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Activated transcription of the bacteriophage T4 late genes, which
is coupled to concurrent DNA replication, is accomplished by an in-
itiation complex containing the host RNA polymerase associated
with two phage-encoded proteins, gp55 (the basal promoter
specificity factor) and gp33 (the coactivator), as well as the DNA-
mounted sliding-clamp processivity factor of the phage T4 repli-
some (gp45, the activator). We have determined the 3.0 Å-resolu-
tion X-ray crystal structure of gp33 complexed with its RNA
polymerase binding determinant, the β-flap domain. Like domain
4 of the promoter specificity σ factor (σ4), gp33 interacts with RNA
polymerase primarily by clamping onto the helix at the tip of the
β-flap domain. Nevertheless, gp33 and σ4 are not structurally
related. The gp33/β-flap structure, combined with biochemical,
biophysical, and structural information, allows us to generate a
structural model of the T4 late promoter initiation complex. The
model predicts protein/protein interactions within the complex
that explain the presence of conserved patches of surface-exposed
residues on gp33, and provides a structural framework for inter-
preting and designing future experiments to functionally charac-
terize the complex.
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Transcription initiation in bacteria depends on the RNA poly-
merase (RNAP) catalytic core (subunit composition α2ββ

0ω)
and the promoter specificity subunit σ, which combine to create
the RNAP holoenzyme. The σ subunit recruits RNAP to promo-
ters through sequence-specific interactions with two conserved
hexameric DNA sequence motifs, the −10 and −35 promoter
elements. The −10 element is recognized by structural domain
2 of σ (σ2), positioned on the clamp helices of the RNAP β′-sub-
unit, while the −35 element is recognized by σ4 positioned on the
flap-tip-helix (FTH) of the RNAP β-subunit flap domain (1, 2).
Transcription from weak promoters may be modulated by activa-
tors that typically bind to specific DNA sequences, or operators,
located upstream of the −10∕ − 35 promoter elements, and sta-
bilize the initiation complex through protein/protein interactions
directly with the RNAP holoenzyme, often with the α-subunit
C-terminal domain or the σ4∕β-flap subcomplex (3).

Activated transcription of the bacteriophage T4 late genes,
which couples transcription of more than one-third of the phage
genome to concurrent DNA replication, is accomplished by a
mechanism that is apparently unique (4). Activation requires the
function of two phage-encoded RNAP-binding proteins, gp55
and gp33, as well as DNA-mounted gp45, the sliding-clamp pro-
cessivity factor for the phage T4 replisome (5, 6). Both gp33 and
gp55 interact with the sliding-clamp via a hydrophobic and acidic
C-terminal tail, the sliding-clamp binding motif (SCBM) that is
attached to the body of each protein through a linker (7, 8).

Gp55 is a highly diverged member of the σ70 family (9, 10) that
binds to Escherichia coli (Eco) RNAP core on the β′-subunit
clamp helices (11, 12), in competition with σ702. The Gp55-

holoenzyme accurately initiates low level (basal) transcription
from T4 late promoters (13), which comprise only a −10-like mo-
tif with consensus TATAAATA (14). Gp55 lacks a σ4-equivalent
domain. Instead, gp33 (112 amino acids) binds to the β-flap (11),
in competition with σ704 (15). Gp33 has no recognizable homol-
ogy with other proteins (including σ4) and does not bind DNA;
instead it represses gp55-dependent basal transcription (5, 16).
However, in the presence of DNA-mounted sliding-clamp gp45,
gp55-dependent transcription is activated more than 1,000-fold
through a direct protein/protein interaction with the β-flap-bound
gp33 (17). This requirement of the sliding-clamp for activation
couples T4 late transcription to DNA replication (18).

Other requirements for activated late transcription include
the phage-encoded sliding-clamp loader (gp44/62), ATP or dATP
hydrolysis, and a DNA template with a properly placed single-
strand break or end, all needed to load the gp45 sliding-clamp
onto DNA. The single-strand break, which serves as the sliding-
clamp loading site, must be on the nontranscribed strand (so that
the sliding-clamp is loaded in the proper orientation), and has the
properties of an enhancer, in that it can be placed kilobases away
from the promoter. The enhancer acts strictly in cis and requires
a continuous, unobstructed DNA path between itself and the
promoter (reviewed in ref. 6).

In this scheme, gp55 acts as the basal promoter specificity
factor, gp45 acts as a DNA-tracking transcriptional activator,
and the single-strand break acts as an unusual, enhancer-like op-
erator. The properties of gp33 fit perfectly to the definition of a
coactivator (19).

Here, we present the X-ray crystal structure of gp33 bound
to its binding determinant on Eco RNAP, the β-subunit’s flap
domain, allowing us to compare gp33 structural and functional
characteristics to those of σ4 and revealing the basis for many
functional characteristics of gp33, including its repression of basal

Author contributions: K.-A.F.T., P.D., A.H., and S.A.D. designed research; K.-A.F.T., E.A.C.,
P.D., S.N., V.J., and S.A.D. performed research; E.P.G. contributed new reagents/analytic
tools; K.-A.F.T., E.A.C., P.D., E.P.G., A.H., and S.A.D. analyzed data; and K.-A.F.T., E.A.C.,
A.H., and S.A.D. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID code 3TBI).
1Present address: The Protein Crystallography Unit, ARC Center of Excellence in Structural
and Functional Microbial Genomics, Department of Biochemistry and Molecular Biology,
Monash University, Clayton, Victoria, 3800, Australia.

2Present address: Laboratory of Molecular Carcinogenesis, NIEHS, NIH, Research Triangle
Park, NC 27709.

3Present address: Department of Biology, Indian Institute of Science Education and
Research Bhopal, ITI (Gas Rahat) bulding, Govindpura, Bhopal 462023, Madhya Pradesh,
India.

4To whom correspondence should be addressed. E-mail: darst@rockefeller.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1113328108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1113328108 PNAS ∣ December 13, 2011 ∣ vol. 108 ∣ no. 50 ∣ 19961–19966

BI
O
CH

EM
IS
TR

Y

www.pdb.org
www.pdb.org
www.pdb.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113328108/-/DCSupplemental


transcription in the absence of gp45, as well as details of its inter-
action with the β-flap. Finally, the new structure, in combination
with other information, allows us to generate a model of the T4
late promoter activated transcription complex that provides a
structural framework for interpreting previous results, and serves
as a guide for the design of further experiments.

Results and Discussion
Crystallization and Structure Determination of the gp33/β-flap Com-
plex. Gp33 binds the FTH of the Eco RNAP β-flap domain, and
this interaction is required both for repression of gp55-mediated
basal transcription by gp33 and gp45-mediated transcriptional ac-
tivation (15). To elucidate the details of the gp33/RNAP interac-
tion, we determined the crystal structure of the gp33/β-flap
complex. The coexpressed (20) and purified gp33/β-flap complex
(Fig. S1 A and B), comprising full-length T4 gp33 (12.8 kDa), and
residues 831–1057 of the Eco RNAP β-subunit (25.2 kDa), was
crystallized. The structure was determined using phases obtained
from a molecular replacement solution (using the Taq RNAP
β-flap, with the flexible flap-tip removed, as a search model) com-
bined with single anomalous dispersion phases collected from
crystals containing selenomethionyl-substituted (SeMet) proteins
(21) (Fig. S1C). An atomic model was built and refined to an
R∕Rfree of 0.263∕0.290 at 3.0 Å-resolution (Table S1).

Overall Architecture of the gp33/β-flap Complex. The two proteins
form a complex with 1∶1 stoichiometry (Fig. 1, Fig. S1 B and D).
The β-flap residues 831–937 and 1,043–1,057 form the conserved
flap-wall (FW) and flap-tip (FT), with residues 938–1,042 consti-
tuting the lineage-specific insertion βi9 (22, 23) (Fig. 1). The FT

(residues 891–912) is composed of the FTH (residues 897–906)
that is connected to the FW by two flexible loops. The FW (re-
sidues 831–890∕913–937∕1;043–1;057) aligns well with the corre-
sponding residues in previously solved structures of bacterial
RNAP, from Thermus aquaticus (24) and Thermus thermophilus
(25), with rmsd over α-carbon positions of 1 Å and 0.9 Å, respec-
tively. The FT forms a flexible appendage, which is conserved in
fold but found in different orientations in various structures (26).
The structure of βi9 (22), a eubacterial lineage-specific insert of
unknown function, has been described previously (23). The βi9
does not interact with gp33 (Fig. 1), nor is it involved in gp33
function (Fig. S2), so it is not discussed further here.

The entire β-flap was built into the electron density map, but
there was no clear density for two terminal segments of gp33,
so only residues 32–102 (of the full 112) were modeled in the
structure (Fig. 1). Analysis of the crystals indicated that they con-
tained both proteins without proteolytic degradation (Fig. S1C),
so the N-terminal 31 and C-terminal 10 residues of gp33 are pre-
sumed disordered in the crystals. In an alignment of gp33 homo-
logs found in the bacteriophage T4 group, the N-terminal region
is poorly conserved, and many homologs lack this region entirely
(Fig. 2A, Fig. S3). Furthermore, a 29-residue N-terminal trunca-
tion of gp33 was shown to bind RNAP as effectively as full-length
gp33 (15). The C-terminal tail of gp33 contains the SCBM, which
would not be expected to interact with RNAP, but instead to be
available for interaction with gp45. Thus, gp33[32–102], visua-
lized in the crystal structure, represents the entire, functionally
relevant RNAP-interaction determinant. Throughout the re-
mainder of this manuscript, gp33[32–102] is referred to as gp33.

Gp33 is composed of five helices (H1-H5) connected by short
loops (L1-L4; Fig. 1). The overall shape resembles the letter “C”
with a bulbous base. The opening of the C accomodates the FTH
(Fig. 1, 2 A and B).

Comparison of Gp33 and σ4.Because both gp33 and σ4 interact with
RNAP via the FT (1, 15, 27), it was proposed that gp33 might
act as a functional analog of σ4 despite having no discernible
sequence homology. Both gp33 and σ4 are helical proteins that
clamp onto the FTH, but their overall folds are not related
(Fig. 2B). In addition, gp33 and σ4 have very different surface
properties (Fig. 2C). RNAP-bound σ4 presents a positive electro-
static surface to, and interacts extensively with, the DNA (28)
(Fig. 2C). When bound to the β-flap, gp33 presents an overall
negatively charged surface except for one small slightly basic
patch (Fig. 2C), explaining how gp33 might inhibit nonspecific
interactions with upstream DNA in the absence of the gp45 slid-
ing-clamp activator (29).

Conservation Among gp33 Homologs.An alignment (30) of selected
gp33 homologs from the large family of T4-related bacterio-
phages allowed us to map conserved residues onto the surface
of the structure (31) (Fig. 2A, Fig. S3). There are six distinct sur-
face patches of conserved residues (P1–P6; Fig. 2A, Table S2).
Two of these patches, P1 (L95, R96, P97, S98) and P2 (L56, I82,
I85), are involved in interactions with the FW and FTH, respec-
tively (Figs. 2A, 3). These interactions are presumably critical for
gp33 function across species, explaining their conservation. P5
(E45, V48, Y55, K84, E88) comprises residues that are involved
in interhelical contacts between H1, H2, and H4 and are thus
likely critical to maintain the tertiary structure of gp33. The other
surface patches (P3–E57; P4–E64, E65, N66, S67; P6–Q38, R37,
K75), as well as an additional possible function for residues of
P5, are discussed below in the context of a model of the T4 late
promoter activation complex.

Gp33/β-Flap Interactions. Gp33 establishes two distinct interac-
tion surfaces with the β-flap, one at the FT (consisting mostly
of the FTH), and one within the FW (Fig. 3 A and B). The

Fig. 1. Structure of the gp33/Eco RNAP β-flap complex, shown as a ribbon
diagram. Gp33 is green, the β-flap cyan, the FTH slate blue, βi9 orange. The
small inset (left) illustrates the β-flap structure in the context of Eco RNAP
(23), with β colored light cyan, β′ light pink. The β-flap is shown as a trans-
parent surface and color-coded as in the ribbon diagram. The bottom bar
illustrates the crystallized full-length gp33, but only the green portion (resi-
dues 32–102) was ordered and observed in the electron density. Observed
secondary structure features are shown schematically and labeled (helices
H1-5, and loops L1-L4).
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protein/protein complex buries a substantial surface area of
1;900 Å2. Interactions between gp33 and the FTare mediated lar-
gely by hydrophobic van der Waals contacts (Fig. 3B). One face of
the FTH presents a hydrophobic surface to a concave hydropho-
bic groove of gp33. The hydrophobic interaction surface of the
FTH includes several residues that are also important for σ704
binding [L901, L902, I905, and F906 (32)]. The nonpolar alkyl
side chain of β-FTH-K900 contributes to the hydrophobic inter-
face, and this residue is also important for σ704 binding (Fig. S4).
The hydrophobic surface of gp33 that interacts with the FT in-
cludes residues of conserved patches P1 and P2 (Figs. 2A, 3 A
and B). In addition to contributing to the mostly hydrophobic in-
terface between the FTand gp33, FTH-K900 is poised to form a
salt-bridge with conserved gp33-E70 (Fig. 3).

Interactions between gp33 and the FW are mediated mostly
by four conserved residues comprising P1 (Figs. 2A, 3 A and B)
located at the C-terminal end of the resolved portion of gp33.
Conserved R96 of gp33 forms salt bridges with β-E849 and
D853 as well as hydrophobic interactions with D853 and V913
(Fig. 3 A and B). The negatively charged β-flap residues that are

key to this interaction, E849 and D853, are conserved throughout
proteobacteria but are substituted by positively charged residues
in more distantly related phyla (22). In addition, absolutely con-
served S98 of gp33 engages β-D853 in polar and nonpolar con-
tacts (Fig. 3 A and B).

A previous study identified gp33 mutants bearing substitutions
F62A, K84E, E88K, and double substitution E64A/E65A as
being defective both in binding to RNAP and in suppressing basal
transcription (15). The structure shows that F62, K84, and E88 do
not interact with the β-flap, but instead participate in intramole-
cular contacts that likely stabilize the gp33 structure. E64 and E65
also do not contact the β-flap, nor are they involved in intramo-
lecular interactions (we suggest other interactions below).

Genetic Data Correlate with the Observed Structure. To obtain a
functional picture of the gp33/β-flap interface, we employed an
in vivo bacterial two-hybrid assay (33) (Fig. S4). In this assay, con-
tact between a protein domain fused to the RNAP α-subunit
and a partner domain fused to the bacteriophage λ CI protein
activates transcription from a promoter bearing a λ operator.

Fig. 2. Sequence and structural properties of gp33. (A) Top: The sequence of T4 gp33 is shown, color-coded according to conservation score [red, highest
identity; (31)] from an alignment of gp33 homologs from the T4 bacteriophage group (the full alignment is shown in Fig. S3). Below: three views of the gp33/β-
flap structure, with gp33 shown as a molecular surface, color-coded according to the conservation shown in the alignment, and the β-flap shown as an α-carbon
backbone worm, colored cyan or slate blue (FTH). Six conserved, surface-exposed patches are labeled (P1-P6). (B) Structural comparison of β-flap-bound σ4 (left)
and gp33 (right). The view is down the axis of the FTH (cyan), which is shown as a thin α-carbon backboneworm; σ4 and gp33 are shown as ribbon diagrams and
color-coded in a ramp from N (blue) to C terminus (red). (C) Comparison of the electrostatic surface distributions (42) of Eco β-flap bound to gp33 (left) and σ704
(right, generated from a homology model). Blue represents positively charged surfaces (þ5 kT) and red, negatively charged surfaces (−5 kT).
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We began by introducing random mutations into the β-flap mod-
ule of either a λCI-β-flap or an α-β-flap fusion protein and screen-
ing for amino acid substitutions that reduced expression of the
two-hybrid reporter gene in the presence of the partner fusion
protein (either α-gp33 or λCI-gp33). To exclude mutations result-
ing in general effects on the structure of the β-flap moiety, we
performed two secondary screens by taking advantage of our abil-
ity to detect interactions between the β-flap and σ704 or σ

38
4 (the

stationary phase-specific σ factor). We thus screened for amino
acid substitutions in the β-flap that disrupted its interaction with
gp33, but did not disrupt its interaction with at least one of the σ4
moieties. We identified six amino acid substitutions (K900E,
K900I, K900N, I905V, I905T, and F906S) at three positions in
the FTH that met these criteria, consistent with previous data
(15) and our structure, showing that the FTH is an important de-
terminant for gp33 binding to the β-flap. We also used the two-
hybrid assay to test the effect of individual alanine substitutions at
β-flap positions 898-909. Substitutions K900A, L901A, L902A,
I905A, and F906A each decreased reporter gene transcription

by a factor of at least two (Fig. 3C). These results closely paral-
leled those obtained with σ704 with one exception—substitution
E898A was strongly disruptive for the σ704∕β-flap interaction
(Fig. S4), but not for the gp33/β-flap interaction (Fig. 3C). These
data, along with previous observations (15), specify that gp33 and
σ704 share overlapping but not identical molecular contacts on the
β-flap. It should be noted that gp33 interacts much more exten-
sively with the FW than does σ4 (2, 25) and that these interactions
would be critical for reorienting the FTH relative to the FW.

Focusing on charge reversal substitution β-K900E, we used
mutant-suppressor analysis to identify a functional partner resi-
due in gp33. Thus, we introduced random mutations into the
gp33 moiety of the α-gp33 fusion protein and screened for amino
acid substitutions that restored stimulated expression of the
two-hybrid reporter gene in the presence of the λCI-β-flap-
K900E fusion protein. One α-gp33 mutant, gp33-E70K, specifi-
cally suppressed the effect of β-flap substitution K900E (Fig. 3D),
suggesting that these oppositely charged side chains form a salt
bridge when gp33 binds the RNAP β-flap.

Fig. 3. Gp33/β-flap interactions. (A). Residues that interact are drawn in stick format on gp33 (green worm) and the β-flap (cyan). Gp33 side chain carbons are
color coded by conservation as in Fig. 2A. The right-hand view looks down the axis of the FTH and illustrates hydrophobic interactions between it and gp33. (B).
Interaction schematic. Gp33 residues (left column) are colored according to conservation as in Fig. 2A. The nature of the interactions between each residue pair
is color coded: nonpolar interactions, yellow; hydrogen-bonds, green; hydrogen-bonds/salt-bridges, red. Structural elements of gp33 (left) and the β-flap (right)
are denoted. (C). Use of the bacterial two-hybrid assay (schematic in Fig. S3A); (33) to test the effects of alanine substitutions at β-flap residues 898-908 (except
A904) on the gp33/β-flap interaction. Results of β-galactosidase assays performed with reporter strain cells containing one plasmid that encoded the α-gp33
fusion protein and a compatible plasmid that encoded either λCI or the indicated λCI-β-flap variant. The plasmids directed the synthesis of the fusion proteins
under the control of IPTG-inducible promoters and the cells were grown in the presence of 50 μM IPTG. The bar graph shows the averages of three independent
measurements and standard deviations. (D). Bacterial two-hybrid screen for substitutions in α-gp33 that restored the interaction of the gp33 moiety with the
β-flap moiety of the λCI-β-flap-K900E fusion protein suggests that oppositely charged side chains of gp33-E70 and β-K900 interact at the gp33/β-flap interface.
Results of β-galactosidase assays performed with reporter strain cells containing compatible plasmids that directed the synthesis of the indicated fusion pro-
teins under the control of IPTG-inducible promoters. Cells were grown in the absence of IPTG or in the presence of 5, 10, 25, or 50 μM IPTG. The line graph shows
the averages of three independent measurements for each IPTG concentration and standard deviations.
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To determine whether substitutions gp33-E70K and β-K900E
were also mutually suppressive in the context of gp33-bound
RNAP, we analyzed the repressive effect of gp33 on basal tran-
scription by the gp55-holoenzyme (E•gp55) in vitro. Gp33-E70K
was less efficient than wild-type gp33 in repressing transcription
by E•gp55 reconstituted with wild-type β, but significantly more
efficient than wild-type gp33 in repressing transcription by
E•gp55 reconstituted with β-K900E (Fig. S5). These results in-
dicate that the molecular details of the interaction between gp33
and E•gp55 are recapitulated in our two-hybrid assay and pro-
vide further support for the interaction between gp33-E70 and
β-K900 at the gp33-β-flap interface.

Structure-Based Model of a T4 Late Promoter Transcription Initiation
Complex. A recently described complete molecular model of Eco
core RNAP (23), along with a previously determined structure of
the Taq RNAP promoter initiation complex and derived open
complex models (1), provide the basis for a model of gp33 bound
to a T4 late promoter initiation complex (Fig. 4; Materials and
Methods). The model allows us to visualize the overall architec-
ture of the T4 late gene transcription initiation complex. The
positioning of the sliding-clamp and the associated SCBM brings
the N terminus of the SCBM [corresponding to residue 104 of
gp33 according to Table 1 of (34)] within 3.94 Å of the C terminus
of the gp33 structure (residue 102; α-carbon to α-carbon dis-
tance). The positioning of gp45 and gp33 correlates accurately
with biochemical data: (i) when added to a preformed open
T4 late promoter complex, gp33 changes the DNase I protection
pattern from about −23 to −32 (29), (ii) protection is extended
upstream to about −41 in the presence of gp45, and (iii) both
gp33 and gp45 cross link to DNA at −34, −35 and −39 (35, 36).
In our model, gp33 overlaps in space with σ704 and is located near
the DNA from about −29 to −35, whereas gp45 covers the DNA
from about −33 to −45, consistent with footprinting and cross-
linking analysis.

The model allows us to propose functions for conserved gp33
surface patches P3, P4, P5, and P6, that are otherwise difficult to
assign, all involving putative protein/protein interactions within
the complex. First, side chains of conserved patch P4 are posi-
tioned to interact with several basic side chains of the β′-Zinc-
Binding-Domain [ZBD (11)], specifically Eco β′-R77 and K79
(Fig. S6A), explaining previous data suggesting that E64 and
E65 are involved in contacting RNAP (15). Second, gp33 con-
served patch P5 faces the approaching sliding-clamp, suggesting

a possible gp33/sliding-clamp interaction in addition to tethering
by the gp33-SCBM. The third putative interaction is between
gp33 conserved patch P3 (E57) plus additional gp33 residues
D91/E92/N93, and a basic helix of β′ on the opposite side of the
RNA exit channel (β′-K395-A-A-K-M-V-R403). The side chains
of these residues approach within 10 Å, and the β′-helix is con-
nected by loops that may be flexible enough to accommodate
electrostatic interactions between the two proteins. Gp33-E57
is important for RNAP binding (15) and is absolutely conserved
within the group of gp33 homologs listed in Fig. 2A.

The model further allows us to explain biochemical observa-
tions that gp33 reduces the nonspecific DNA binding of core
RNAP and represses basal transcription in the absence of the
gp45 sliding-clamp (5). Gp33 does not bind DNA sequence-
specifically, and the gp33 surface is largely negatively charged
(Fig. 2C) so would likely repel DNA. Interestingly, in our tran-
scription complex model, the point of closest approach of the
overall negatively charged gp33 with the upstream DNA is the
small “basic spot” (Fig. 2C) created by gp33 conserved patch
P6 residues R37 and K75.

The model contains ambiguities in several details that prevent
us from specifying the rotational setting of the sliding-clamp in
the promoter complex (see SI Text) and does not specify the
attachment site of the gp55-SCBD; the evidence at hand (37) sug-
gests that, in contrast to gp33, the gp55-SCBD is flexibly linked to
the body of this protein.

In the RNAP holoenzyme, σ3.2 in the RNA exit channel and σ4
bound to the β-flap block the exit path for the nascent transcript
and must be displaced to allow further extension of the RNA and
transition into the elongation complex (38, 39). Modeling of gp33
onto the RNAP ternary elongation complex (40) suggests that
gp33 would not occlude the RNA exit channel and could remain
bound to the β-flap during elongation (Fig. S6B). This suggestion
is consistent with previous observations indicating that gp33 may
remain associated with elongation complexes (29). A system
wherein gp33 does not need to cycle on and off RNAP for suc-
cessive rounds of activated transcription might help to optimize
late gene transcription.

Conclusion
The T4 late gene promoter complex has been characterized by
biochemical and genetic analyses extending over the last four dec-
ades, providing a detailed paradigm for how a pathogen manip-
ulates the host transcriptional machinery, and revealing a unique
mode of transcription regulation (6). Studies of this system led to
the first identification of a master regulator of a complex gene
expression pathway (41). In this pathway, gp33 functions as a
simple coactivator (19). Structures of most components of the
T4 late promoter complex have either been determined or could
be accurately modeled based on homologous structures, but gp33
has been a structural “black-box” because it has no homologs in
the databases, preventing structural modeling of the entire com-
plex. Using the gp33/β-flap structure reported here, we generated
a structural model of the T4 late promoter initiation complex,
including Eco RNAP, DNA, the T4-encoded promoter specificity
factor gp55, the coactivator gp33, and the activator gp45. The
model is consistent with previously determined biochemical
and biophysical parameters (29, 35, 36) and predicts additional
protein/protein interactions that explain conserved patches of
surface-exposed residues on gp33 (Fig. 2A). Some of these pre-
dicted protein/protein interactions, between gp33-P4 and the
RNAP β′-ZBD (Fig. S6A) and between gp33-P3 and β′[394–403],
help to rationalize previously mysterious properties of gp33 point
mutants (15). An additional protein/protein interaction, between
gp33-P5 and gp45, has not been addressed with biochemical or
genetic studies, suggesting future experiments to further charac-
terize this complex.

Fig. 4. Structural Model of a T4 late gene Transcription Initiation Complex. A
composite model of the complete transcription initiation complex of T4 late
gene promoters (see Materials and Methods). Eco RNAP is shown as a mole-
cuar surface (α, ω, gray; β, light cyan; β′, light pink) except the β-flap (from the
gp33/β-flap structure), which is shown as a backbone worm and colored as in
Fig. 1. Other components of the model include gp55 (thin orange backbone
worm, modeled as conserved regions 1.2 and 2 of Taq σA), gp33 (green) but
with the SCBM colored red, the gp45 heterotrimer (shown as a molecular
surface, with each monomer a different shade of gray). DNA is shown as
a yellow backbone worm.
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Materials and Methods
Full details of the methods used are presented in the SI Text.

Protein Expression and Purification. T4 gp33 and an Eco rpoB fragment encod-
ing the β-flap were coexpressed (Fig. S1A) as described (21). The complex
was purified by: Ni2þ-affinity chromatography, removal of the His6-tag
and uncleaved complex by subtractive Ni2þ-affinity and size-exclusion chro-
matographies (Fig. S1A).

Crystallization and Structure Determination. Crystals were grown by hanging-
drop vapor diffusion at 22 °C. The structure was solved by a combination of

molecular replacement and single-wavelength anomalous dispersion with
data collected from selenomethionyl-substituted proteins.
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