA polymerases perform several RNAP forms an unstable abortiyely initiated complex
important functions not found in DNA polymerases (von- With promoter DNA and synthesizes short (8-10 base)

Hippel et al., 1984; Erieet al., 1992). First, they are able
to initiate RNA synthesis without requiring a primer

RNA products (Martinet al, 1988; Linget al, 1989).
Transition to a stable, processive elongation complex

oligonucleotide; moreover, these enzymes must recognizeoccurs by an uncharacterized reorganization of the ternary
a specific duplex promoter DNA sequence for efficient complex (RNAP-DNA-RNA) that may include protein
initiation. Secondly, RNA polymerases exhibit an abortive conformational changes as well as the establishment of
initiation phase, characterized by the synthesis of short interactions between nascent RNA and the N-terminal
RNA products, during which the position of the promoter domain (residues 1-325) of RNAP (Mullet al.,, 1988).

on the polymerase remains fixed (Ikeda and Richardson,Recent work has demonstrated that T7 lysozyme, a phage-
1986). Only after undergoing a transition of unknown encoded protein M, ~17 kDa) with both a peptidase
nature does the polymerase enter the processive elongatiorfinouyeet al, 1973) and transcriptional inhibition activity
phase of RNA synthesis. Thirdly, RNA polymerases are (Moffat and Studier, 1987; lkeda and Bailey, 1992),
the targets of a host of regulatory proteins (activators, prevents this transition (Kumar and Patel, 1997; Zhang
inhibitors, terminators and anti-terminators) that modulate and Studier, 1997). Similar to the unstable abortive com-

gene expression (Tjian, 1996).

© Oxford University Press

plex, the PL complex can only synthesize short RNA
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products (up to 15 bases) despite making near wild-type indirect mechanism of inhibition. Lysozyme binding
interactions with promoter DNA, RNA and nucleotides. therefore, leaves the active-site cleft open to interaction
Interestingly, once RNAP has entered the elongation phasewith DNA, nucleoside triphosphates, and single-stranded
it is no longer sensitive to lysozyme inhibition (Zhang RNA, as predicted after biochemical studies (Zhang and
and Studier, 1997). Studier, 1997). The interface is composed of polar and
The structure of the T7 RNA polymerase—T7 lysozyme hydrophobic contacts, and buries ~2108 & solvent-
complex described here reveals that T7 lysozyme binds accessible surface area. The RNAP portion of the
to RNAP below the fingers sub-domain at a site remote lysozyme binding site includes structural elements from
from the polymerase active site, establishing that the palm (the extended foot module) and fingers sub-
inhibition is not achieved by steric blocking of the domains, and the N-terminal domain (Figure 3A and
active site. The surface of LYS that contacts RNAP B). Binding of lysozyme effectively fixes the positions
accurately reflects genetic and biochemical analysesof these elements relative to each other, possibly altering
(Chenget al, 1994). Our model for RNAP agrees with their orientation in comparison with that of free
that of Sousaet al (1993) (PDB entry: 2RNP) only  polymerase or restricting conformational changes that
with respect to overall shape and location of secondary- may be required during various stages of the transcrip-
structure elements, but differs in the positioning of the tional cycle (Mookhtiaret al, 1991; Sastry and Hearst,
amino acid sequence onto tertiary structure. 1991; Souseet al, 1992). Either or both of these may
be relevant to the mechanism of inhibition. Although
complicated by errors in connectivity and amino acid
register in the previous structure (Table II), comparison
Structure determination of our model with that of uncomplexed RNAP (Sousa
We have determined the structure of the PL complex et al, 1993) shows that the position of the fingers sub-
in two crystal forms (designated | and Ill) containing domain in the PL complex is translated by ~4-5 A
three and one complexes in the asymmetric unit, towards the palm sub-domain (Figure 3D).
respectively, and giving four independent views. Electron  The locations of RNAP mutations that result in
density maps, calculated using multiple isomorphous resistance or hyper-sensitivity to lysozyme inhibition
replacement phases in each crystal form (Table I), fall into two distinct classes (Figure 3C) that provide
were used to position the complex(es) by molecular differing insights into possible mechanisms of inhibition.
replacement. Our model (Figure 1) was built into Mutations in RNAP, selected by propagating T7 phage
solvent-flattened and cross-crystal domain averaged mapsn a background of higher than wild-type concentration
(Kleywegt and Read, 1998) and refined using the CNS of T7 lysozyme, confer resistance to inhibition and map
program (Brunger, 1998) (Materials and methods, and to the lysozyme binding site. In this case, resistance is
Figure 2). Discussion of the structure will focus probably a consequence of a weakened polymerase—
exclusively on the PL complex in crystal form Il |ysozyme interaction. By contrast, mutations selected
which has been refined to @Ry, = 31.8% (30-2.8 A).  against a LYS mutant of reduced inhibitory potency
result in RNAP hypersensitivity to lysozyme inhibition
Overall architecture (Moffat and Studier, 1987; Zhang, 1995). These
The structure of the PL complex reveals an irregularly- mutations lie away from the protein—protein interface
shaped protein assembly with lysozyme binding to a and cluster in the fingers and palm sub-domains. Perhaps
site distant from the polymerase active site (Figure 1). changes in these residues, the majority of which are
RNAP consists of a polymerase (residues 326-883) andnot surface accessible, alter the structure or dynamics
an N-terminal domain (residues 1-325), whose boundary of RNAP in the affected regions, enhancing its ability
we have re-defined based on this structure and on itsto respond to binding of lysozyme.
comparison with other pol | polymerase domains (Ollis  LYS, although only a small protein, fulfills two
et al, 1985). The polymerase domain can be divided diverse activities using different portions of the molecule.
into sub-domains denoted thumb, fingers and palm, Binding to RNAP does not significantly alter the
named as a structural analogy to the right hand. Thesestructure of lysozyme (Chenget al, 1994) (PDB
sub-domains have been observed in all nucleic acid entry:1LBA) and its contact surface agrees with the
polymerase families with structures in the protein results of genetic and biochemical studies (Figure 3B).
database (Olliset al, 1985; Kohlistaedtet al, 1992; Residues 2—6 are disordered in the uncomplexed structure
Pelletieret al, 1994; Wanget al, 1997). The polymerase  but are visible in our electron density maps and form
active site, identified by conserved residues whose the polymerase binding surface along with hetiod
mutation disrupts catalytic activity (Bonnet al, 1992;  (residues 29-39). Access to the peptidase active center
Osumi-Daviset al, 1992), resides within the deep cleft s occluded due to binding of LYS to RNAP, explaining
formed by these three sub-domains. The N-terminal mytual exclusivity of the two activities (Chenet al.,
domain, whose disruption severely reduces processive1994). Indeed, preparation of crystal form Il requires
RNA synthesis (Mulleret al, 1988; Heet al, 1997),  gisplacement of the active-site zinc ion by mercury,
is located in front of the palm and thumb sub-domains. thereby disrupting the active site by coordinating to a
different set of ligands (C18 and C130). This suggests
The polymerase-lysozyme complex that a functional peptidase activity is superfluous for
T7 lysozyme binds to RNAP on the surface opposite binding to RNAP.
to the active-site cleft (Figures 1 and 3), suggesting an  Structural segregation of the two activities of lysozyme

Results
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Structure of the T7 RNA polymerase-T7 lysozyme complex

Table I. Crystallographic structure determination and refinement

A. Multiple isomorphous replacement

Crystal form IlI; space group C2: & 270 A, b= 93 A, ¢ =63 A, a = 90°, B = 103°,y = 90° (T = —-175°C)

Data set/type Resolution Reflections Resym Riso Phasing power
% %

Native 20-3.3 A 22 047 6.0 - -
97.2%

N7-platinated guanosine 20-35 A 18 924 8.0 14.1 0.81
96.1%

PIP1 20-5.0 A 5641 9.3 30.3 1.29
78.7%

NasAu(CN), 20-3.0A 27 537 10.6 12.9 0.75
86.9%

para-hydroxy-mercuri-benzoate (form llla) 20-2.8 A 38 337 4.2 34.6 N/A
93.4%

bis (acetoxy-mercuri) toluidine 20-4.0 A 11 600 8.3 22.7 1.12
93.2%

PIP2 20-4.0 A 12 612 10.3 27.8 0.82
94.1%

5'-SH mercurated guanosine 20-5.0 A 18 812 10.0 17.9 0.90
94.2%

Overall figure of merit: 0.37

Crystal form |; space group C2:a 320 A, b= 93 A, ¢ =229 A, a = 90°, B = 129°,y = 90° (T = —175°C)

Data set/type Resolution Reflections Reym Riso Phasing power
% %

Native 20-3.3 A 69 094 8.2 - -
87.2%

PIP 20-4.0 A 25 801 9.7 41.0 0.92
52.0%

5’-SH mercurated guanosine 20-4.0 A 36 671 8.4 19.8 0.82
60.0%

Uranyl acetate 20-3.7 A 45 448 9.0 14.0 0.92
80.9%

Na*Au(CN), 20-3.4 A 53 009 7.1 21.1 0.88
80.1%

Overall figure of merit: 0.28

B. Density modification

R-factor (1): 26.5% Correlation coefficient: 0.88
R-factor (lll): 20.1% Correlation coefficient: 0.93

C. Refinement

Data set Resolution Reflections Total atoms  Ryorking rm.s. D rm.s. D r.m.s. B for

F> 20 (No.) (Riree bonds angles values
Formllla 300-28A 32864 7726 26.33 0.012 A 1.80° 1.80 A
pHMBS soak (31.83)

Reym = 2|( 1 = <I>)|/z |, where <I> is integrated intensity averaged over symmetry equivalents.

Rso = Z|( Fpn — F)|/Z Fp where s and oy are the native and derivative structure factor amplitudes, respectively.
PhaSing power= [z“:PH(caI(:jZ/Z “:PH(obs)_ FP(caIciz]l/z-

Figure of merit= cosine<a(Ag)>.

PIP: diji-iodobis-(ethylenediamine) diplatinum (Il) nitrate.

R-factor = Z|[ F(obs)_ F(ca|c)]|/z F(obs)

Correlation coefficient= [Z(F(ops)— <F(obsy>) (Fcalc) = <Fcaicy™)]

[Z(F(obs) - <F(obs)>)zz(':(calc) - <F(calc)>)2] 112
F(calc) represents structure factors obtained from back-transformation of solvent-flattened/NCS averaged maps.
Rvate = ZI( Fp — Fp(caic)l/Z Fp Reree is the Ryaue for 10% of the reflections that were omitted from the refinement.

is also indicated by sequence similarity (Figure 5B) The majority of residues implicated in peptidase activity
between T7 lysozyme and the lysozyme frdiiaemo- reside within the C-terminal 100 residues of T7 lysozyme
philus influenzae(HINF) (Fleischmannet al, 1995). (Chenget al, 1994) that are held in common between
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Fig. 1. Structure of the T7 RNA polymerase—-T7 lysozyme complex. Schematic representation of the PL complex, in-ivblickes are depicted as

tubes and3-strands as arrows. This representation is colored by domain, sub-domain or module, with the N-terminal domain (8-325), yellow, the
thumb (326-411), green, the palm (412-449, 528-553, 785-879), red, the palm insertion module (450-527), orange, the fingers (554-739, 769-784),
blue, the ‘pinky’ specificity loop (740-769), white, extended foot module (838—879), pink and T7 lysozyme (blue-green) with bound mercury atom

in silver. Disordered portions of RNAP are indicated by colored dots. The location of the various domains, sub-domains, or modules, colored as
above, is projected onto the primary sequence of T7 RNA polymerase, represented as a bar.

Fig. 2. Representative electron density maps) Residues 734—739 of an intermediate model of the PL complex are superimposed onto the final
4-fold domain averaged electron density map (20-3.0 A) in crystal form Ill. The map is contouredra(B).2\n annealed B,—F. omit electron
density map, calculated by excluding residues 734—739 of the final PL complex model. The map is contoured at 1.3

the two enzymes (Figure 5B). An insertion near the C- for the catalytically important zinc ion. The N-terminal
terminal of the HINF lysozyme, not in the phage 52 residues of LYS, missing in the HINF enzyme,
protein, could provide the residues missing in the HINF contain residues important for RNAP interaction and
enzyme (e.g. LYS H17, Y46), which include ligands transcriptional inhibition (Figure 3B).
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Structure of the T7 RNA polymerase-T7 lysozyme complex

A > C
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Fig. 3. Interaction between T7 RNA polymerase and T7 lysozymé.[etailed view of the T7 lysozyme binding site on RNAP reveals that the
interaction surface is composed of elements from the N-terminal domain and the palm and fingers sub-domains, each colored as in Figure 1. T7
lysozyme is colored blue-green, except for its RNAP interaction domain (amino acids 2-52) which is in white. This orientation of the complex is
orthogonal to that of Figure 1 about the vertical axB) A close-up view of the T7 lysozyme binding site in which residues within 4.0 A of the
interface are depicted by ‘ball and stick’ representation. RNAP residues in contact with LYS are colored (as in Figure 1) by the domain in which
they reside. €) Mapping of inhibition-affecting mutations in RNAP and LYS onto the structure of the PL complex. The complex is represented as a
set of connected L£atoms. RNAP is colored grey and LYS is blue-green. Mutations in RNAP that affect interaction with T7 lysozyme segregate

into two classes: mutants that confer resistance to lysozyme (colored yellow); and those that confer hypersensitivity to lysozyme inhibition (colored
green) (Moffat and Studier, 1987; Zhang, 1995). Residues in T7 lysozyme, identified by genetic studies affecting interaction with RNAP, are colored
red (Chenget al., 1994). Orientation of the complex is as in Figure ) Super-position of RNAP from the PL complex onto the the unliganded

RNAP structure (amino acids 530-539, 806—-817). In comparison with uncomplexed RNAP, the fingers sub-domain of the PL complex is translated
4-5 A towards the palm sub-domain. The fingers sub-domain of the RNAP from the PL complex is drawn in light blue, with helices as tubes and
strands as arrows. The rest of the RNAP from the PL complex is colored grey and for clarity, portions of its N-terminal domain and thumb sub-
domain have been deleted. Only the fingers sub-domain of the unliganded RNAP is shown, colored yellow. The orientation of the complex is rotated
90° about the vertical axis from that of Figure 1.

Table Il. Differences between the revised RNAP structure and (summanzed in Table “)' The p0|ymerase domain has a

previous structure (PDB code 2RNP; Soesal, 1993) U-shape fold, characteristic of all pol | polymerases (Steitz,
1993; Arnoldet al, 1995; Brautigam and Steitz, 1998).

Type of difference Location in the model It contains not only the thumb, palm and fingers sub-
Chain direction o 164 domains (Figure 1), but also segments u_nique to p_hage—
Connectivity 177-294 type RNA polymerase th_at fulfill specialized functions
Residue frameshifts: (Muller et al.,, 1988; Raskiret al., 1992; Gardneet al.,

1-3 positions 293-345 1997).

1 position 505-533

1-2 positions 538-562 :

47 positions 721-765 The thumb sub-domain :

1-3 positions 838-860 Amino acids 326-411 comprise the thumb sub-domain,

which forms a wall around the right side of the catalytic
cleft (Figure 1). The top portion (345-383) of the thumb
The RNA polymerase domain sub-domain is disordered in the PL structure. As a result
The structure of RNAP in the PL complex is similar to of crystal contacts in free RNAP, it is a long helix that
the model published by Souséal. (1993) with respectto  rises above the palm sub-domain (Sowtaal., 1993).
overall shape and location of secondary-structure elements.Poorly ordered thumb sub-domains are a common feature
However, our model diverges significantly with respect to in polymerases in the absence of nucleic acid substrates
the mapping of amino acid sequence to tertiary structure or stabilizing crystal contacts (Ollist al., 1985; Jacobo-
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Fig. 4. Alignment of T7-RNA polymerase onto the Klenow fragmentEo€oli DNA polymerase I. £) A structural comparison of the palm

sub-domains of RNAP and KF, identically oriented after super-position of homologous secondary structure elements (colored yellow). Polypeptide
segments unique to phage-type RNA polymerases are colored light green. The residue side chains, identical in both structures based upon the
structural alignment, are shown in re@®)(Alignment of primary sequences of the palm sub-domains of RNAP and the KF, based upon the structural
super-position. Residues within common secondary-structure elements of the two structures are colored in yellow; identical residues between the two
superimposed structures are shown in red. The secondary structure of the revised model of RNAP is colored a8)ir\ (#ju€tural comparison

of the fingers sub-domains of RNAP and the KF fragment. Again, regions that superimpose are colored yellow and identical residues are shown in
red. ©) Primary sequence alignment of the fingers sub-domains of RNAP and the KF, based upon the structural super-position in (C).

Molina et al., 1993; Sousat al,, 1994; Kimet al., 1995). Located within the palm sub-domain is a trio[®&trands
These domains are observed to be in contact with the whose structure is conserved in every nucleic acid poly-
backbone, spanning the minor groove of primer—template merase except DNA polymerage (Steitz et al., 1994;
duplexes (Eonet al., 1996; Doublieet al.,, 1998; Kiefer Brautigam and Steitz, 1998). Equivalent &oms between
et al, 1998). Consistent with this role, mutant RNAPs RNAP and the KF within this segment, which include
with shorter thumbs are less processive, presumably duesequence motifs A and C (Delarat al., 1990), can be
to a lower affinity for template DNA (Bonneet al., superimposed with an r.m.s. fit of 2.1 A (Figure 4A and
1994b). This is distinct from disruptions to the N-terminal B). This constellation off3-strands harbors a pair of
domain that cause loss of processivity due to reducedabsolutely conserved aspartate residues (D537, D812;
affinity for RNA (Muller et al, 1988; Heet al., 1997). Figure 5A) proposed to orient two metal ions for catalysis
Analogous constructs in the Klenow fragment (KF) of of the polymerase reaction (Steitz, 1993; Joyce and Steitz,
E.coli DNA polymerase |, containing abbreviated thumb 1994). This proposal has recently received experimental
sub-domains, display similar defects (Minniat al., confirmation in the case of the pol | family of DNA
1996). polymerases (Doubliet al, 1998). Consistent with this
proposed role, mutation of RNAP residues D537 and
The palm sub-domain D812 severely disrupts catalysis, without affecting its
The palm sub-domain is located at the base of a deepaffinity for rNTPs (Bonneret al, 1992; Osumi-Davis
cleft, bounded by the fingers and thumb sub-domains, andet al., 1992). Besides playing a role in catalysis, palm sub-
contains residues 412-553 and 785-879 (Figure 1). Thedomains have recently been implicated in distinguishing
C-terminal four residue stretch of RNAP (880—883), which between ribo- and'2deoxynucleotides (Gaet al., 1997;
is known to be flexible in solution (Mookhtiaet al., Joyce, 1997). MuLV reverse transcriptase uses a bulky
1991), is poorly ordered in our electron density maps. hydrophobic residue (F115) to sterically block theCH

4106



A

RHAP
RNAF
RNAFP

RNAF

HNAP
RNAP
RHAP

RNAF

RMNAF

RNAP

Fig. 5. Sequence alignments of phage-type RNA polymerases and lysozyi)edu(tiple sequence alignment of phage-type RNA polymerases are

T7 Lysozyme ’ e —Te{minal
binding site o XDomain

Structure of the T7 RNA polymerase-T7 lysozyme complex

20 oA 30 aB 40 50
0000900 B
mntiniakndfsdielaaipfntlladhygerlareglalehasy@mgaeaarf YV
ac &0 70 80 D g0 100 T3LYS
200000000000 HINFLYS
rkmlferglkagevadnaaakplittllpkmiarindwfeevWkakzrgkrpta
aE 110 oF 120 130 140 oG 150
TTLYS
ik | it@llkEtla@ltsadnttWlgav@lsafigrailedearfgr T3LYS
fgflgae peavayitikf q L | g SEnriia
o H 160 170 180 190 200
(I TI L] 1))
ifldleakhfkknveeglnkrvghvykkafmgvveadmlskgllggeawsswW o,
210 oI 220 230 240 250 aJ T3LYS
00000000 HINFLYS
hkadsihvg.v:ci-elnlLﬂst--gw.vslhrqnaqvvqusabtallpcyatai:a
2860 270 280 290 fp1 300 oK
TTLYS
tragalagispmfgpevwppkpwtgitgggywangrrplallvrEthskkalm Egms
310 o L 320 2 330 340 aso
£ = 000000 0000®
ryediflyflpe ¥k aini dgnfawki@nkk¥lavanvitkwkheglpvedipaier —

360 370 380 0 T3LYS
................0........‘-% HINFLYS

eellpmkpedidmnpealtawkragaawvyrkdkarkisrrilslefmlegankd
] 4 430 450
el U L ; — — T7LYs
anhkaiWfpynmdwcrgr¥lyadvsmEnpggndmEtkglltTakgkipilgkagylyw :%:;:ys
460 o P 470 80 490 @t R 500 @ s 510
- = - . — : m—
lkihgangaglvdklvpfperikfieenh@nimagakspllentwwaeqgdspife wriva
530 [} 5 54 “ T3ILYS
> ' ——— AvELvs

flafefleyAlg¥ghhglsynElslplafldgdc@giighfaamlirdavggravnl
5 580 590 600 610
EE— 0000000000000 ROPOOI— TTLYS
lpa@etwgdiygivakkvneilgadaingtdnevvtvtdentgeisekvklg TILYS
HINFLYS
640 65
{ £
tkalaggwlayg¥trsvytkrogvmt lalygaklefgfirggqulladtiigpaidsgk ——
670 690 BB 00 710 T3LYS
A ——— * HINFLYS
glmftgpngaagymakliwesavsviEvwvivaaveanmnwlksaaklllaaevkdkk
T20 B & 730 b 7 740 750 760
tgeilrkrcavhwitpdg®pWivgeykkpigtrinlnlflggqfctlgptintnk
770 cc 780 00 B 8 810 B9
d.saxd.;-'hl':-q.'sgilpnfvhangahlxkt'valhokygtca.{aliids!gt
> 820 ii EE B30 840 0 860
;i.p.-_a_dn'-nlfkiv:atnvdty-;-s:d\lr).adﬁ._ydq£adq1hasqldi:mpa:I.pal:
870 GG BEO
2000

gnlnlrdilesdfafa

<<
amm
Y
L)
EE R
oouo
<mm
orE
e
M
aon
Huwn
FTTE
<py
L
Saan
me
ZZZ
omx

=]

Zzz=
0
gHH
aan
Heg
=Ono

=

<<
ano
ann
O
Hoo
»oo
mm=
ann
L]

-

orEE
oZmm
moo
apE

LR
Lk L]
CEL]
L L]
L
Qo
HEEE

I

o000
W
(2 31 o
L]
mun
o o)
HEE
o<
LEE]
(2 o0 o)
1ol
b

LEE]
By
LT
=aa
Hup
F=0
HEE
nxm
R
mEm
mmm
~oowE
BHaa
L
LR
o
B e
= .
a

EE
oFP
=ann

w

ELL ]
nuw
g g
coo
<re
ERA

DGVITPEKEWL
140

Domain

projected onto the primary sequence of T7 RNA polymerase. Identicalities are colored yellow and conservative substitutions as defined in
Livingstone and Barton (1993) are pink. RNAP sequences from phage T7, mitochon&#afaromyces cerevisigguman mitochondria and from

the chloroplast ofArabidopsis thalianaare included in this alignment. The alignment is similar to that of a ClustalW alignment of primary sequences
from 23 phage-type RNA polymerases from phage T7 (accession No. 431189), T3 (133452), Sp6 (133451), K11 (133450), complete or partial

human mitochondrial sequences (2114396), yeast (172488bidopsis thaliang2326363),Cenopodium albunil865721),0Oryza sativa(1236334),
Pynococcug1236336),Tetrahymena pyi(1236348),Thrausto chytriumaureur(236338),Triticum aes (1236346) Acanthamoeba castellani

(1236340),Cryptomonaq1236342),Isochrysis sp(1236332)Naegleria fowl(1236344), and mitochondrial sequences of fungal senescence-inducing
plasmids fromNeurospora(283360). The secondary structure from the revised model of T7 RNA polymerase, colored by domain as in Figure 1,

accompanies the alignment. Grey spheres represent portions of the molecule not visible in our electron densiB) Mafiglé sequence
alignment of three phage-type lysozymes from phage T7 (T7LYS), T3 (T3LYSHaaginophilus influenza@HINFLYS). The color scheme is as in
(A). Accompanying the sequence alignment is the secondary structure for the model for T7 lysd2yiecdtion in the structure of residues
conserved among phage-type RNA polymerases. T7 RNA polymerase is depicted as a set of connetdets,Gcolored grey. Spheres colored as
in (A) depict the position of conserved residuel) Clustering of surface residues, conserved in phage-type RNAPs, to the active-site cleft. The
alignment of (A) is projected onto the RNAP molecular surface as calculated in GRASP. The color scheme is the same as in (A).
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of ribonucleotides, while allowing binding of deoxynucleo- 580-625 and 652-671) have the effect of making the
tides (Gaoet al, 1997). By contrast, phage-type RNA RNAP fingers taller than the DNA polymerase counterpart
polymerases have an invariant glycine (RNAP:G542, (Figures 4C and 6) giving rise to a deeper active-site cleft
Figure 5A) at this position which would favor binding (~30 A versus ~20 A). A third insertion, which we have

of INTPs. referred to as the ‘pinky’ specificity loop, extends from
residue 740 to 769 and is involved in promoter recognition
The fingers sub-domain (Raskinet al, 1992). The fingers sub-domains occupy

The fingers sub-domain rises above the palm sub-domaindifferent relative orientations in each of the three PL
forming a wall on the left of the active-site cleft and complexes in crystal form I (data not shown). The relation-
includes residues 554—784; residues 711-720 are partiallyship between this conformational heterogeneity and lyso-
ordered in our maps and have been modeled as polyalaninezyme inhibition is unclear at present, but may reflect
while residues 590-610 are not visible. Structural com- inherent RNAP flexibility. Interpretation of the results of
parison (Figure 4C and D) of the fingers sub-domains of mutational data for residues in the fingers sub-domain, in
RNAP and the KF reveals many regions of conserved order to assign functions to particular surfaces, is difficult
sequence and secondary structure as well as some strikinglue to the complicated effect of the defects on the
differences. The RNAP fingers sub-domain has several polymerase reaction (Rechinskyal., 1993; Bonneet al.,
inserted segments relative to KF; two of these (residues 1994a; Kostyuket al., 1995; Rechinskyet al, 1995).

Crystal structures of DNA polymerases bound to nucleic

acid duplexes and dNTP demonstrate that the fingers sub-
Thumb domain interacts with both the template strand as well as
Modelled RNA- nucleotide (Eonet al, 1996; Doublieet al., 1998; Kiefer
DNA Duplex et al,, 1998).

% ~'N-Terminal

A \ l Jomain

A

Palm

Fingers

The N-terminal domain
The N-terminal domain is located in front of the poly-
merase domain and forms the front wall of the catalytic
cleft, contributing to its concave shape (Figures 1 and 6).
: Our structure encompasses residues 8-325; residues 60
Extended Gl : Bpecificity 73, 164-174, which are known to be flexible in solution
: « Loop (Ikeda and Richardson, 1987; Mullet al., 1988), and

s 231-241 are not visible in our electron density maps.
. . The greatest divergence between our structure and that
| . published by Sousat al. (1993) is seen in this domain.

' F 4 We find differences in main chain connectivity (177-294),
amino acid register (293—-345), and the N to C direction
of the main chain (8-164) (Table Il). A search of the
structural database fails to identify proteins with similarity
to the N-terminal domain (Holm and Sander, 1994).

Biochemical and mutational analyses have established

Fig. 6. Model for interaction with promoter DNA and nascent RNA.

(A) RNAP is represented as a molecular surface, colored by domain as
in Figure 1, showing the highly concave shape of its active-site cleft.
The ‘pinky’ specificity loop is depicted as a light blue ribbon of
connected ¢ atoms. The nucleic acid duplex present in the RNAP
cleft is represented as a ribbon (RNA, brown; DNA, magenta),
corresponding to the phosphodiester backbone, with cylinders as bases.
Its location derives from super-position of the thfgstrands from the
active site from thefag DNA polymerase—duplex DNA complex (Eom

et al, 1996). Of the 14/15mer duplex present in the DNA polymerase
structure, 6-8 bases can be accomodated in the cleft of RNAP.

(B) A close-up view of the active-site cleft found in RNAP with the
modeled nucleic acid duplex showing clashes with the N-terminal
domain. This view of RNAP is identical to (A) except thathelices

are depicted as tube@;strands as arrows. Helices F, G and the
adjoining loop (N-terminal domain) are colored yellow, the active-site
Duplex B-strands are in red and the specificity loop is colored light blue. For
DNA clarity, the remaining portions of the RNAP structure are colored grey.
The position of residues significant for INTP binding (GLY542),
catalysis (ASP812), promoter interaction (ASN 748) are indicated. The
location of GLU148, a residue whose mutation severely disrupts RNA
5' Exonuclease binding and processivity (Het al,, 1997) is highlighted.) The

DNA polymerase fronThermus aquaticus represented as molecular

Fingers

Domain

T. aq DNA surface showing its more open active-site cleft. The surface is colored
Pol I as in (A). The vestigial 35’ exonuclease domain is colored in white.
Syt For clarity, the 5 exo-nuclease domain has been deleted. The DNA

from the complex is modeled and colored as in (B).
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a role for the N-terminal domain in interaction with

Structure of the T7 RNA polymerase-T7 lysozyme complex

structural database fails to identify homologous structures

upstream regions of promoter DNA and the nascent RNA (Holm and Sander, 1994).
chain, leading to establishment of a processive enzyme A second insertion, relative to DNA polymerases, which

(Ikeda and Richardson, 1987; Mulletral., 1988). Revision
of the RNAP structure has allowed re-interpretation of

we have termed the extended foot module, begins at
residue 838 and includes the C-terminal tetrapeptide F880—

the consequences of disruptions to this domain that shedA881-F882—A883 referred to as the ‘foot’ (Mookhtiar

new light on its role in the transcription cycle. Residues

et al,, 1991). This insertion is located at the front edge of

231-241 are poorly ordered in our structure; however, we the catalytic cleft, and extends beneath the fingers sub-

expect their location to be near the ‘pinky’ specificity
loop (Figure 6B), a segment directly implicated in pro-
moter DNA contacts (Raskiat al., 1992). The presumed

location of this region and the result that mutational

insertions after ASP240 abolish promoter-dependent tran-

scription without loss of RNA polymerase activity (Patra
et al, 1992; Sousat al, 1992) strongly suggests some
role in interaction with promoter DNA. A pair of solvent-

accessible helices (F/G) and the adjoining loop, encom-

domain to a location behind the active site, positioning
the C-terminus behind the palm insertion module (Figure
3A). The foot, whose flexibility in solution is modulated
by binding of promoter DNA (Mookhtiaet al., 1991), is
disordered in the PL complex. In the uncomplexed RNAP
structure, the foot is modelled in an extended conformation,
packed below one of the active-sfiestrands (Sousat al,
1993). The observed location of the last visible residue
(879) in our structure is just behind the active site, close

passing amino acids 125-140, form a structural elementenough to allow positioning of the foot such that it could
that faces towards the active-site cleft and seems well fulfill its proposed roles of interaction with incoming

situated for interaction with promoter DNA and nascent
RNA after it has cleared the transcription bubble (see
section on modelling of nucleic acids and Figure 6). Site-
specific mutations within the N-terminal domain with

very significant defects in processivity of the polymerase
reaction, binding of single-stranded RNA, and termination
of elongation (Heet al., 1997) map directly below this

rNTPs and promoter DNA (Mookhtiaet al, 1991;
Gardneret al., 1997).

The pinky specificity loop (residues 740-769), which
extends across the catalytic cleft and packs against the
N-terminal domain, is another element that distinguishes
RNAP from the pol | DNA polymerases (Figures 1 and 6).
This segment contains N748, which has been shown to

element. Many of these residues are not solvent accessibleliscriminate against similar promoter DNA sequences
and their location does not appear to support a role in from phage T3 (Raskiet al., 1992), by forming contacts
contacting nucleic acids. Processive elongation of RNAP With promoter base pair —11. Location of N748 in the
is also reduced by endo-proteolysis between residues 170structure relative to the position of the active-site aspartate
and 180 of the N-terminal domain, while complete removal residues (D537, D812), which are expected to be posi-
of this domain prevents the transition to processive elong- tioned near promoter base-paitl, unambiguously deter-
ation altogether and abolishes RNA bindirig vitro mine the polarity of template DNA in the nucleic acid
(Muller et al,, 1988). Although this segment is disordered cleft and the direction of RNA synthesis, which must
in our structure, its presumed location on the opposite Proceed towards the N-terminal domain (Figure 6).
surface to that facing the catalytic cleft (Figures 1 and 6)  Perhaps the most striking difference between RNAP
seems inconsistent with the observed defects. We speculaté&nd the pol I DNA polymerases is the presence of the
that these two types of disruptions to the N-terminal N-terminal QOmaln, wh|ch is critical for esta}bllshment.qf
domain as well as other site-directed mutations (Gross the processive elongation stage of transcription. Its position

et al, 1992; Lyakhovet al, 1997) may compromise its in front of the polymerase domain closes off the cleft
structural integrity, preventing it from fulfilling its critical ~ Under the thumb sub-domain where primer template DNA

role in the transcription cycle. is observed to bind in DNA _polymerases (Eomh aI._,
1996; Doublieet al, 1998; Kieferet al., 1998). This
domain contributes to the unusually concave-shaped
Structural differences between pol | family RNA active-site cleft seen in RNAP and not in DNA polymerases
and DNA polymerases (Brautigam and Steitz, 1998). Disruptions to this domain
Comparison of the RNAP structure with those of homo- cause dramatic defects in the binding of promoter DNA/
logous pol | family DNA polymerases (Figure 4) reveals RNA and processive elongation (Ikeda and Richardson,
the presence of unique segments, some of which fulfill 1986; Mulleret al., 1988). Its orientation relative to the
functions specific to RNA polymerases. The main struc- polymerase domain provides a solvent-accessible surface
tural differences between a pol | family DNA and RNA (helices F/G and the adjoining loop) that faces the active
polymerase include a lack of any exonuclease domain in site and could interact with upstream promoter DNA or
RNAP, the presence of palm and fingers sub-domain nascent RNA (Figure 6).
insertions, and addition of the N-terminal domain. The
palm sub-domain of RNAP contains a 77 residue insertion Model for interaction with template DNA and
between amino acids 450 and 527, called the palm insertionnascent RNA
module (Figures 1 and 4A and B). This compact domain The active-site cleft of RNAP has a bowl-like shape
rises above and behind the active site and makes contactg§Figure 6) that is strikingly different from that of other
with the fingers sub-domain, effectively closing off the nucleic acid polymerases (Arnokt al., 1995; Brautigam
back of the putative nucleic acid-binding channel. Its and Steitz, 1998). Segments unique to RNAP create a
conservation (Figure 5A) in phage-type RNA polymerases highly concave active-site cleft, less open than those seen
implies an important function that remains obscure in the in DNA polymerase | (Eonmet al,, 1996), HIV reverse
absence of published mutational data. A search of the transcriptase (RT) (Kohlstaedt al., 1992), or RB69 DNA
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polymerase (Wanget al, 1997). Super-position of the type RNA polymerases, but not its amino acid sequence.
active site of theTag DNA polymerase—duplex DNA  Two blocks of high sequence similarity in regions that
complex (Eomet al., 1996) onto RNAP, positions the 14/ flank the specificity loop attest to the accuracy of our
15mer duplex DNA within the active-site cleft of RNAP alignment (Figure 5A). In bacteriophage T7, this loop
near regions implicated in catalysis (Bonmgral., 1992) contains determinants of specificity for T7 promoter—
and promoter recognition (Raskiet al, 1992). The DNA sequences and discriminates against non-cognate
unusual concave active-site cleft can only accommodate promoters (Raskiret al, 1992). Homology within this
6-8 bases of the modeled duplex which we presume element implies a conserved function in phage-type RNA
occupies the position of the nascent RNA-DNA hetero- polymerases. Insertions in the fingers sub-domains (590—
duplex (Figure 6). The length that can be accommodated 620), whose function remains obscure, are only partially
without clashes is in remarkable agreement with the length conserved amongst phage-type RNA polymerases
of RNA required for formation of a stable elongation (Figure 5A).

complex (Martinet al., 1988). Furthermore, the clash with

the N-terminal domain occurs with helices F and G, and .

the adjoining loop (residues 125-140), which in our Discussion

structure are located above a series of residues whosdn order to gain an insight into the mechanisms by
mutation severely disrupts RNA binding and processivity which transcription can be regulated, we have studied the
(Heetal, 1997). More precise discussion of the interaction structure of T7 RNA polymerase bound to T7 lysozyme.
of the N-terminal domain with DNA/RNA, along with  Although it binds promoter DNA, RNA and nucleotides,
conformational changes associated with various stages ofthe PL complex is arrested at the abortive initiation phase
the transcription cycle must await determination of the of the transcription cycle and loses the capability to

structures of appropriate complexes. synthesize long RNA products (Kumar and Patel, 1997;

Zhang and Studier, 1997). Locking of RNAP in a non-
Sequence conservation among phage-type RNA processive conformation by interaction with LYS reduces
polymerases initiation of RNA chains from phage promoters. This

Comparison of the primary sequences of RNA polymerasesreduction in phage transcriptional capacity results in a
from phage, mitochondria and chloroplasts in the context biologically significant form of gene regulation during
of the revised structure of RNAP, implies a conserved infection ofE.coliwhereby expression from the inefficient
fold not only within the polymerase domain, but also in class Il promoters is curtailed while that from the strong
regions unique to pol I RNA polymerases (Figure 5). The class Il promoters continues until lysis (McAllistet al,
significance of conserved residues in the polymerase 1981). The structure of the PL complex reveals that the
domain that line the active site, many of which are lysozyme binding site is remote from the RNAP nucleic
conserved in DNA polymerases, RTs and telomerases, hasacid binding cleft, implying an indirect mechanism of
been discussed (Delareeal., 1990). Of particular interest  inhibition. The binding site is composed of elements from
is the striking sequence conservation among phage-typethe N-terminal domain and the palm and fingers sub-
RNA polymerases in thgd-strands (residues 724-740) domains of RNAP. This observation leads to the hypothesis
that constitute a portion of the lysozyme binding site. that lysozyme binding might prevent essential conforma-
These strands are conserved in structure though not in thetional changes that are expected to occur during the
amino acid sequence of pol | DNA polymerases (Figure transition from abortive initiation to the stable elongation
4C). Sequence and structural conservation of a major stage of transcription. This simple example serves as a
element of the lysozyme binding site leads us to wonder structural paradigm for one way in which regulation of
whether mitochondrial and chloroplast phage-type RNA bacterial and eukaryotic transcription could be achieved.
polymerases, and perhaps even bacterial DNA poly- T7 lysozyme is unchanged on binding to RNAP when
merases, might also be regulated by binding at this site compared with the uncomplexed structure (Chehgl.,
of a molecule analogous to T7 lysozyme. 1994). The N-terminal five residues of LYS become
Sequence similarities within structural elements unique structured and along with helixA form the polymerase
to phage-type RNA polymerases strongly suggest that binding site. The surface of LYS that interacts with RNAP
they will have a conserved structure. N-terminal domains is in agreement with biochemical studies (Chestgal,
of phage-type RNA polymerases vary greatly in sequence 1994). Furthermore, interaction with RNAP occludes the
and length, a diversity partly accounted for by organellar active site of the peptidase activity associated with T7
targeting signals (Hedtkeet al, 1997). Nonetheless, lysozyme. This finding is in agreement with functional
sequence similarity within the core of the N-terminal studies that demonstrate polymerase inhibition and peptid-
domain, spanning RNAP residues 140-325, which ase activity are mutually exclusive. Primary sequence
includes many buried side chains that presumably play a comparisons with a homologous lysozyme frétaemo-
structural role, argues for the presence of this domain in philus influenza€Fleischmanret al,, 1995) hint at a neat
phage-type RNA polymerases and a conservation of its separation in the LYS structure of transcriptional inhibition
function (Figure 5). The extended foot module also varies and peptidase activities. Residues associated with tran-
in length among the sequences we have examined. Itscription inhibition and polymerase binding cluster in the
culminates in a conserved C-terminal tetrapeptide con- N-terminal 52 residues, while most residues involved with
taining hydrophobic or aromatic residues whose function, the peptidase activity map to the C-terminal 100 residues
interaction with promoter DNA and nucleotides, is prob- (Figure 5B).
ably conserved (Gardnaat al., 1997). Additionally, the The structure of T7 RNA polymerase obtained from
length of the pinky specificity loop is conserved in phage- this study differs substantially from that proposed by
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Wang and co-workers (Sousa al., 1993) with respect to

assignment of the amino acid sequence to tertiary structure
at some positions and chain orientation at others (Table

I1). A more accurate model of RNAP was obtained via
4-fold averaging of experimental electron density maps
by domain, as well as by refinement of the structure,

against data extending to 2.8 A. The corrected structure

has allowed re-interpretation of the structural basis of

defects caused by site-directed mutations that affect inter-

action with LYS as well as binding of promoter DNA

Structure of the T7 RNA polymerase-T7 lysozyme complex

maps clearly indicated deviations from the previously published model
of RNAP.

Model building in crystal form Il was performed using the interactive
graphics program Ov5.10.3 (Jonetsal,, 1991) and checked against the
three complexes in crystal form |. Chain connectivity was established
unambiguously by inspection of the 4-fold averaged maps, while
assignment of the amino acid sequence to tertiary structure was made
using maps that were improved by the solvent-leveling and histogram-
matching procedures in the DM program in crystal form Ill or with
maps 2-fold averaged between crystal form 11l and complex #1 of crystal
form I.

sequences and nascent RNA. Moreover, the revised struc-Model refinement

ture will allow use of primary sequence alignments of
RNA polymerases from bacteriophage, mitochondria from

diverse eukaryotes and chloroplasts of some higher plants

An approximate model for nucleic acid binding to T7 RNA

The PL model was refined using the CNS program (Brurefesl,
1998) against a data set extending to 2.8 A collected from a crystal
soaked in pHMBS (Form llla), not isomorphous to the 3.0 A data set

-used in phasing and averaging. Rounds of positional refinement and

restrained B-factor refinement were interspersed with manual re-building

polymerase, constructed from sequence and structuralinto 2F;—F; maps. These maps were calculated wits Berived either

alignments with the DNA polymerase | fromhermus
aquaticus yields insights into interactions with promoter
DNA and nascent RNA.

Materials and methods

Sample preparation

from averaging a family of 10 structures generated by multi-start torsion
angle dynamics (L.M.Rice, Y.Shamoo and A.T.Brunger, submitted) or
from a single structure where 2, 5, 10 or 50 residue segments had been
omitted from the model prior to torsion angle dynamics (Figure 2). In
these refinements, the maximum likelihood target (Pannu and Read,
1996; Adamset al., 1997) as implemented in CNS was found to be far
superior to the crystallographic residual target. Partial model phases
from either complete or omit models were combined with experimental
phases using the program SIGMAA (CCP4, 1994) and subjected to a 5-

Crystals of the T7 RNA polymerase—T7 lysozyme complex were prepared fold averaging protocol (Form I1l, Form lila, Form |, #1, #2, #3) which
as described in Jeruzalmi and Steitz (1997). Isomorphous heavy-atom9enerated maps clarifying portions of the N-terminal domain. Progress
derivatives were prepared by soaking crystals in heavy-atom compounds©f refinement was monitored by reduction Riee (Brunger, 1992).

dissolved in 10 mM MOPS, 5% PEG 8000, 20% sarcosine, 1 mM DTT,
0.02% NaN and 10% propylene glycol. N7 platinated guanosine was
prepared by reacting guanosine with an excess of PH#{NH,O]
(Reederet al, 1996). Mercurated guanosine was prepared by reacting
guanosine 5thiol (donated by Jennifer Doudna, Yale University) with

Crystallographic structure determination

The structure of the T7 RNA polymerase-T7 lysozyme complex was
determined from analysis of two crystal forms. Form | crystallized in
space group C2 with cell parameters=a320 A, b= 93 A, c = 229 A,

o = 90°,(3 = 129°,y = 90° and with three complexes in the asymmetric
unit. Crystals maintained at —175°C (Abdel-Meguwad al., 1996) dif-
fracted to 3.3 A resolution using synchrotron wiggler radiation (CHESS)
and yielded data that merged with Bg,,, ~8.2% in the 20-3.3 A range.
Crystal form 11l was in space group C2 with cell constants 270 A,
b=93A c=63A a=290°p3 =103,y =90 atT=
—175°C with a single complex in the asymmetric unit. Diffraction data
for crystal form Il were recorded to 2.8 A with aRgym ~4.2% in the
30-2.8 A range at CHESS (beamline A-1) with a charge coupled
device detector.

Model geometry was analyzed with the programs OOPS (Kleywegt and
Jones, 1996) and PROCHECK (Laskowskal.,, 1993). The final model
consists of 923 residues with a FReealue of 31.8% with no outliers

in the Ramachandran plot. Coordinates have been deposited with the
Brookhaven Protein Data Bank under the accession code 1ARO.

Figure preparation

Figures were composed in programs BOBSCRIPTv1.0 (Esnouf, 1997),
GRASPv1.25 (Nichollst al,, 1993) or RIBBONSv2.85 (Carson, 1991)
with renderings performed in POVRAYv3.02 (http://www.povray.org),
followed by processing in Macintosh CANVASV5.0. Figure 5A and B
were generated using ALSCRIPT (Barton, 1993).
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