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Monovalent Cations Sequester within the A-Tract direct base-base interactions. A representative expression of this

Minor Groove of [d(CGCGAATTCGCG)] "8 mechanical, “heterocycle-centric”, model was articulated recently;
“The minor groove in A-tract B-DNA is narrow because of

Kristen Kruger Woods, Lori McFail-lsom, Chad C. Sines, intrinsic properties of base-sequence, most notably the greater

Shelley B. Howerton, Rasheeda K. Stephens, and ease of propeller twisting of AT base pairs...? In this model,
Loren Dean Williams* short-range, through-space interactions between bases modulate

propeller twist, groove width, and axial trajectory.

School of Chemistry & Biochemistry A series of implicit assumptions underlie heterocycle-centric

Georgia Institute of Technology  models. It is assumed that an invisibility of cations in electron
Atlanta, Georgia 30332-0400  density maps indicates delocalization and lack of specific energetic

Receied June 11, 1999 and structural roles. This as_sumption_ is incn_)rrect. Qrdered,

structural cations are located in “hydration” regions adjacent to

It has been proposed that sequence-specific and groove-specifi®@NA. Their invisibility is in part an artifact of low resolution.

interactions of cations cause DNA deformations. Monovalent For example with 1.4 A resolution data we observed a magnesium
cations appear to partition into the minor groove of A-tracts, as ion bound in the major groove of one of the G-tracts of duplex

indicated by NMR, molecular dynamics simulatiods? and CGCGAATTCGCG: That magnesium ion has been conserved
X-ray diffraction>~° Divalent cations, with a greater tendency to in all subsequent high-resolution CGCGAATTCGCG struc-
orient and polarize water molecutand to resist dehydratios, ture$728but was invisible in dozens of previous low-resolution

appear to partition into the major groove of G-tratt3Electro- iterations. The uncloaking of the major groove magnesium ion

static deformatiot¥—*5 by mobile cation¥ provides a unified demonstrates that unobserved cations are not necessarily dissolved,
model that explains diverse phenomena such as A-tract beHding, delocalized, and remote from the DNA, as has been prop8sed.
G-tract bending®1° groove-width variatio?® and indirect read-  The invisibility of this divalent cation in previous electron density
out2! This electrostatic model is consistent with observations that maps did not indicate a lack of structural significance. The major
DNA bending in solution is cation depend&2> and that groove magnesium ion, observed or not, exerts strong electrostatic
A-tracts are bent in solutidh but not in crystalg/ where forces on the DNA, causing the “dodecamer bend”. The location
intermolecular interactions would wash out intramolecular effects. and interactions of this magnesium ion explain the dependence
An alternative nonelectrostatic view is supported by Dickerson of G-tract bending on divalent catiof%:*2°
and colleagues, who stress the importance of sequence-specific, Evaluating the utility of electrostatic and heterocycle-centric
* Address correspondence to this author modells req.uires determining positions of the cqtiqns that sur(ound
t This work was supported by the National Science Foundation (Grant NUcleic acid structures in crystals. But a difficult analytical
MCB-9056300) and the American Cancer Society (Grant RPG-95-116-03- challenge is presented by the equivalence in the number of
GMCQ). electrons in a sodium cation and a water molecule, by unpredict-

§ Atomic coordinates and structure factors have been deposited in the PDB -
(entry code 1DOU and NDB entry code BD0029). able coordination geometry at macromolecular surfaces, and by
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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 (¥, — F¢) contoured at 10 is indicated by thin lines. The
difference Fourier electron densitly(— F¢) contoured at 2&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 A sodium form of d[(CGCGAATTCGCG)](NDB entry
BDL084). (b) The 1.8 A cesium form of d[(CGCGAATTCGCGYNDB
entry BD0029).

usedARfree to indicate differences in fit of data to model upon
variation of cesium ion occupancies and locations. As shown in
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Figure 2. Variation in fit of the model to data upon addition of cesium
to the model. Each point represents the average chanB&es 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 A of phosphate oxygens and
over 3.5 A from any other DNA atom. Bulk waters are those 20 sites
with lowest thermal factors located over 3.5 A 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 A from any purine 6 or 7 position, or any pyrimidine O4 position.
ARfree’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 moggthe Rfree data subset is not refined
against model), (2) calculateRfres,, (3) switch the identity of solvent
site i from water molecule to 20% occupied cesium iGp< 0.2), (4)
re-refine thermal factors, to give mogle(5) calculateRfreg;, (6) calculate
ARfreq; = (Rfreq;) — (Rfreey), (7) incrementfij = 0.2, tofij+123=

0.3, 0.4, 0.5, ... and return to step 4 fatgo to step 8), (8) return to step

3 and switch to solvent site+ 1, theni + 2, ..., restarting with the
original model after each cycle to avoid phase bias, to accumulate
ARfreenn, wherem indicates any solvent site amdindicates occupancy
between 0.2 and 1.0. For cesium occupan30%, scattering from water
was neglected.

Figure 2 the results confirm that cesium ions are sequestered

within the A-tract minor groove of CGCGAATTCGCG. Here the

“observed” in crystals by comparing CGCGAATTCGCG struc-

hydration region has been subdivided into primary and secondarytures obtained from crystals grown from solutions of relatively
layers of the minor groove A-tract, major groove, phosphate, and low>*® and higi¥® concentrations of magnesium. Divalent cations

bulk regions. Thefree is a cross-validated estimate of goodness

outside the minor groove displace monovalent cations from within

of fit of model to data that uses a reserved subset of the diffraction the minor groove. Helical parameters and minor groove width

data, insulating it from the refinemeftThe ARfree 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. TheARfree information on specific
hydration sites is contained in Table 2S.

Conclusion. The unambiguous confirmation here that monova-

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?* or specific effects of various charge distributions on

lent cations and water molecules share sites within the minor groove width. In the crystal described here, we estimate cesium

groove of A-tracts supports previous indications of waieat-
ion hybrids in sodiunt, potassiunf, and rubidiunm forms of
CGCGAATTCGCG. However the occupancies are not fixed,;

occupancy within hybrid solvent sites in the A-tract minor groove
to be from 10 to 40% at each site.

divalent cations and polyamines compete with monovalent cations  Supporting Information Available: A description of crystallization,

in solutiorf®31while interacting preferentially at different site33?

data collection and reduction, and refinement of the cesium form of

Analogous competition and differential site preferences can be CGCGAATTCGCG is available free of charge via the Internet at
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