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The binding of proteins to specific sequences of DNA is an important feature
of virtually all DNA transactions. Proteins recognize specific DNA sequences
using both direct readout (sensing types and positions of DNA functional
groups) and indirect readout (sensing DNA conformation and deform-
ability). Previously we showed that the P22 c2 repressor N-terminal domain
(P22R NTD) forces the central non-contacted 5'-ATAT-3' sequence of the
DNA operator into the B! state, a state known to affect DNA hydration,
rigidity and bending. Usually the B! state, with a narrowminor groove and a
spine of hydration, is reserved for A-tract DNA (TpA steps disrupt A-tracts).
Here, we have co-crystallized P22R NTD with an operator containing a
central 5!-ACGT-3! sequence in the non-contacted region. C·G base pairs
have not previously been observed in the B! state and are thought to prevent
it. However, P22R NTD induces a narrow minor groove and a spine of
hydration to 5'-ACGT-3'. We observe that C·G base pairs have distinctive
destabilizing anddisordering effects on the spine of hydration. It appears that
the reduced stability of the spine results in a higher energy cost for the B to B!
transition. The differential effect of DNA sequence on the barrier to this
transition allows the protein to sense the non-contacted DNA sequence.
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Introduction

The binding of proteins to specific sequences of
DNA is an important feature of virtually all DNA
transactions. Here we demonstrate the mechanism
by which the affinity of a protein for DNA is
attenuated by sequence-dependent DNA conforma-
tion and deformability.

Protein recognition of DNA

When recognizing DNAs of specific sequence,
proteins use both direct and indirect readout. In
direct readout, DNA bases make van der Waals
contacts with protein side chains and backbone.
Direct readout can employ hydrogen bonding in

analogy with the proposal by Seeman et al.1 Direct
readout can also employ shape complementarity in
the absence of hydrogen bonding.2
In indirect readout, DNA sequence is detected by

its propensity to assume noncanonical conforma-
tions. DNA can adopt a variety of states ranging
from A to B and B! (reviewed by Hud and Plavec3),
in addition to Z (reviewed by Rich4). The propen-
sity for DNA to adopt various conformational
states is modulated by sequence. Proteins use DNA
conformational polymorphism and deformability
as recognition signals. The roles of DNA confor-
mation and deformability in protein recognition
was put in a quantitative framework by Olson
et al.5 McFail-Isom et al. have described how DNA
electrostatic potential and charged species can alter
DNA conformation, especially minor groove
width.6 Koudelka and Carlson7 and Zhang et al.8
experimentally determined relationships between
DNA flexibility and protein affinity. More recently,
Rohs et al. have proposed that electrostatic poten-
tial and minor groove width are recognized by
proteins.9
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The previous X-ray structure of the P22 c2
repressor N-terminal domain (P22R NTD) in a
complex with a DNA operator2 confirms that direct
readout of helix–turn–helix proteins involves inter-
actions of recognition helices with the floor of the
major groove (Fig. 1). The observed shape comple-
mentarity between the DNA and the P22R recogni-
tion helix (Fig. 2) is consistent with effects of
mutations on P22R–DNA complex stability.11,12 In
this case, recognition is achieved primarily by shape
complementarity rather than hydrogen-bonding
interactions.

A molecular-level model of indirect readout

Solution experiments demonstrated indirect
readout of the non-contacted bases at the center
of the P22R DNA operator.10,12,13 The sequence of
the central non-contacted bases modulates the
affinity of P22R. The P22R NTD–DNA structure2
suggested a molecular-level mechanistic model
for this indirect readout. The three-dimensional
structure indicates that P22R induces a transition
of the non-contacted region from B-DNA to B!-
DNA.2 In the P22R NTD–DNA complex, the
minor groove is narrow and is hydrated by an
“A-tract-like” zigzag spine, despite the absence of
an A-tract DNA sequence. The structure led us to
propose a model of indirect readout in which
P22R induces the B! transition of the non-con-
tacted region of the DNA. The differential effect of
DNA sequence on the barrier to this transition
allows the protein to sense the non-contacted DNA
sequence.

The B" state

The B! state of DNA14 (Figs. 3 and 4) was first
described by Arnott and Hukins15 and has been
shown by Tullius and coworkers16–18 to form in A-
tracts, which are regions of contiguous 5!-ApA-3!
and/or ApT steps. TpA steps provide a barrier to
formation of the B! state. That barrier can be
overcome: the B! state can be induced by proteins2
or crystal lattice effects.19 Tevis et al. have data
suggesting that certain minor groove binders can
induce the B! state in TpA steps.20 However, C·G
base pairs appear to provide the largest barrier to
the transition and have not been observed previ-
ously in the B! state.
The B! state differs from the standard B-DNAby (i)

a narrow minor groove (Fig. 3a),16,21 (ii) a spine of
hydration22,23 and higher-order hydrationwithin the
minor groove24–26 (Fig. 3b), (iii) a propensity to bend
DNA when appropriately phased,27–29 (iv) mono-
valent cations ions within the minor groove,25,30–33
(v) negative propeller twisting of base pairs,34,35
(vi) unusual rigidity,36,37 and (vii) a “premelting”
thermal transition that is distinct from duplex
melting.38–40 The B! helical axis is thought to be
linear.41,42 Axial bends arise at the junctions between
B! and flanking B-DNA.3 The hydration of B!-DNA
within the minor groove appears to be monolithic

and cooperative, resulting in an interdependent
hydration assembly (Fig. 3).

Testing the model

Our model of indirect readout predicts that within
the central region of the operator, binding by P22R
would force any sequence, even sequences contain-
ing C·G base pairs, into the B! state. The non-
contacted sequence is “read” by the ease with which
it adopts the B! state. To test the model, we
determined the X-ray structure of the P22R NTD in
complex with the synthetic operator DNA9C. This
complex contains a CpG step at the center of the non-
contacted region of the DNA operator. The model
predicts that this complex should reveal, for the first
time, C·G base pairs in the B! state. Indeed, we
observe that the non-contacted region of the complex
has been forced into the B! state. The structure helps
explain the origin of the sequence dependence of B!-
DNA stability. The hydration of a CpG step, even
when forced into the B! state, differs from that of
ApA, ApT or TpA steps, and appears to destabilize
the B! state. Finally, we crystallized the DNA9C and
DNA9T complexes with P22RNTD in the presence of
Tl+ or Rb+. Both Tl+ and Rb+ have been shown to
mimic K+ in interactions with DNA, RNA and
proteins.43–46 Tl+ and Rb+ are directly observable
in crystallographic studies. Thus, Tl+ and Rb+ can
reveal the positions at which cations bind in the
P22R–DNA complexes without resorting to analy-
sis of subtle differences in coordination chemistry.

Results

The global complex

Themaps surrounding the DNA9C and P22R NTD
are clean and continuous (Fig. 5). The global
architecture of the P22R NTD–DNA9C complex is
unaffected by a change from TpA to CpG in the non-
contacted region. The helical parameters confirm
that the overall conformations of DNA9C and
DNA9T are conserved. The DNA–protein contacts
in the two complexes are virtually identical.

Direct readout: the valine cleft

The Val33 interaction with the valine cleft on the
DNA is a feature of P22R NTD complexes and has
not been observed in other DNA–protein com-
plexes. Val33 is inserted into a prominent cleft in
the major groove of both DNA9C and DNA9T (Fig.
2). The cleft is formed by the methyl groups of
four thymidines. The shape complementarity of
the DNA surface with that of the protein locks the
position of the DNA relative to the protein. The
interactions of Val33 within the pocket make a
primary contribution to DNA sequence specificity.
The position Val33 is nearly identical in the
DNA9C and DNA9T complexes, with the atoms
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Fig. 1. Global view of the P22R NTD–DNA9C complex. P22R NTD contains a helix–turn–helix motif and binds as a
dimer to the DNA operator. One subunit (R) of P22R NTD is green, the other (L) is brown. The protein is in cartoon
representation. The DNA base pairs are CPK spheres. A·T base pairs are red. C·G base pairs are blue. Operator positions,
the tunnel, the recognition helices, and the non-contacted region of the operator are indicated. The labels of the non-
contacted C·G base pairs (9R and 9L) in the induced B! state are highlighted in yellow. The change fromDNA9T to DNA9C

(mutations at positions 9R and 9L) results in a 10-fold decrease in binding affinity.10 The operator sequences are shown in
a box on the lower left.
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involved in the cleft superimposing with an RMSD
of 0.086 Å.

Indirect readout: the noncontacted region

P22R NTD does not contact the DNA bases in the
central region of the operator. The central non-
contacted bases influence the affinity of the protein
for the DNA.

Minor groove width

The minor groove at the center of the P22R
NTD–DNA9C complex is narrow (Fig. 4). The

groove width reaches a minimum at the center of
the non-contacted region, at positions 9L and 9R.
The groove begins to widen going away from the
center (8R through 5R and 8L through 5L). The
minor groove then narrows again in the A-tracts
at each end of the operator (4R through 1R and
4L through 1L). The minor groove width profiles
are the same in P22R NTD–DNA9C and P22R
NTD–DNA9T.

The induced B! state

In spite of differences in sequence, the conforma-
tions of the DNA in the non-contacted regions of

Fig. 2. The valine cleft. (a) The
5-TTAA-3! sequence from the con-
tacted region of the DNA (posi-
tions 3R–6R or 3L–6L) viewing
along the major groove, showing
the “empty” valine cleft. The four
methyl groups that form the walls
of the valine cleft are darkened.
Operator positions are indicated on
the bases. Watson–Crick hydrogen
bonds are shown by dashed lines.
(b) The DNA plus valine 33, show-
ing the shape complementarity of
the valine and the valine cleft.
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DNA9C and DNA9T complexes are similar to each
other and to that of A-tract DNA. The RMSD of
backbone atoms between the non-contacted region

of the DNA9C and DNA9T is only 0.29 Å. As
indicated by the narrow minor groove (Fig. 4) and
a spine-like pattern of hydration (below), the non-

Fig. 3. A-tract DNA in the B! state. (a) The minor groove of B! DNA is narrow and is occupied by a zigzag spine, with
additional ordered layers of hydration. The water molecules of the primary layer of the spine are red. The secondary layer
is blue. The tertiary layer is purple. The quaternary layer is not shown. This figure is made from PDB entry 1S2R. (b) In
A-tract DNA, hydrogen-bond acceptors localize water molecules, restraining both translations and rotations. In the
absence of C·G base pairs, the minor groove lacks hydrogen-bond donors. Water molecules in the primary layer form
bifurcated hydrogen bonds with the DNA, in which a given proton is shared by two acceptors. Each primary water
molecule donates each proton to two hydrogen-bond acceptors.
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contacted region of the DNA9C, like that of the non-
contacted region in the DNA9T complex, is in the B!
state.
The B! state is induced by P22RNTD. DNA9C in the

complex with P22R NTD represents, to our knowl-
edge, the first observation of a C·G base pair in the
B! state. For example, several fragments of unbound
DNA containing the sequence element ACGT are
found in the Protein Data Bank (PDB) [entries 424D
(B-form), 1HQ7 (B-form), 117D (A-form), 116D (A-
form)]. None of these adopt the B! state. A large and
consistent body of literature on the sequence
dependence of DNA conformation in solution
indicates that unbound DNA containing C·G base
pairs does not adopt the B! state.

Protein–phosphate contacts and electrostatic
potentials

The interactions of the P22R NTD with DNA9C

and DNA9T in the non-contacted region are restrict-
ed to contacts with phosphate backbone. The !-NH2
of Asn49 of the L monomer in the DNA9C complex
contacts the O2P at position 7 [2.8 Å, C(33)]. The
backbone NH of Asn46 contacts the O2P at position
7 [2.7 Å, C(33)]. The N! of Trp38 contacts the O1P at
position 7 [2.8 Å, C(33)]. The backbone NH of Glu44
contacts the O1P at position 8 [3.0 Å, T(32)]. The
position of the carbonyl of the Glu44 side chains
remains consistent with those of the DNA9T

complex and are within proximity (b5 Å) of the
O2P of thymine at position 8 [T(32)]. These
phosphate contacts are mirrored by contacts of the
R monomer of the repressor dimer in both location
and contact distances. These contacts between the
repressor and the phosphate backbone are depen-
dent on the DNA having a narrow minor groove in
the non-contacted region.

Consistent with the idea that protein binding
forces the central minor groove to narrow and
induces the B! state, the results of electrostatic
surface potential (ESP) calculations demonstrate
that the electrostatic surface of the protein is
complementary to that of the B! state. Specifically,
the calculations indicate that the repressor contains a
strip of positive ESP running approximately diago-
nally across the DNA binding surface of the
repressor. This strip of positive potential contains
four discrete regions of high positive ESP (Fig. 6).
These four regions create “phosphate pockets.” The
two most central pockets form a complementary
electrostatic surface that can bind the phosphates
distributed across the two DNA strands of the
central non-contacted region only when that region
is in the B! state.
ESP calculations also reveal that the most electro-

positive (!8 kT/e") region on the surface of the
P22R NTD occurs at the outer edges of the protein.
These regions contact the phosphates and define the
ends of the DNA binding site.

The tunnel

At the center of the binding site, in the non-
contacted region, the DNA minor groove and the
repressor combine to form a tunnel (Fig. 1). Access
to the central minor groove requires entry through
the ends of the tunnel. The structure of the tunnel is
nearly identical between the complexes of P22R
NTD with DNA9C and DNA9T. For example, the
conformations of the walls of the tunnel in the
DNA9C structure, made up of the sugar phosphate
backbone, are unperturbed relative to their position
in the DNA9T structure. The ceiling of the tunnel in
both complexes is formed by the dimer interface of
the repressor, which is made up from the loop
region connecting helices 3 and 4 and the N-terminal
region of helix 4.

The floor of the tunnel

The positions of hydrogen-bond acceptors on the
floor and walls of the minor groove are conserved in
the DNA9T (Fig. 7) and DNA9C (Fig. 8) complexes.
The N3 atoms of the purines and the O2 atoms of the
pyrimidines at positions 9R and 9L are invariant.
However, the DNA9C complex, but not the DNA9T

complex, contains hydrogen-bond donors. These 2-
amino groups (N2 atoms) of the guanine residues of
the non-contacted region of DNA9C impact the
electrostatics, hydrogen bonding, and shape char-
acteristics of the tunnel floor. The 2-amino group of
guanine is relatively electropositive, is a hydrogen-
bond donor, and protrudes from the surface out into
the minor groove.
In the non-contacted tunnel region of the DNA9T

operator, the floor of the minor groove is at a greater
negative potential than in the A-tracts of the
contacted region (positions 1R–4R and 1L–4L).
Thus, the induced B! state has a lower potential
("20 kT/e") than the intrinsic B! state ("14 kT/e").

Fig. 4. Minor groove profiles. The minor grooves of
both DNA9T (blue) and DNA9C (red) are narrow, as is the
groove of A-tract DNA alone (black; PDB entry 355D). The
sequence along the bottom axis indicates the positions of
DNA9T and DNA9C, as illustrated in Fig. 1. The sequence
along the top axis is that of the A-tract.
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The ESP calculated for the complex indicates that the
protein contributes to the negative potential of the
tunnel both by forcing the groove to narrow and
from the proximity of negatively charged side
chains.
Minor groove hydration. The introduction of the 2-

amino groups of guanine into the central minor
groove of the P22R–DNA complex (i.e., the switch
from DNA9T to DNA9C) has profound effects on
positions, stability and mobility of the solvent
within the groove. In DNA9T, each water molecule
near the floor of the tunnel interacts with a well-
defined set of hydrogen-bond acceptors, occupying

a single highly localized binding site (Fig. 7). The
position of each relevant water molecule of DNA9T

is defined by a spherical peak of electron density
(Fig. 7b). The distances between the water molecules
of DNA9T fall within a narrow range (3.05±0.37 Å).
Their thermal factors are on the same order as those
of the bases.
In contrast, the corresponding water molecules

of DNA9C appear to be disordered, delocalized
and partially occupied. The electron density maps
(Fig. 8b) suggest these water molecules occupy
broad potential energy wells aligned along the
groove. At the CpG step on the floor of the minor

Fig. 5. Electron density maps of protein and DNA. The electron density defining the DNA, protein and solvent is of
high quality. Shown here is the final sum (|2Fo"Fc|) electron density contoured at 1.5". (a) Electron density
surrounding the DNA duplex. (b) Electron density surrounding the DNA and the R-subunit recognition helix. (c)
Electron density surrounding base pair T(9)–A(32) (position 8R). (d) Electron density surrounding the recognition helix
(residues R31–R40).
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groove in the central region, a continuous tube of
electron density links sites within the primary and
secondary layers of hydration. For some water
molecules the electron density is weak and/or
bimodal. The distances between water molecules in
the model show greater variation (2.93±0.47) than
in DNA9T.
In DNA9C (Fig. 8) the central water molecule of

the primary layer bridges the N3 atoms of G(11) and
G(31) and also forms hydrogen bonds with two O4!
atoms and with two secondary-layer water mole-
cules. This water molecule can interact with
multiple arrays of hydrogen-bonding partners in
closely spaced sites. One site allows hydrogen
bonding with the N2 atom of G(11), while another
site allows hydrogen bonding with N2 of G(31). The

tube-like electron density observed in the minor
groove of DNA9C (Fig. 8b) is consistent with partial
water occupancy at a series of closely spaced sites,
contrasting with the well-defined spheres of elec-
tron density associated with the DNA9T (compare
Figs. 7b and 8b).
When the central primary water molecule forms

a hydrogen bond with the N2 of G(31), a
secondary water molecule forms a hydrogen
bond with the N2 of G(11). Conversely, when the
primary water molecule shifts to form a hydrogen
bond with the N2 of G(11) a secondary water
molecule shifts to form a hydrogen bond with the
N2 of G(31). These translations in the central
region in turn affect the outlying primary water
molecules.

Fig. 6. Electrostatic surface potential of P22R NTD. Graphical representation of the ESP calculated at the solvent-
accessible surface of the P22R NTD alone. The black circles indicate the phosphate pockets. P22R NTD is shown as a
surface colored red ("3 kT/e") to blue (+3 kT/e"). The DNA backbone is shown in tubes with phosphate oxygen atoms as
red spheres. The DNA bases are shown as a cartoon.
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Several lines of evidence indicate that the tube-like
electron density of the hydration layer in the central
region of DNA9C (Fig. 8b) is a characteristic of the
CpG step in the DNA9C complex and does not result
from issues related to data quality or crystallization
conditions. First, the upper layers of hydration in
the non-contacted region of P22R NTD–DNA9C

complex are as well defined as those in the P22R
NTD–DNA9T complex. Second, the primary and
secondary layers of the spine of hydration in the

intrinsic A-tract present in the contacted region
(positions 1L–4L and 1R–4R) of the DNA9C and
DNA9T complex are equally well defined. Finally,
the P22R NTD–DNA9C complex has been solved in
a different space group (P43; data not shown) at
2.0 Å resolution, and the primary and secondary
layer of the spine of hydration in the non-contacted
region there shows the identical distortions of
electron density, in particular a tube of density
linking the three central water molecules.

Fig. 7. A TpA step: induced B! state with a zigzag spine of hydration. A spine of hydration is observed in the minor
groove of the non-contacted region of the P22R NTD–DNA9T complex. (a) A schematic diagram illustrating the hydrogen
bonds, which are shown as dashed lines. The hydrogen-bond acceptors of the DNAminor groove are indicated by white
spheres containing the appropriate atom labels. The water molecules are colored in accordance with those of Fig. 3. (b)
Electron density defining the spine of hydration (2Fo"Fc map contoured at 1.1").
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Fig. 8. A CpG step: induced B! state with a delocalized zigzag spine of hydration. The spine of hydration in the minor
groove of the non-contacted region in the P22R NTD–DNA9C complex is represented in analogy with that of Fig. 7. (a) A
schematic diagram representing the conversion between twohydration states. Thehydrogen-bonddonors (2-amino groups of
G) distinguish DNA9C from DNA9T and are shaded green. In each state, the hydrogen-bond donor that participates in
hydrogen-bondingstate is indicatedbyabluearrow.The curvedarrows indicate transitions between the alternative hydration
states. (b) Observed electron density showing the average of the two hydration states (2Fo"Fc map contoured at 1.1").
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Counterions

Mg2+ ions can be inferred from coordination
geometry. Careful inspection of the electron densi-
ty maps does not reveal evidence for localization of
Mg2+ ions. Monovalent cations (Na+ and K+) are
indistinguishable from water molecules and are
generally observable only by substitution with Rb+
or Tl+.24,25,31,47–49 Therefore, the P22R NTD–DNA9T

complex was crystallized from solutions containing
either Tl+ or Rb+. The Tl+ and Rb+ results are self-
consistent except that the Tl+ signal is significantly
stronger than that of Rb+. Isomorphous difference
and anomalous methods from the Tl+ data were
used to determine positions of localized monova-
lent cations. Anomalous difference maps (from
P22R NTD–DNA9T/Tl+ data), synthesized using
|F+"F"| as Fourier coefficients, generally confirm
the isomorphous difference results, although the
signal is somewhat weaker. Isomorphous difference
mapswere calculated using the diffraction data from
the P22R NTD–DNA9T/Na+ derivative2 and a P22R
NTD–DNA9T/Tl+ derivative.
The results indicate unambiguous localization of

monovalent cations (Fig. 9). The Tl+–Na+ isomor-
phous difference peaks define the positions of at
least four localized monovalent cations per complex.
Three of these peaks are located in the major groove,
adjacent to guanine bases. One of these ions is
adjacent to G(28) at position 7L, and two are
adjacent to the terminal base G(40). The Tl+ at G
(28) is displaced by the amino group of a lysine at
position G(8) [the pseudo-symmetry mate G(28);
Fig. 9a and 9b]. The lysine is contributed by a
symmetry-related protein molecule. The two cation
sites at the terminal base G(40) likely represent a
single cation that partially occupies two positions.
A clear isomorphous difference peak (Fig. 9e) is

located in the minor groove of one of the intrinsic A-
tracts, which spans positions 1R–4R. This peak is
observed in the R half site, which is more highly
ordered than the L half site, giving higher-quality
maps. This peak indicates a partially occupied
monovalent cation is coordinated by the A(N3) and
T(O2) functional groups on the floor of the groove
and by the O4! atoms of flanking nucleotides. This
mode of minor groove coordination of monovalent
cations has been observed previously.25,32,33,48,50,51
Weaker peaks at adjacent sites on the floor of the A-
tract suggest additional cations. In general, it can be
seen that positions of monovalent cations corre-
spond to solvent sites (water molecules) indicated
in the 2Fo"Fc maps of P22R NTD–DNA9T. Two of
the major groove anomalous peaks are near the
junction between two symmetry-related DNA
duplexes (Fig. 9c and 9d).
Monovalent cations are known to associate with

the minor groove of A-tracts, and the ESP calcula-
tions suggest that monovalent cations might be
found in the minor groove at the center of the
binding site. Therefore, we looked for monovalent
cation binding sites in the non-contacted region of
the P22R NTD–DNA9C complex. No evidence of

monovalent cation localization was evident in the
isomorphous difference or anomalous maps.

Discussion

Indirect readout is an important and common
mechanism for DNA recognition. Indirect readout is
the primary method of DNA sequence detection
used by protein assemblies such as nucleosomes of
eukarya14 and archaea,52,53 and IHF and HU
complexes of bacteria.54,55 Indirect and direct
readout of DNA are observed in bacteria and
bacterial viruses,56–59 eukaryotes,60–65 as well as
the viruses of eukaryotic cells.66,67

A structural and thermodynamic model of
indirect readout

We have presented a mechanistic model of
indirect readout based on the high-resolution
structure2 of P22R NTD in complex with operator
DNA9T and over a decade's accumulation of
biochemical data.10–13,58,68,69 This model suggests
that regardless of its sequence, the non-contacted
region of the P22 operator is forced into the B! state
by the repressor. The sequence is “read” by the ease
with which it assumes the B! state. This recognition
model makes testable predictions about the struc-
tures and stabilities of P22R complexes with a
variety of DNA sequences. The model predicts
conservation of the global architecture of the
protein–DNA complex, conservation of the confor-
mation of the protein and the DNA, and conserva-
tion of the protein–DNA contacts as the sequence of
the non-contacted region is varied. The model
predicts the central CpG step of DNA9C assumes
the B! state, even though C·G base pairs have not
been observed previously in the B! state. Finally, the
model predicts that the affinity of DNA for P22R
NTD is modulated by the resistance of the non-
contacted sequence to the transition to the B! state.
The stability of the B! state varies with sequence
(ApA, ApTNTpANCpG, CpC, GpC, GpG). The
affinity should be greatest for A-tracts and lowest
for G/C tracts. Indeed sequences that are most
resistant to the B! state3 have lowest affinity for
P22R.12,13 The structure of the P22R NTD–DNA9C

complex supports the predictions of this model.
The DNA binding surface of P22R NTD is

electrostatically complementary to the phosphate
group disposition of B!-DNA, but not of B-DNA.
ESP calculations reveal pockets of positive potential
near the dimer interface (Fig. 6) that juxtapose with
B!-DNA phosphates. Two negatively charged amino
acids, E44 and E48, are in proximity with the
positive pockets of the repressor. These residues
may “guide” the DNA phosphate backbone along
the surface of P22R, destabilizing canonical B-form
DNA relative to the B! state. Consistent with this
idea, an E44A mutation, which removes the nega-
tive charge at this position, eliminates P22R's ability
to discriminate between DNA9C and DNA9T. An
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Fig. 9. Positions of localized counter ions. (a) A Tl+ ion is coordinated by O6 and N7 of G(28) of the L-half of the
operator (7L). The position of the Tl+ ion is indicated by an anomalous difference peak contoured at 2.5". (b) A lysine at
position G(8) on the R-half (7R) of the operator has displaced a Tl+ ion. G(8) is the pseudo-symmetry mate of G(28). The
positions of the atoms are indicated by a sum map, contoured at 2.0". (c) Tl+ ions in the major groove at the junction
between two DNA molecules. The positions of these ions are indicated by anomalous peaks, contoured at 10". (d) Axial
view of the ions and maps shown in (c). (e) A Tl+ ion in the minor groove of an A-tract of the contacted region. The
position of this ion is indicated by an FTl+"FNa+ isomorphous difference peak, contoured at 2.5".
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E44D mutant, which does not remove the negative
charge at this position, retains discrimination
between these two sequences (L. Harris and G.B.
K., unpublished results).

The B" state: role of minor groove hydration

The minor groove of A-tract DNA is a unique
hydration environment, which has no obvious
parallels elsewhere. A curved sheet, one molecule
thick (Fig. 3a), contains discrete, optimally spaced
water molecules, which are translationally and
rotationally restrained (Fig. 3). The rotational
restraints arise from an absence of hydrogen-bond
donors, a hallmark of the minor groove of A-tract
DNA.
The water molecules in the A-tract minor groove

are linked and interdependent.14,24,26,70,71 The hy-
dration assembly is a “house of cards” in that it
requires correct positions, rotations and occupancies
of each water molecule. Perturbations of position,
rotation and/or occupancy anywhere within the
foundation of the assembly destabilize B!-DNA.
The barriers to translation of water molecules

within the hydration assembly of A-tract DNA arise
from the positioning of multiple hydrogen-bond
acceptors of the DNA. The barriers to rotation arise
from a donor–acceptor imbalance of the DNA. A-
tract DNA lacks hydrogen-bond donors in the minor
groove. To form optimum hydrogen bonds, water
molecules in the primary layer must direct their
protons down toward the floor of the groove (Fig.
3b). The water molecules in the primary layer
exclusively donate protons to acceptors on the
floor and walls of the groove. Each proton is
involved in two bifurcated hydrogen bonds (i.e.,
two “three-centered hydrogen bonds”; for a discus-
sion of bifurcated hydrogen bonds, see Taylor et
al.72) in which each proton interacts with two
hydrogen-bond acceptor atoms. The water mole-
cules of the primary layer are polarized, with
parallel dipole moments. The polarization extends
to other layers; water molecules in the second layer
direct their protons down toward the primary layer.
The foundation of the hydration assembly is a

zigzag spine of hydration,22,23 which forms a base
for additional layers.24–26 Each primary layer water
molecule forms a bridge between DNA strands
(Fig. 3b). These bridges involve both sugars and
bases. In A-tracts, which contain only ApA and ApT
steps, the bridges link (at an ApA step) the N3 (A) of
the one strand with the O2 (T) of the other strand, or
(at an ApT step) two O2 (T) atoms. As described
below, when the sequence of B!-DNA diverges from
that of canonical A-tracts, the hydrogen-bonding
interactions and the rotational and positional
restraints of the primary hydration layer are altered

The B" state: effect of DNA sequence

The B! state forms spontaneously in A-tract DNA
(Fig. 3). Non-A-tract sequences can be induced or
forced into the B! state. For example, as illustrated in

Fig. 7, the zigzag hydration assembly is observed in
the non-contacted minor groove of the P22R NTD–
DNA9T complex.2 Although this sequence is not an
A-tract, the protein has induced the DNA confor-
mation and hydration corresponding to the B! state.
The primary water molecule at the central TpA step
(positions 9L and 9R) is coordinated by two N3 (A)
atoms, in analogy to the water coordination at an
A-tract ApT step that involves two O2 (T) atoms.
The TpA!CpG substitution at positions 9L and

9R (converting DNA9T to DNA9C) does not prevent
the formation of the B! state in the P22R-bound DNA
operator. In the complex, the DNA9C non-contacted
minor groove is narrow, with a spine-like hydration
assembly. However, the TpA!CpG substitution
introduces two amino groups, which are hydrogen-
bond donors, to the floor of the minor groove.
Because the primary water molecules interact with
both hydrogen-bond donors and acceptors, the
positional and rotational restraints on these water
molecules are released. In the DNA9C complex, the
central primary water molecule shifts between the
two 2-amino groups, forming hydrogen bonds with
one N2, or the other N2, but not both (Fig. 8a). The
delocalization of the primary water molecules
appears to disturb the entire hydration assembly,
with water molecules in the secondary layer shifting
in concert with the those in the primary layer.
These findings suggest that the water molecules in

the non-contacted minor groove in P22R NTD–
DNA9C complex molecules are more mobile, and
less stable, than analogous solvent molecules in the
P22R NTD–DNA9T complex. A less stable hydration
assembly after the TpA!CpG mutation is consis-
tent with the 10-fold lower affinity of P22R. DNA
sequence modulates the stability and structure of the
B!-specific minor groove hydration assembly that in
turn regulates affinity for P22R.

The B" state: solution experiments

The structural results suggest that water mole-
cules in the minor groove of the P22R NTD–DNA9C

complex are more mobile than those in the P22R
NTD–DNA9T complex. This prediction is testable byUOH footprinting (Fig. 10).UOH is a small diffusible footprinting agent that
cleaves DNA by attacking deoxyribose sugars from
within the minor groove (Fig. 10a).74 The rate of
strand scission of a given sugar is thought to depend
on the steric accessibility. In P22R–DNA complexes,
diffusion through the tunnel is the only path forUOH radical to enter the minor groove (Fig. 10c).
Steric effects do not change with DNA sequence; the
conformations are invariant. If steric effects domi-
nate, accessibility of UOH radical into the DNA9C

and DNA9T tunnels would not vary.
However, UOH cleaves within the DNA9C tunnel

around fivefold more rapidly than within the
DNA9T tunnel (Fig. 10b).10 The simplest explanation
for the rapid cleavage within the DNA9C tunnel is
that the solvent milieu is more mobile, as illustrated
in Fig. 8a, and that rates of diffusion are greater in
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Fig. 10 (legend on next page)
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the DNA9C tunnel than in the DNA9T tunnel.
Therefore, the cleavage data supports the struc-
ture-based model of greater water mobility in the
non-contacted region of DNA9C compared to
DNA9T. C·G base pairs increase minor groove
water mobility.

Cation localization

As previously observed for DNA alone,30,48 the
complex with P22R NTD reveals monovalent
cations in the major groove in association with
C·G base pairs and in the minor groove in
association with A·T base pairs of A-tracts. ESP
calculations reveal that P22R binding increases the
negative potential of the minor groove in the non-
contacted region. However, no evidence of cation
localization is observed in the P22R NTD–DNA9T/
Tl+ or the P22R NTD–DNA9C/Rb+ complexes
presented here. We believe that high levels of
NH4

+, remaining from the protein purification,
may have displaced the anomalous scatters.

Conclusion

For P22R NTD to bind to the DNA operator, with
DNA phosphate groups located in cationic pockets
in the protein, the non-contacted minor groove
must be narrow in the center of the operator. The
narrow minor groove is characteristic of the B! state.
The narrowing of the minor groove (and the
increase in proximity of phosphate groups) is
thermodynamically linked to the formation of a
spine of hydration. The B!B! transition is sequence
dependent. In free DNA, A-tracts have high
propensities to conform to the B! state.31,34,75 This
propensity is partially due to the proper positioning
of chelating O2 atoms of thymine to coordinate
water molecules and cations.
We have shown that the binding of P22R NTD

induces a narrow minor groove as well as a spine of
hydration in non-A-tract DNA, despite the presence
of destabilizing TpA or even CpG steps. The CpG
step results in a disordered spine, particularly near
the floor of the minor groove. The change in the
spine of hydration is the only observable difference
between the X-ray crystal structures of the DNA9C

and the DNA9T complexes. We propose that the
reduced stability of the spine results in a higher
energy cost for the narrow minor groove in the
DNA9C operator. The higher energy cost for a
narrow minor groove results in a higher energy
state of the complex. These findings are in agree-
ment with the solution studies that show the P22 c2
repressor binds a DNA operator with a CpG at the

central non-contacted step with lower affinity than
that with a TpA at the central step.

Materials and Methods

Preparation of protein and DNA

P22R NTD was isolated from Escherichia coli strain
XA9076 bearing a plasmid that directs overproduction of
the amino acids 1–68 of the bacteriophage P22 c2
repressor. The construction of the P22R NTD overexpres-
sing plasmid and general method for purification of P22R
NTD were described previously.2 For preparation of P22R
NTD co-crystallized with DNA in the presence of Tl+, the
final S-100 column was developed with a buffer contain-
ing 50 mM Tris–acetate (pH 7.5) and 100 mM thallium
acetate. The eluted protein was precipitated with ammo-
nium sulfate. The protein-containing pellet was dissolved
in and subsequently dialyzed against the same buffer
supplemented with 10% glycerol. A similar procedure was
used for preparing proteins used in the Rb+ crystal, except
the S-100 column and the suspension and dialysis buffer
consisted of 50 mM Tris–HCl (pH 7.5), 100 mM RbCl, and
10% glycerol. Following dialysis, purified protein was
flash-frozen in liquid nitrogen and stored at "70 °C.
DNA oligonucleotides were obtained from Integrated

DNA Technologies (Coralville, IA) as ammonium salts
from reverse HPLC purification. To form double strands,
equimolar amounts of the complementary strands were
mixed in water, heated to 85 °C for 60 s and slow-cooled to
room temperature over 4 h to allow for annealing of the
two strands.

Crystallization

Crystals were grown at 4 °C in hanging drops of
equimolar P22R NTD–duplex DNA at 0.42 mM and
equilibrated by vapor diffusion. Crystals grew to a size of
approximately 0.5 mm!0.3 mm!0.3 mm within 1 day.
Crystals were collected in nylon loops and flash-frozen in
liquid nitrogen.

P22R NTD with DNA9C

The initial crystallization solution contained duplex d
(5!-TATTTAAGACGTCTTAAATG-3!)–d(5!-CATTTAA-
GACGTCTTAAATA-3!), 45 mM Tris–HCl (pH 7.8),
20 mM NaCl, 2.0 mM glycerol, 14% polyethylene glycol
(PEG) 400, 4.5 mM LiCl, 2.3 mM MgCl2 and 0.9% methyl-
2,4-pentanediol (MPD) in a volume of 5.3 #l. The reservoir
contained 100 mM Tris–HCl (pH 7.8), 30% PEG 400,
10 mM LiCl, 5 mM MgCl2 and 2% MPD.

P22R NTD with DNA/Tl+

The initial crystallization solution contained DNA9T

duplex d(5!-CATTTAAGATATCTTAAATG-3!)–d(5!-

Fig. 10. C·G base pairs increase mobility within the tunnel. (a) A schematic diagram illustrating the known 3! offset of
cleavage of two strands of DNA by a small diffusible agent that cuts within the minor groove. This panel is adapted from
Dervan.73 (b) Hydroxyl radical footprinting differences between DNA9T and DNA9C in complexes with P22R NTD.
DNA9C shows elevated cleavage within the tunnel region. The rates of solvent transit within the tunnel are greater for
DNA9C than for DNA9T. This panel is adapted fromWu et al.13 (c) The tunnel of the P22RNTD–DNA9C complex, showing
the ESP. This view is looking along the minor groove, through the tunnel. The surface is colored red ("10 kT/e") to blue
(+3 kT/e").
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CATTTAAGATATCTTAAATG-3!), 20 mM thallium ace-
tate, 45 mMTris–acetate (7.8), 2.0% glycerol, 14% PEG 400,
2.3 mMmagnesium acetate and 0.9% MPD in a volume of
5.7 #l. The crystallization solution was equilibrated
against a reservoir of 100 mM Tris–acetate (pH 7.8), 25%
PEG 400, 5 mM magnesium acetate and 2% MPD. Similar
protocols were used in attempt to co-crystallize P22RNTD
with duplex DNA9C; however, for this DNA, Tl+ cations
were not observed in either anomalous or isomorphous
difference maps.

P22R NTD with DNA9C/Rb+

The initial crystallization solution contained duplex d
(5!-CATTTAAGACGTCTTAAATG-3!)–d(5!-CATTTAA-
GACGTCTTAAATG-3!), 45 mM Tris–HCl (pH 7.8),
20 mM rubidium chloride, 2.0% glycerol, 14% PEG 400,
2.3 mM magnesium chloride and 0.9% MPD in a volume
of 5.3 #l. The reservoir contained 100 mM Tris–HCl
(pH 7.8), 25% PEG 400, 5 mMmagnesium chloride and 2%
MPD. Similar protocols were used in an attempt to co-
crystallize P22R NTD with duplex DNA9T; however, for
this DNA, Rb+ cations were not observed in either
anomalous or isomorphous difference maps.

Data collection

P22R NTD–DNA9C

Diffraction data were collected on beamline X26-C at
The National Synchrotron Light Source, Brookhaven
National Laboratory, with an ADSC Quantum 4 CCD
detector using radiation of 0.99997 Å wavelength, with the
crystal at 110 K. A total of 232,653 reflections were indexed

and integrated with DENZO77 and reduced to 32,768
unique reflections in space group P212121 in the resolution
range of 35–1.60 Å. Data were scaled with the program
SCALEPACK.77

P22R NTD–DNA9T/Tl+

Diffraction data were collected on SER-CAT beamline
22 BM at the Advanced Photon Source, Argonne National
Laboratory, with a MAR225 CCD detector using radiation
of 0.97784 Å wavelength, with the crystal at 110 K. A total
of 452,190 reflections were indexed, integrated and
reduced to 30,146 unique reflections in space group P43
in the resolution range of 30–1.9 Å.

P22R NTD–DNA9C/Rb+

Diffraction data were collected on SER-CAT beamline
22 BM at the Advanced Photon Source, Argonne National
Laboratory, with a MAR225 CCD detector using radiation
of 0.81398 Å, with the crystal at 110 K. A total of 347,031
reflections were indexed, integrated and reduced to 22,529
unique reflections in space group P43 in the resolution
range of 41–2.1 Å. Data were scaled with the SCALEPACK
with Bijvoets pairs unmerged.

Refinement

Initial phases were determined by molecular replace-
ment with the program Molrep of the CCP4 suite78 using
data from 15 to 3 Å. The P22R NTD–DNA9T complex with
water molecules removed was used a search model.
Model building was performed with the program

Table 1. Data collection and refinement statistics

P22R NTD–DNA9C P22R NTD–DNA9T/Tl+ P22R NTD–DNA9C/Rb+

X-ray source X26-C NSLS SER-CAT 22-BM APS SER-CAT 22-BM APS
Wavelength (Å) 0.99997 0.97784 0.81398
Detector ADSC Quantum 4 CCD MAR CCD 225 MAR CCD 225
Resolution range (Å) 19.90–1.67 30.00–1.90 41.00–2.10
Mosaic spread (°) !0.7 !0.5 !0.7
Space group P212121 P43 P43
Unit-cell parameters (Å)

a 40.602 64.249 64.007
b 54.319 64.249 64.007
c 114.112 100.82 101.623

Total reflections 232,653 452,190 347,031
Unique reflections 32,768 30,146 22,529
Multiplicitya 5.8 (4.7) 13.4 (11.3) 12.5 (10.4)
Completeness (%) 97.3 (91.7) 98.5 (97.7) 99.3 (99.6)
Highest-resolution shell (Å) 1.67–1.71 1.95–1.90 2.15–2.10
I/"(I) 47.1 (2.12) 44.3 (9.29) 33.2 (4.5)
Rsym (%) 6.9 (65.9) 7.3 (48.7) 14.2 (63.6)
Reflections (working/test set) 27,753/1501 30,146/1591 22,529/1214
No. of non-H protein atoms 2!514 2!514 2!514
No. of non-H DNA atoms 814 814 814
No. of water molecules 330 304 296
No. of cationsb 4 2
Rcrystal (%) 19.78 18.53 18.00
Rfree (%) 22.45 20.83 22.50
Average B-factor 24.78 25.06 26.55
RMSD from ideal

Bond lengths (Å) 0.01 0.01 0.01
Bond angles (°) 1.6 1.7 2.2
a The number in parentheses indicates the value for the highest-resolution shell.
b The number of cations included in the final model/number of cations indicated by anomalous maps and/or isomorphous difference

maps.
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COOT.79 Water molecules were added iteratively to the
model initially with ARP/wARP80 and by inspection of
|2Fo"Fc| and |Fo"Fc| maps in later stages, followed by
cycles of refinement in Refmac5.81 Data collection and
refinement statistics are given in Table 1.

P22R NTD-DNA9C

Following rigid-body refinement, difference density
was observed in the |Fo"Fc| maps at positions 9L and
9R of the operator corresponding to T·A!C·G mutations
at these positions. After correction of the model, addition
of water and final rounds of TLS refinement in Refmac, the
final model converged at 1.67 Å resolution with an R-
factor of 19.78% and an Rfree of 22.58%.

P22R NTD–DNA9T/Tl+

The final R-factor is 18.4% and the Rfree is 20.8%.

P22R NTD–DNA9C/Rb+

The final R-factor is 18.3% and the Rfree is 22.4%.

Anomalous (F+!F!) and isomorphous (FTl+!FNa+)
difference maps

Anomalous (|F+"F"|) maps (Fig. 9a, c and d) were
calculated for P22R NTD–DNA9T/Tl+ and P22R NTD–
DNA9C/Rb+ complexes using FFT from CCP4.78 Phases
for the anomalous maps were calculated from models
with solvent molecules removed, using SFall of CCP4.
Weak anomalous peaks corresponding to phosphorous
atoms of the DNA backbone indicate that the maps were
calculated accurately.
Isomorphous difference (|FTl+"FNa+|) maps (Fig. 9e)

were calculated using the native data from the P22RNTD–
DNA9T/Na+ complex.2 P22R NTD–DNA9T/Tl+ data were
scaled to the P22R NTD–DNA9T/Na+ data using Scaleit
from CCP4. Phases were calculated from the P22R NTD–
DNA9T/Tl+ model with all solvent sites treated as water
molecules. Clear peaks indicated the positions of localized
Tl+ ions. Isomorphous difference (|FRb+"FNa+|) maps
were calculated with the P22R NTD–DNA9C/Rb+ data.
However, presumably due to the weaker scattering of Rb+
compared to Tl+, the signal was not significantly greater
than noise. The observed isomorphous difference peaks
are located in the positions that overlap with either those
identified from anomalous scattering data or are predicted
from a previous structures of DNA oligomers crystallized
in the presence of Tl+.47,48,50 One of the Tl+ sites
observed in the isomorphous difference maps is located
in the minor groove linking the bases of positions 2R
and 3R and is coordinated by the O2 of T(24) and the N3
A(18) (Fig. 9e).
In comparison with previous work,47,48 the statistics

indicate that the Na+ and Tl+ complexes here are highly
isomorphous. The data sets mergedwith an Riso

82 of 28.5%
averaged over all shells. Differences in unit cell axis are
$a=0.2%, $b=0.2%, and $c=0.8%. The RMSD for all
backbone atoms of the DNA and protein after refinement
is 0.41 Å.

Electrostatic calculations

ESP calculations were performed on the P22R NTD
alone (Fig. 6), DNA9T alone, DNA9C alone, P22R NTD–

DNA9T and P22R NTD–DNA9C by solving the nonlinear
Poisson–Boltzmann equation using the Adaptive Poisson
Boltzmann Solver (APBS)83 with the Pymol84 interface.
Calculations were run at 150 mM NaCl with a probe size
of 1.4 Å. The van der Waals radii and partial charges of the
atoms of the protein and the DNA were estimated using
Amber as implemented in PDB2PQR.85

PDB accession numbers

Coordinates and structure factors have been deposited
into the PDB with accession numbers 3JXB (P22R NTD–
DNA9C), 3JXC (P22R NTD–DNA9/Tl+) and 3JXD (P22R
NTD–DNA9C/Rb+).
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