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It has been proposed that sequence-specific and groove-specific
interactions of cations cause DNA deformations. Monovalent
cations appear to partition into the minor groove of A-tracts, as
indicated by NMR,1 molecular dynamics simulations,2-4 and
X-ray diffraction.5-9 Divalent cations, with a greater tendency to
orient and polarize water molecules10 and to resist dehydration,11

appear to partition into the major groove of G-tracts.6,12 Electro-
static deformation13-15 by mobile cations16 provides a unified
model that explains diverse phenomena such as A-tract bending,17

G-tract bending,18,19 groove-width variation,20 and indirect read-
out.21 This electrostatic model is consistent with observations that
DNA bending in solution is cation dependent18,22-25 and that
A-tracts are bent in solution26 but not in crystals,27 where
intermolecular interactions would wash out intramolecular effects.

An alternative nonelectrostatic view is supported by Dickerson
and colleagues, who stress the importance of sequence-specific,

direct base-base interactions. A representative expression of this
mechanical, “heterocycle-centric”, model was articulated recently;
“The minor groove in A-tract B-DNA is narrow because of
intrinsic properties of base-sequence, most notably the greater
ease of propeller twisting of A-T base pairs....”28 In this model,
short-range, through-space interactions between bases modulate
propeller twist, groove width, and axial trajectory.

A series of implicit assumptions underlie heterocycle-centric
models. It is assumed that an invisibility of cations in electron
density maps indicates delocalization and lack of specific energetic
and structural roles. This assumption is incorrect. Ordered,
structural cations are located in “hydration” regions adjacent to
DNA. Their invisibility is in part an artifact of low resolution.
For example with 1.4 Å resolution data we observed a magnesium
ion bound in the major groove of one of the G-tracts of duplex
CGCGAATTCGCG.5 That magnesium ion has been conserved
in all subsequent high-resolution CGCGAATTCGCG struc-
tures6,7,28 but was invisible in dozens of previous low-resolution
iterations. The uncloaking of the major groove magnesium ion
demonstrates that unobserved cations are not necessarily dissolved,
delocalized, and remote from the DNA, as has been proposed.28

The invisibility of this divalent cation in previous electron density
maps did not indicate a lack of structural significance. The major
groove magnesium ion, observed or not, exerts strong electrostatic
forces on the DNA, causing the “dodecamer bend”. The location
and interactions of this magnesium ion explain the dependence
of G-tract bending on divalent cations.18,24,25

Evaluating the utility of electrostatic and heterocycle-centric
models requires determining positions of the cations that surround
nucleic acid structures in crystals. But a difficult analytical
challenge is presented by the equivalence in the number of
electrons in a sodium cation and a water molecule, by unpredict-
able coordination geometry at macromolecular surfaces, and by
water/cation mixed occupancy. A 20% potassium-80% water
hybrid will effectively display only 1.6 more electrons than a water
molecule. The analytical challenges can be at least partially
overcome with substitution by heavy monovalent cations such
as cesium. Here we report the X-ray structure of the cesium form
of CGCGAATTCGCG grown from a solution containing cesium,
magnesium, and spermine. Detailed crystallization conditions and
complete data collection and refinement statistics are given in
Table 1S. The final model (resolution) 1.8 Å; Rfactor) 20.93;
Rfree ) 26.68) contains one fully hydrated magnesium ion and
141 additional water molecules. A partial spermine molecule was
observed in the electron density maps but was not included in
the model.

The electron density computed from the cesium form
CGCGAATTCGCG data indicates occupancy of monovalent
cations in the A-tract minor groove (Figure 1). Difference (Fo -
Fc) Fourier electron density maps calculated with phases from
the completely refined cesium form model (DNA, magnesium,
water molecules, no cesium ions) reveal peaks at adjacent sites
near the floor of the minor groove, within the primary layer of
the fused hexagon motif.6 This type of map gives positive peaks
where the model contains inadequate scattering power. The maps
indicate that water molecules located within the primary layer
do not contain sufficient electron density to accurately fit the data.
For models refined without monovalent cations, conversion of
monovalent cations in the crystallization solution from sodium
to cesium increases the difference density distributed throughout
the primary layer.

We have performed a series of computations to further evaluate
which hydration regions contain monovalent cations. We have
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used∆Rfree to indicate differences in fit of data to model upon
variation of cesium ion occupancies and locations. As shown in
Figure 2 the results confirm that cesium ions are sequestered
within the A-tract minor groove of CGCGAATTCGCG. Here the
hydration region has been subdivided into primary and secondary
layers of the minor groove A-tract, major groove, phosphate, and
bulk regions. TheRfree is a cross-validated estimate of goodness
of fit of model to data that uses a reserved subset of the diffraction
data, insulating it from the refinement.29 The∆Rfree is the change
in Rfree when the identity of a solvent site is independently
incremented on the path from fully occupied water molecule to
fully occupied cation. The∆Rfree information on specific
hydration sites is contained in Table 2S.

Conclusion.The unambiguous confirmation here that monova-
lent cations and water molecules share sites within the minor
groove of A-tracts supports previous indications of water-cat-
ion hybrids in sodium,5 potassium,6 and rubidium7 forms of
CGCGAATTCGCG. However the occupancies are not fixed;
divalent cations and polyamines compete with monovalent cations
in solution30,31while interacting preferentially at different sites.1,5,32

Analogous competition and differential site preferences can be

“observed” in crystals by comparing CGCGAATTCGCG struc-
tures obtained from crystals grown from solutions of relatively
low5,6 and high33 concentrations of magnesium. Divalent cations
outside the minor groove displace monovalent cations from within
the minor groove. Helical parameters and minor groove width
profile are dependent on positions and populations of monovalent
cations (primarily within the groove) and divalent cations
(primarily outside the groove) (Chad C. Sines and Loren Williams,
unpublished). Current data do not allow us to be quantitative about
occupancies, effects of specific properties of various monovalent
cations,34 or specific effects of various charge distributions on
groove width. In the crystal described here, we estimate cesium
occupancy within hybrid solvent sites in the A-tract minor groove
to be from 10 to 40% at each site.

Supporting Information Available: A description of crystallization,
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Figure 1. Electron density surrounding the primary (P) and secondary
(S) solvent layers of the A-tract minor groove. Sum of the Fourier electron
density (2Fo - Fc) contoured at 1.0σ is indicated by thin lines. The
difference Fourier electron density (Fo - Fc) contoured at 2.5σ is indicated
by thick lines. The phases were obtained from fully refined models that
contain DNA, magnesium, and water, but lack monovalent cations. (a)
The 1.4 Å sodium form of d[(CGCGAATTCGCG)]2 (NDB entry
BDL084). (b) The 1.8 Å cesium form of d[(CGCGAATTCGCG)]2 (NDB
entry BD0029).

Figure 2. Variation in fit of the model to data upon addition of cesium
to the model. Each point represents the average change inRfree when
the solvent sites in that category are independently switched from the
water molecule to cesium with the specified occupancy. Solvent sites
within the phosphate region are within 3.5 Å of phosphate oxygens and
over 3.5 Å from any other DNA atom. Bulk waters are those 20 sites
with lowest thermal factors located over 3.5 Å from any DNA atom.
The primary layer (P sites) and secondary layers (S sites) are located
within the minor groove as shown in Figure 1. The major groove is within
3.5 Å from any purine 6 or 7 position, or any pyrimidine O4 position.
∆Rfree’s have been obtained for each solvent site, at fractional cesium
occupancies ranging from 0.2 to 1.0, by the following procedure: (1)
refine a model to convergence with all solvent sites fully occupied by
water molecules, to give modelw(the Rfree data subset is not refined
against modelw), (2) calculateRfreew, (3) switch the identity of solvent
site i from water molecule to 20% occupied cesium ion (fi,j ) 0.2), (4)
re-refine thermal factors, to give modeli,j, (5) calculateRfreei,j, (6) calculate
∆Rfreei,j ) (Rfreei,j) - (Rfreew), (7) incrementfi,j ) 0.2, to fi,j+1,2,3 )
0.3, 0.4, 0.5, ... and return to step 4 (atfi,9 go to step 8), (8) return to step
3 and switch to solvent sitei + 1, then i + 2, ..., restarting with the
original model after each cycle to avoid phase bias, to accumulate
∆Rfreemn, wherem indicates any solvent site andn indicates occupancy
between 0.2 and 1.0. For cesium occupancyg 20%, scattering from water
was neglected.

Communications to the Editor J. Am. Chem. Soc., Vol. 122, No. 7, 20001547


