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Summary

The tetrameric cII protein from bacteriophage � acti-
vates transcription from the phage promoters PRE, PI,
and PAQ by binding to two direct repeats that flank
the promoter −35 element. Here, we present the X-ray
crystal structure of cII alone (2.8 Å resolution) and in
complex with its DNA operator from PRE (1.7 Å resolu-
tion). The structures provide a basis for modeling of
the activation complex with the RNA polymerase ho-
loenzyme, and point to the key role for the RNA poly-
merase � subunit C-terminal domain (�CTD) in cII-
dependent activation, which forms a bridge of protein/
protein interactions between cII and the RNA poly-
merase � subunit. The model makes specific predic-
tions for protein/protein interactions between cII and
�CTD, and between �CTD and �, which are supported
by previous genetic studies.

Introduction

The transcription activator protein cII of bacteriophage
λ plays a key role in the switch that governs lytic or
lysogenic phage development (Echols, 1986; Ho et al.,
1986). Regulation of cII occurs at the levels of transcrip-
tion, translation initiation, mRNA stability, and proteoly-
sis. Conditions that stabilize cII favor the lysogenic re-
sponse (Obuchowski et al., 1997b).

Although cII belongs to the helix-turn-helix (HTH)
family of DNA binding proteins (Matthews et al., 1982;
Pabo and Sauer, 1984), it is unusual in several respects.
Activators of the HTH family (such as the λ repressor/
activator cI; Beamer and Pabo, 1992; Jain et al., 2004)
*Correspondence: darst@rockefeller.edu
typically function as homodimers, and recognize DNA
operators comprising an inverted repeat on the same
face of the DNA duplex as the RNA polymerase (RNAP),
facilitating direct protein/protein interactions with the
RNAP α subunit C-terminal domain (αCTD) and/or the
σ subunit (Dove et al., 2003; Hochschild and Dove,
1998). On the other hand, cII functions as a homotetra-
mer of 97 amino acid monomers (11 kDa; Ho et al.,
1982) and recognizes direct repeats of a tetranucleotide
sequence (TTGCN6TTGC) on the face of the DNA du-
plex opposite from the RNAP (Ho et al., 1983).

The direct repeats recognized by cII exactly straddle
the promoter −35 element hexamer, making cII a class
II activator (Ishihama, 1992). Class II activators bind op-
erators that overlap with the −35 element, and in most
cases make direct protein/protein contacts with σ do-
main 4 (σ4; Campbell et al., 2002) bound at the −35 ele-
ment. In the case of cII, however, there is no evidence
for direct cII/σ4 interactions.

The RNAP αCTDs play an important role in transcrip-
tion initiation by making multipartite interactions with
any or all of the following: Upstream promoter DNA, σ4,
and transcriptional activators (Busby and Ebright, 1999;
Chen et al., 2003; Gourse et al., 2000; Ross et al., 2003).
Deletion of αCTD, or αCTD point mutants, causes se-
vere defects in cII-dependent activation of the λ pro-
moter PRE (Gussin et al., 1992; Kedzierska et al., 2004;
Marr et al., 2004; Obuchowski et al., 1997a; Wegrzyn
et al., 1992), and interactions of αCTD with DNA just
upstream of the −35 element are critical for full activa-
tion (Kedzierska et al., 2004). With many class II activa-
tors, one or both αCTDs bind immediately upstream of
the activator on the same face of the DNA double helix,
and make protein/protein interactions with the acti-
vator.

Because of its unusual nature, many aspects of cII
function remain mysterious. How does the tetrameric
cII interact with its DNA operator? How does cII acti-
vate transcription while binding to the opposite face of
the DNA duplex as the RNAP? Here, we present crystal
structures of λcII alone and in complex with its DNA
operator. These structures, combined with modeling as
well as previous genetic and biochemical results, pro-
vide insights that help answer many of these questions.

Results and Discussion

Crystallization and Structure Determination of �cII
and the �cII/DNA Complex
We performed crystallization trials with full-length λcII
protein (residues 1–97) combined with DNA fragments
corresponding to the −35 region of the PRE promoter,
containing the cII-specific direct repeats and the in-
tervening PRE −35 element (Figure 1A). Crystals were
obtained under a variety of conditions, but diffraction
never extended beyond 5 Å resolution.

The cII protein has a very short half-life in vivo be-
cause it is a target of the proccesive, ATP-dependent
FtsH (HflB) protease (Karata et al., 1999). The C-ter-
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Figure 1. Structural Overview of the λcII/
DNA Complex

(A) Synthetic 27-mer oligonucleotides used
for crystallization. The black numbers above
the sequence denote the DNA position with
respect to the transcription start site at +1
for PRE. The −35 element is colored yellow.
The λcII-specific direct repeats are magenta,
with the upstream repeat labeled 1–4, and
the downstream repeat 1#–4#.
(B) Two views of the λcII/DNA complex re-
lated by a 90° rotation about the horizontal
axis as shown. Proteins are shown as α car-
bon backbone ribbons with λcII monomer A
(λcIIA) colored dark green; λcIIB, light green;
λcIIC, dark red; and λcIID, pink. The DNA is
color coded as in (A). The template (t) and
nontemplate (nt) strands are denoted.
minal tail of cII, roughly residues 85–97 (cII85–97), is un-
tstructured and highly flexible (Datta et al., 2005), and

the same region is sufficient as a recognition signal for w
PFtsH (Kobiler et al., 2002). In vivo and in vitro, this flexi-

ble C-terminal tail of cII is not needed for DNA binding l
cor activation functions (Datta et al., 2005; Kobiler et al.,

2002). Therefore, we used limited proteolysis experi- w
(ments in the presence of DNA (data not shown) to iden-

tify a stable fragment corresponding to cII4–82 that re- w
tains the DNA binding properties (also see Datta et al.,
2005). This construct would also be expected to retain v

tactivation functions (Datta et al., 2005; Kobiler et al.,
2002). c
The cII4–82 fragment and a 27 bp DNA fragment con-
aining the −35 region of the PRE promoter (Figure 1A)
ere crystallized by vapor diffusion (see Experimental
rocedures). The structure, determined by mutliwave-

ength anomalous dispersion (Hendrickson, 1991) using
rystals containing selenomethionyl-substituted λcII,
as refined to an R/Rfree of 20.9/22.8 at 1.7 Å resolution

Table 1; Figure S1 in the Supplemental Data available
ith this article online).
In addition, full-length λcII alone was crystallized by

apor diffusion (see Experimental Procedures). The crys-
als diffracted to 2.8 Å. The structure was solved by a
ombination of molecular replacement (using a cII pro-
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Table 1. Crystallographic Analysis

Diffraction Data

Number of
Wavelength Resolution Reflections Completeness Number of Phasing

Data Set (Å) (Å) (Total/Unique) (%) I/σ(I) Rsym
a (%) Sites Powerb

SeMet(λ1)c,d 0.97903 20–2.25 134,381/45,507 98.4(92.8) 14.2 (4.3) 5.1 (23.1) 12 1.35
cII4–82/DNA (2.33–2.25)

SeMet(λ2)c,d 0.97922 20–2.25 95,816/45,116 98.7(94.0) 14.3 (3.5) 4.3 (21.1) 12 1.29
cII4–82/DNA (2.33–2.25)

SeMet(λ3)c,d 0.96384 20–2.25 97,619/45,701 98.9(98.1) 11.6 (2.6) 5.1 (27.2) 12 1.14
cII4–82/DNA (2.33–2.25)

Natived cII4–82/ 0.98396 50–1.7 305,549/59,978 97.3(99.9) 8.7 (2.1) 6.7 (60.9)
DNA (1.76–1.7)

SeMet(λ1)c,e cII 0.97926 50–3.2 65,405/11,276 99.0(98.9) 11.3 (3.9) 7.7 (31.3) 12
(3.31–3.2)

Nativee,f cII 0.97926 50–2.6 70,744/11,571 96.5(96.5) 8.9 (1.2) 4.8 (59.0)
(2.69–2.6)

Refinement (Against Native Data Sets) cII4–82/DNA cII

Resolution (Å) 50–1.7 50–2.8
Number of solvent molecules 417 88
Rcryst/Rfree

g (%) 20.9/22.8 25.5/28.6
Rmsd bond lengths 0.019 0.028
Rmsd bond angles 1.864 2.38

cII4–82/DNA space group, P21; unit cell, a = 44.771 Å, b = 97.132 Å, c = 59.869 Å, β = 105.363°; cII space group, C2221, unit cell, a = 59.557 Å,
b = 108.160 Å, c = 111.449 Å; Figure of merit: cII4–82/DNA (20–2.3 Å resolution), 0.35, cII (50–3.5 Å resolution), 0.39.
a Rsym = Σ|I − <I>|/ΣI, where I is observed intensity and <I> is average intensity obtained from multiple observations of symmetry related
reflections.
b Phasing power and figure of merit as calculated by MLPHARE (Otwinowski, 1991) for cII-DNA and by SOLVE (Terwilliger and Berendzen,
1999) for cII alone.
c Scaling statistics for SeMet datasets calculated without combining anomalous pairs.
d The cII4–82/DNA datasets were collected at the National Synchrotron Light Source Beamline X9A.
e The cII datasets were collected at the Advanced Photon Source Beamline SBC-19ID.
f The Native cII dataset was collected to 2.6 Å resolution, but the structure was refined to 2.8 Å resolution.
g Rcryst = Σ||Fobserved| − |Fcalculated||/Σ|Fobserved|, Rfree = Rcryst, calculated using 5% random data omitted from the refinement.
tein dimer from the structure of the DNA complex as a
search model) and single anomalous dispersion, using
a data set collected from selenomethionyl-substituted
λcII.

Overall Structure
Crystal structures for both λcII alone (2.8 Å resolution)
and the λcII/DNA complex (1.7 Å resolution) were deter-
mined. In the discussion and figures to follow, we focus
on the cII/DNA complex because of the higher resolu-
tion and quality of the refinement (Table 1).

It is interesting to note that the cII/DNA complex
packs in the crystal lattice in a very unusual manner. In
the vast majority of protein/DNA complex crystals, the
DNA contained zero (blunt-ended), one, or two comple-
mentary overhanging bases at the ends, producing
pseudocontinuous DNA helices through the crystal by
end-to-end packing of the DNA (see Tan et al., 2000).
In the case of the cII/DNA complex, the DNA was
designed with T overhangs (Figure 1A) to promote end-
to-end DNA packing via Hoogstein base pairing. Never-
theless, there are no DNA/DNA interactions in the pack-
ing of the cII/DNA complex. Instead, both ends of the
DNA fragment make intimate contacts with protein sur-
faces from symmetry-related protein molecules (Fig-
ures S2, S3, and S4). Remarkably, at the DNA upstream
end, an AT Watson-Crick base pair is disrupted in order
to facilitate contacts of the DNA with the protein sur-
face (Figure S4).

As expected, the functional cII assembly is a tetramer
(Ho et al., 1982). The cII monomer comprises four α
helices (h1–4) arranged in two distinct structural ele-
ments (Figure 2), the N-terminal DNA binding domain
(DBD; h1–3) and the C-terminal helix (h4).

The DBD comprises helices h1–3, which pack into a
compact, globular domain. Each of the four DBDs of
the cII tetramer are very similar in structure. Comparing
residues 7–59, the root-mean-square deviations of α
carbon positions ranging from 0.4 Å (comparing mono-
mers A and C) to 1.7 Å (comparing monomers B and
C). Helices h2 and h3 of each DBD form the predicted
HTH motif (Ho et al., 1988). Helix h3, the recognition
helix, contains an unusual 60° kink (between helices
h3a and h3b, Figure 2) induced by a Pro residue at posi-
tion 49. The Pro is conserved among cII-like proteins of
several bacteriophages (1639, 434, 933H, HK620, and
P22).

The individual DBDs pair into two sets of dimers, with
monomer A dimerizing with B, and C with D (Figure 1B).
That the cII tetramer comprises a dimer of dimers ex-
plains the finding that the Hill coefficient for activation
in vitro is close to 2 (Shih and Gussin, 1984). Each dimer
shows pseudo 2-fold symmetry, with an axis of rotation
tilted roughly 45° with respect to the main axis of the
DNA double helix. The two dimers (A/B and C/D) are
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Figure 2. λcII Monomer Conformations

The λcII monomers, superimposed by their
DBDs, are shown as α carbon backbone
worms, color coded as in Figure 1. Helices
h1, h2, h3a, and h3b of the DBD are labeled,
along with the C-terminal h4. The side chain
atoms for Pro49, which gives rise to the kink
separating h3a and h3b, are also shown.
also very similar in structure—with an overall rmsd m
a(comparing 106 α carbon positions) of 1.1 Å. The dimer

interface is extensive (average buried surface area of v
o1738 Å2 for the DBDs) and almost exclusively hydro-

phobic. r
hAlthough four monomers form the cII tetramer, they

do not assemble into a 4-fold symmetrical arrange- A
Gment. Rather, the A/B dimer is related to the C/D dimer

by a small rotation (18°) about an axis perpendicular to G
othe DNA helical axis, combined with a 35 Å translation

parallel with the DNA helical axis. This matches closely i
rthe expected 34 Å distance separating the center of the

two TTGC repeats (10 bps at 3.4 Å/bp). a
bTetramerization, or dimerization of the A/B and C/D

dimers, is achieved through interactions of the C-ter- f
tminal helices (h4) from each monomer. To accommo-

date the combined 2-fold symmetry within each dimer S
of DBDs, and the translational symmetry relating the
DBD dimers, each h4 emanates from its DBD at a m

tunique orientation (Figure 2), facilitated by an unstruc-
tured linker of four to eight residues (depending on the t

tmonomer) connecting h3 with h4. The h4 helices in-
teract in pairs, with the monomer A h4 (A-h4) pairing s

wwith B-h4, and C-h4 pairing with D-h4. The two pairs of
helices then dimerize into an asymmetric four-helix

pbundle.
a
D�cII/DNA Interactions

The cII protein binds the DNA as a tetramer (a dimer of t
rdimers), with the A/B dimer interacting with the up-

stream TTGC and the C/D dimer interacting with the t
ldownstream TTGC (Figure 1B). Only one monomer from

each dimer (monomers A and C) makes sequence-spe- r
cific interactions with the DNA TTGC repeats via the
recognition helix (h3a), inserted deep within the major a

fgroove (Figure 3). The protein makes sequence-specific
interactions with every base pair of the two TTGC re-
peats (monomer A with the upstream repeat, monomer C

TC with the downstream repeat; Figures 3B and 4). The
interactions of monomer A with the upstream TTGC i
otif and monomer C with the downstream TTGC motif
re nearly identical (Figure 4). Lys37 and Ser41 make
an der Waals interactions with the C5-methyl groups
f T1 and T2, respectively (where the TTGC motif is rep-
esented as T1T2G3C4). Asp36 makes water-mediated
ydrogen bonds with N6 and N7 of the A opposite T2.
rg42 makes hydrogen bonds with both O6 and N7 of
3. Ser38 hydrogen bonds with N4 of the C opposite
3. Gln39 makes a hydrogen bond with N7 of the G
pposite C4. Finally, a single water molecule mediates

nteractions between O6 of the G opposite C4 and three
esidues, Ser38, Gln39, and Arg42. These observations
re consistent with genetic studies indicating that every
ase mutated within the two TTGC repeats caused de-

ects in cII binding, while substitutions within the in-
ervening −35 element had no effect (Ho et al., 1983;
hih and Gussin, 1983, 1984).
Mutants of cII with substitutions within the HTH
otif, Ser38Leu and Arg42Gly, retained the ability to

etramerize but were unable to bind DNA or activate
ranscription (Ho et al., 1988). Both of these substitu-
ions would disrupt sequence-specific interactions de-
cribed above. In addition, the Ser38Leu substitution
ould introduce a severe steric clash with the DNA.
The 2-fold symmetry within each A/B and C/D dimer

ositions the recognition helix of monomers B and D to
lso contribute to DNA interactions, mostly with the
NA phosphate backbone, or through opportunistic in-

eractions with bases outside of the conserved TTGC
epeats (Figure 3A). These sequence-specific interac-
ions outside the TTGC repeats may help explain the
ack of crossactivation for cII homologs from closely
elated lambdoid phages (Wulff and Mahoney, 1987).

The helical axis of the DNA interacting with cII bends
bout 25° (Figure 1B). This bend in the DNA may have
unctional significance (see below).

omparison of the cII and cII-DNA Complex
he structures of free and DNA bound cII are very sim-

lar, with an rmsd within 1.4 Å when comparing residues
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Figure 3. Structure of the λcII/DNA Complex:
Protein/DNA Interactions

(A) Overview showing λcII/DNA interactions
for monomers A (dark green) and B (light
green). The α carbon backbones of the pro-
tein chains are shown as transparent worms.
Side chains and backbone atoms that con-
tact the DNA are shown. Potential hydrogen
bonds (<3.2 Å) are shown as gray dashed
lines. Carbon atoms of the side chains are
colored as the backbone, nitrogen atoms are
blue, and oxygen atoms are red. Water mole-
cules mediating protein/DNA contacts are
shown as red spheres. For the DNA, carbon
atoms are gray except for the TTGC motifs
(magenta) and the −35 element (yellow). The
positions of the TTGC motifs are labeled be-
low the DNA (as in Figure 1A).
(B) Stereo view showing protein/DNA interac-
tions between λcII monomer A and the bases
of the upstream TTGC motif (T1T2G3C4). The
color coding is as in Figure 3A. Only the DNA
atoms for the upstream TTGC motif are shown
for clarity.
10–58 of each monomer. However, when the entire tet-
ramer is compared, a significant structural difference is
revealed, arising from a hinge-like movement of the
A/B and C/D dimers with respect to the C-terminal heli-
cal bundle (Figure 5). In the DNA bound form, the A/B
and C/D dimers are closer to each other—cII is in a
relatively closed conformation. The distance from the
center of gravity (cog) of the A/B dimer to the C/D cog
is about 35 Å, while in the open conformation (cII
alone), the distance is about 42 Å. Whether this obser-
vation has any functional significance, or is just a crys-
tal packing artifact, is unclear.

Implications for the Activation Mechanism
To provide insight into the cII activation mechanism, we
generated a structural model for the λcII/RNAP holoen-
zyme/promoter DNA complex. First, to position σ4 with
respect to the cII/DNA complex, we superimposed the
−35 element DNA from the previously determined struc-
ture of the Thermus aquaticus (Taq) σ4/−35 element
DNA complex (Campbell et al., 2002) onto the −35 ele-
ment DNA of the cII/DNA complex. Then, we superim-
posed the so-positioned σ4 structural core (Taq σ4 resi-
dues 376–424; Campbell et al., 2002) with σ4 from a
model of the RNAP holoenzyme open promoter com-
plex (Murakami et al., 2002) and then replaced the open
complex model DNA with the corresponding DNA from
the cII/DNA complex. In this model, cII does indeed
bind to the promoter DNA on the opposite face of the
double helix as the RNAP holoenzyme, and there does
not appear to be any opportunity for direct protein/pro-
tein contacts between cII and any part of the RNAP
holoenzyme present in the model, including σ. How-
ever, the RNAP αCTDs, which are not present in this
model, are known to play a critical role in cII-dependent
activation (Gussin et al., 1992; Kedzierska et al., 2004;
Marr et al., 2004; Obuchowski et al., 1997a; Wegrzyn et
al., 1992).

The Ec RNAP α subunits play a key role in RNAP
assembly and transcription initiation (Busby and Ebright,
1994; Gourse et al., 2000). Each α subunit consists of
two independently folded domains (Blatter et al., 1994;
Jeon et al., 1995; Zhang and Darst, 1998). The N-ter-
minal domain (residues 1–235) is essential for assembly
of the RNAP core enzyme (Zhang et al., 1999). The
αCTD (residues 249–329) is connected to the αNTD by
an unstructured, flexible linker of 14 residues (Jeon et
al., 1997). The αCTD stimulates transcription initiation
by minor-groove binding to AT-rich sequence elements
upstream of the −35 element at many promoters
(Gourse et al., 2000; Ross et al., 1993), and it is also a
direct target for a wide array of transcription activators
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Figure 4. Schematic of λcII/DNA Contacts

Schematic representation of protein/DNA interactions. The DNA is color coded as in Figure 1A. Colored boxes denote protein residues color
coded according to λcII monomer as in Figure 1B (dark green, λcIIA; light green, λcIIB; red, λcIIC; and pink, λcIID). Connecting, black solid
lines indicate hydrogen bonds (<3.2 Å) or salt bridges (<4 Å) between protein and DNA. Thick solid lines indicate more than one hydrogen
bond with the same residue. Water molecules are shown as pink spheres. Van der Waals interactions (<4 Å) are indicated as dashed blue lines.
very clear plaques (S.E. Brown and G.N.G., unpublishedRNAP) and class II promoters (where CAP binds be-

Figure 5. Comparison of cII with and with-
out DNA

The α carbon backbones of cII alone and cII
in the cII/DNA complex are shown as worms
and color coded as indicated. The structures
were superimposed using the C-terminal
helices (h4 residues 65–79 for each mono-
mer), with an rmsd over 60 α carbons of
0.86 Å. The arrows indicate the hinge-like
motion to move the DBDs from the cII (open)
conformation to the cII/DNA (closed) confor-
mation.
(Ishihama, 1993). Three separate interaction determi- t
anants important for these functions have been iden-

tified on αCTD: (1) The 261 determinant, used for in-
mteractions of αCTD with the Arg603 determinant of σ4

when αCTD is positioned just upstream of the −35 ele- t
αment (Chen et al., 2003; Ross et al., 2003; Savery et al.,

2002); (2) the 265 determinant, essential for DNA bind- n
wing (Benoff et al., 2002; Gaal et al., 1996; Murakami et

al., 1996); and (3) the 287 determinant, used for in- 2
tteracting with the catabolite activator protein (CAP) at

both class I (where αCTD binds between CAP and o
ween αCTD and RNAP; Lawson et al., 2004; Savery et
l., 1998, 2002).
In the case of cII-dependent activation at PRE, experi-
ents using RNAP reconstituted with αCTDs deriva-

ized with DNA cleavage reagents showed that one
CTD binds near the −41 position, and alanine-scan-
ing mutagenesis indicated that the 265 determinant
as important for full activation (Kedzierska et al.,
004; Marr et al., 2004). These same studies implicated
he 261 determinant in cII-dependent activation. More-
ver, the substitution Arg603Ala in σ4 causes λ to form
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data). Since, at very low frequency, λ can form stable
lysogens in the σ4-Arg603 mutant strain, σ4-Arg603 ap-
pears to be required for cII-mediated activation of pRE,
but not for cI-mediated activation of pRM. These re-
sults strongly suggest that an αCTD binds to the DNA
just upstream of the −35 element (centered around −41)
and uses its 261 determinant to interact with Arg603 of
σ4. To take these findings into account, we incorpo-
rated an αCTD into our model. The structure of an
αCTD/DNA complex was taken from the αCTD/CAP/
DNA structure of Benoff et al. (2002). To position the
αCTD in the context of the cII/RNAP holoenzyme/DNA
model, the appropriate DNA of the αCTD/DNA structure
was superimposed with the DNA from −40 to −42 of the
cII/RNAP holoenzyme/DNA model. The resulting model
(Figure 6) provides important insights into the activation
mechanism of cII.

In the model, the αCTD interacts with the DNA minor
groove at around −41, through its 265 determinant. This
positions αCTD residues Asp259 and Glu261 (and the
rest of the 261 determinant) to interact with Arg603 of
Ec σ4 (the 603 determinant; (Chen et al., 2003; Ross et
al., 2003), which corresponds to Arg429 of Taq σ .
Figure 6. Model of Protein/Protein Interactions in cII Activation

(A) Structural model of the λcII/RNAP holoenzyme open promoter complex. RNAP holoenzyme is shown as a molecular surface, with the σ4

and αI-CTD surfaces transparent, revealing the backbone worms underneath (only one αCTD is shown). The λcII is also shown as backbone
worms with transparent molecular surfaces. Color coding is as follows: αI-NTD and αI-CTD, yellow; αII ω, gray; β, cyan; β#, pink; σ, orange;
λcIIA, dark green; λcIIB, light green; λcIIC, red; and λcIID, pink. The linker connecting the αI-NTD with the αI-CTD is shown as a dotted yellow
line. The DNA is shown as phosphate backbone worms colored gray, except the cII-specific TTGC motifs are magenta, and the −35 element
is yellow. The template (t) and nontemplate (nt) strands are labeled. The boxed region is magnified in (B).
(B) Details of the proposed λcIIA/αI-CTD/σ4 interactions (similar view as in [A]). Proteins are shown as α carbon backbone worms color coded
as follows: λcIIA, dark green; λcIIB, light green; αI-CTD, yellow; and σ4 orange. Selected side chains are shown as CPK atoms with carbons
colored as the protein backbones; nitrogen atoms, blue; and oxygen atoms, red. On λcIIA, Glu14 is shown (putative interaction with αI-CTD
Lys271). On αI-CTD, side chains of known determinants are shown and labeled: 261 determinant, Asp259 and Glu261 (interact with σ4 603
determinant (Chen et al., 2003; Ross et al., 2003; Savery et al., 2002); 265 determinant, Arg265 (essential for DNA binding (Benoff et al., 2002;
Gaal et al., 1996; Murakami et al., 1996); and 287 determinant, Val287 (interacts with CAP) (Lawson et al., 2004; Savery et al., 2002; Savery et
al., 1998). In addition, Lys271 is shown (putative interaction with λcIIA Glu14). On σ4, the 603 determinant is shown (Ec σ4 Arg603, correspond-
ing to Taq Arg429, important for interacting with αCTD 261 determinant (Chen et al., 2003; Ross et al., 2003; Savery et al., 2002). The DNA is
shown as in (A) with the −35, −40, and −45 positions labeled (with respect to the transcription start site).
4

These structural features were expected from con-
straints that were used in constructing the model.

The most important insight from the model, which
was not a constraint in its construction, is that the
placement of αCTD with its 265 determinant interacting
with the DNA minor groove at −41, and with the 261
determinant interacting with the 603 determinant of σ4,
positions αCTD in such a way that it could make a pro-
tein/protein interaction with the most upstream mono-
mer (monomer A) of cII. Supporting this inference from
our model, amino acid substitutions in both cII (Glu14-
Lys; Ho et al., 1988) and αCTD (Lys271Glu; Kedzierska
et al., 2004; Marr et al., 2004; Wegrzyn et al., 1992)
caused defects in cII-mediated activation at PRE. In our
model, these two residues are positioned to make a
favorable electrostatic interaction. Substitution of either
residue with the oppositely charged residues (cII-Glu1-
4Lys or αCTD-Lys271Glu) would cause an unfavor-
able electrostatic interaction. The substitution αCTD-
Lys271Ala has only a minor effect on cII-dependent
activation (Kedzierska et al., 2004; Marr et al., 2004),
suggesting that the putative αCTD-Lys271/cII-Glu14
electrostatic interaction makes a small contribution to
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the overall favorable interaction energy, but that the ef- α
tfect introduced by the αCTD-Lys271Glu substitution

tips the balance toward an overall unfavorable interac- i
wtion. This is consistent with other genetic (reviewed in

Busby and Ebright, 1999; Savery et al., 2002) and struc- o
ltural studies of activation (Benoff et al., 2002; Jain et

al., 2004), indicating that protein/protein interactions t
cbetween activators and the RNAP involve very small

interfaces of only a few residues, giving rise to only l
sslightly favorable interaction energies.

An additional finding that is consistent with our s
omodel came from Wulff and Mahoney (1987), who found

that a G to A substitution at position −43 of PRE in- 2
tcreased the promoter strength by about a factor of 2.

The cII protein does not interact with the DNA at this D
αpoisition (Figure 4), but this substitution likely enhances

the interaction of αCTD with the DNA. UP elements, the t
dDNA binding target of αCTD, are A/T rich (Ross et al.,

1993), and the −43 position of a consensus UP element h
Dsequence is A (Estrem et al., 1998, 1999).

Another interesting observation from the model is t
tthat the 25° DNA bend of the cII/DNA complex (men-

tioned above and shown in Figure 1B) is coincident with
Ethe DNA bend seen in the σ4/−35 element DNA struc-

ture (Campbell et al., 2002). Assuming that the DNA in
P

this region is not naturally bent, the DNA bend intro- B
duced by cII may have a positive effect on the binding t

Eof RNAP to the promoter by preforming the −35 ele-
mment DNA for a favorable interaction with σ4. This may
0help explain why truncation of the αCTDs, although
lcausing a severe defect in cII-dependent activation at
l

PRE, did not completely abolish activation in the in vitro f
study of Gussin et al. (1992). In that study, where the t

bconditions were such that transcription from PRE was
atotally dependent on cII, the level of transcript pro-
fduced by αCTD-less RNAP was roughly 20% of the
Tlevel obtained with wild-type RNAP.
t
N
sConclusions
M
1Here, we have presented a high resolution view of the
wλcII complex with its operator DNA. As expected, the
o

functional unit for cII is a tetramer, although lacking
4-fold symmetry. The DBDs from each monomer pair E

Dup to form dimers, while the C-terminal helix from each
bmonomer emanates from the DBD at unique orienta-
ations to form an asymmetric four-helix bundle that me-
hdiates tetramerization. The HTH motifs of one monomer

from each dimer make sequence-specific contacts with L
the direct repeats of the DNA operator, while the other a

Tmonomer contributes to DNA binding mostly through
Nphosphate-backbone interactions.
gThe cII/DNA structure provides a basis for under-
pstanding cII-dependent activation. A model of the cII/
t

RNAP holoenzyme/promoter complex indicates that, u
although the cII-specific direct repeats straddle the (

spromoter −35 element, cII is unlikely to make direct pro-
gtein/protein interactions with σ4 bound at the −35 ele-
(ment. Instead, the model points to a key role for the
sαCTD, which binds the DNA minor groove just up-
s

stream of the operator, and makes simultaneous pro-
tein/protein interactions with cII (between determinants l

onear cII-Glu14 and αCTD-Lys271) and σ (between the
4
CTD-261 determinant and the σ4-603 determinant). In
his way, the αCTD serves as a protein bridge, making
nteractions with the activator cII on one surface, and
ith the rest of the RNAP through interactions with σ4

n another. The αCTD-Lys271Glu mutation (rpoA341 al-
ele, or phs mutant) that disrupts cII-dependent activa-
ion was the very first mutation identified in αCTD to
ause activation defects at a number of positively regu-

ated promoters (Giffard and Booth, 1988). More recent
tudies have identified αCTD residues 271–273 as a
urface-exposed patch that likely serves as the target
f the activator Fis (Aiyar et al., 2002; McLeod et al.,
002). However, since Fis binds to sites upstream of
he promoter −35 elements on the same face of the
NA duplex as the RNAP, the architecture of the Fis/
CTD/DNA interaction is likely to be similar to architec-

ures described for CAP (Lawson et al., 2004) and very
ifferent from the cII/αCTD/DNA architecture proposed
ere (Figure 6). Finally, binding of cII bends the operator
NA in a way that may enhance the interaction of σ4 to

he −35 element, which may make a minor contribution
o the activation effect of cII.

xperimental Procedures

rotein and Nucleic Acid Preparation
oth full-length and truncated (residues 4–82) cII were cloned into

he pET15b expression vector (Novagen) and transformed into
. coli BL21(DE3) cells. Transformants were grown at 37°C in LB
edium supplemented with ampicillin (100 �g/ml) to an A600 of

.6. Expression was induced by adding 1 mM isopropyl-D-thioga-
actopyranoside. After 3 hr, cells were harvested by centrifugation,
ysed in a continuous flow French press or by sonication, and clari-
ied by centrifugation. The λcII was purified by Ni2+-affinity chroma-
ography (HiTrap chelating cartridge, Amersham Biotech), followed
y thrombin cleavage (100 �g thrombin/100 mg protein) overnight
t 4°C, then reapplied to the Ni2+-affinity column. The protein was
urther purified by gel filtration (Superdex 75, Amersham Biotech).
he purified λcII was concentrated to 20 mg/ml by centrifugal filtra-
ion (Millipore) and exchanged into 10 mM HEPES (pH 7.5), 150 mM
aCl, and 0.1 mM EDTA. The purified protein was flash frozen and
tored at −80°C. Selenomethionyl-substituted λcII was prepared for
AD analysis by suppression of methionine biosynthesis (Doublie,

997). Purification and crystallization of the selenomethionyl-λcII
as identical to wild-type, except buffers included 5 mM dithi-
threitol.
Lyophilized, tritylated, single-stranded oligonucleotides (Oligos

tc.) were detritylated and purified as described (Aggarwal, 1990).
ried oligonucleotides were dissolved in 5 mM triethyl ammonium
icarbonate (pH 8.5) to a concentration of 2 mM. Equimolar
mounts of complementary oligonucleotides were annealed by
eating to 90°C for 5 min and cooling to 22°C at a rate of 0.01°C/s.

imited Proteolysis, N-Terminal Sequencing,
nd Mass Spectrometry
rypsin digests were carried out in 20 mM Tris-HCl (pH 8), 50 mM
aCl, 5% (v/v) glycerol, 0.1mM EDTA. 100 pmoles of λcII were di-
ested in a 10 �l volume with different amounts of trypsin (0.01
mol − 4.8 pmol) for 30 min at 25°C. Reactions were terminated by

he addition of Laemmli loading buffer and boiling. Reaction prod-
cts were analyzed on denaturing 8%–25% gradient PHAST gels

Pharmacia) followed by Coomassie blue staining. Preparative
amples for N-terminal sequencing were separated on 20% Tris-
lycine polyacrylamide gels and blotted onto PVDF membrane

Bio-Rad). Fragments were excised and submitted for N-terminal
equence analysis at the protein sequencing facility at the Univer-
ity of Texas Medical Branch, Galveston, TX.
Electrospray mass spectrometry was used to determine the mo-

ecular mass of the proteolyzed fragments. Samples were loaded
nto Sep-Pak cartridges that were preequilibriated with 0.1%



Structure of the λcII/DNA Complex
267
trifluroacetic acid (TFA). Cartridges were then washed with 5 ml of
0.1% TFA and eluted in 70% acetonitrile..

Crystallization
Complex cocrystals were obtained by vapor diffusion by mixing the
duplex DNA and λcII4–82 (molar ratio 1.2:1) with the final concentra-
tion of DNA at 0.85 nM. The mixture was incubated on ice for 20
min, then 1 �l of this mixture was mixed with 1 �l of 8% PEG550
monomethylether (MME) and incubated at 22°C. SDS-PAGE analy-
sis of the washed, dissolved crystals indicated a binary complex.
Crystals were prepared for cryocrystallography by successive
transfers into increasing concentrations of PEG550 MME from 10%
to 30% in steps of 5%. After the final soak in 30% PEG550 MME,
the crystals were flash frozen in a vial of liquid nitrogen. Crystals
of full-length, uncomplexed cII were obtained by vapor diffusion in
hanging drops over 22% PEG3350, 0.16 M potassium fluoride, For
cryocrystallography, the crystals were flash frozen with the crystal-
lization buffer plus 25% ethylene glycol.

Structure Determination
cII4–82/DNA Cocrystals
MAD data were collected at three wavelengths corresponding to
the peak, the inflection, and one remote value of the X-ray absorp-
tion spectrum (λ1, λ2, and λ3, and, respectively; Table 1) at the
National Synchrotron Light Source Beamline X9A (Brookhaven Na-
tional Laboratory). The data were processed using HKL2000 and
SCALEPACK (Otwinowski and Minor, 1997).

Using the anomalous signal from SeMet(λ1), 10 of a possible 12
Se sites in the asymmetric unit were located using SnB (Weeks and
Miller, 1999). Phases were calculated using MLPHARE (Otwinowski,
1991). SeMet(λ1) was treated as the reference, and anomalous sig-
nals from SeMet(λ1), SeMet(λ2), and SeMet(λ3) gave the best
electron density map (2.3 Å resolution). Density modification and
phase extension with the Native cII/DNA amplitudes to 1.7 Å reso-
lution using DM (Cowtan, 1994) yielded an excellent map.

The program Arp/Warp (Perrakis et al., 1999) was used to build
the protein backbone model into the electron density map, while
the DNA was built manually. The side chains were then added man-
ually. Model building was done using O (Jones et al., 1991). The
map was improved through iterative cycles of refinement against
the native amplitudes, and SIGMAA-weighted phase combination
using CNS (Adams et al., 1997). PROCHECK (Laskowski et al.,
1993) revealed no residues in disallowed regions of the Ramachan-
dran plot.
Full-Length cII
Data were collected at the wavelength corresponding to the peak
energy of the Se X-ray absorption spectrum at the Structural Biol-
ogy Center Beamline 19ID at the Advanced Photon Source (Ar-
gonne National Laboratory) and processed using HKL2000 (Otwi-
nowski and Minor, 1997). The structure soluion was first attempted
by molecular replacement using MOLREP (Vagin and Teplyakov,
1997) with the DBD dimer A/B from the cII/DNA structure as the
search model with the Native amplitudes. An obvious solution com-
prising two DBD dimers was found. However, the resulting maps
did not allow tracing of the C-terminal helices. Using the anoma-
lous signal from the SeMet(λ1) dataset, the Se sites were located
(independent of the molecular replacement phases) using SnB
(Weeks and Miller, 1999) and SOLVE (Terwilliger and Berendzen,
1999). The Se sites confirmed the initial molecular replacement so-
lution. SOLVE was used for phasing to 3.5 Å resolution, followed
by density modification and phase extension to 2.8 Å using the
Native amplitudes with RESOLVE (Terwilliger, 2000). The molecular
replacement model was then docked into the electron density map
and the residues 60–81 were built manually. The residues beyond
81 could not be traced in any of the cII monomers and are assumed
to be disordered. Refinement was carried out with CNS (Adams et
al., 1997). Final rounds of refinement were performed using
REFMAC (Murshudov et al., 1997), incorporating TLS restraints
(Winn et al., 2001) for the cII monomers.

Supplemental Data
Supplemental Data include four figures and can be found with this
article online at http://www.molecule.org/cgi/content/full/19/2/259/
DC1/.
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