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ABSTRACT. The localization of MA" in A-tract DNA has been studied B34 NMR spectroscopy using a
series of self-complementary dodecamer oligonucleotides that contain the sequence sigafsdAT A,

wheren = 2, 3, or 4. Mi#* localization in the minor groove is observed for all the sequences that have
been studied, with the position and degree of localization being highly sequence-dependent. The site
most favored for M&" localization in the minor groove is near therfost ApA step for both the A,

and the AT, series. For the JA, series, this results in two closely spaced symmetry-relate@*Mn
localization sites near the center of each duplex, while for tfig Aeries, the two symmetry-related sites

are separated by as much as one half-helical turn. The degree?flétalization in the minor groove

of the T,An series decreases substantially as the AT sequence element is shortenedArdim TLA .

The AT, series also exhibits length-dependent?¥tocalization; however, the degree of minor groove
occupancy by MA" is significantly less than that observed for theAT series. For both &, and ThA,
sequences, the-Bnost AH2 resonance is the least broadened of the AH2 resonances. This is consistent
with the observation that the minor groove of A-tract DNA narrows in theo3' direction, apparently
becoming too narrow after two base pairs for the entry of a fully hydrated divalent cation. The results that
are reported illustrate the delicate interplay that exists between DNA nucleotide sequence, minor groove
width, and divalent cation localization. The proposed role of cation localization in helical axis bending
by A-tracts is also discussed.

During the past several years, experimental and theoreticalfound that MA™ binds in the major groove of duplex DNA
studies have provided evidence that cation interaction with at GpG, GpA, and GpT steps-(3). Crystallographic studies
duplex DNA is a sequence-specific phenomenbr 14). have also revealed divalent cations bound at these same steps,
This has important implications for the origin of DNA struc- and at the ApG step as well§ 18). The divalent cation
ture and function. For example, the sequence-specific local-binding sites in the DNA major groove appear to be
ization of cations would necessarily result in a nonuniform principally defined at the dinucleotide level, with an absolute
distribution of cations around duplex DNA polymers. This requirement for at least one guanine base (i.e., GpN or NpG).
may in turn be the origin of local variations in DNA structure In previous reports, we demonstrated that AT-rich se-
(e.g., groove narrowing and helical axis bendird) T, 15, quences can also localize monovalent and divalent cations
16) Furthermore, protein blndlng to DNA is often COUpIed in a sequence-specific manner in thenor groove 6' D
with the release of cations from DNALY). Thus, the se-  wjth respect to divalent cations, we found that Mris
quence-specific binding of some proteins to DNA could be |ocalized in the minor groove of the sequence elements A
partially driven by the release of cations from specific DNA  and T,A, in the dodecamer duplexes [d(GERGC)] and
sequences. Despite the clear importance of DNAtion d(CGT.A4CG)),, respectively. Our initial motivation to
interactions, the sequence-specific nature of monovalent andexplore cation interaction with AT-rich sequences was to
divalent cation binding to DNA is not fully characterized. experimentally test our hypothesis that cation interaction with

Divalent cation binding sites in the major groove are DNA A-tracts (i.e., four to eight adenine or thymine residues
presently the most extensively studied class of DNA  without a 3-TpA-3' step) could be the origin of the
counterion interactions14). Using the paramagnetic ion anomalous structural properties associated with A-tract DNA
Mn?* as a resonance line broadening probe in solution state(19—22). The sequences [d(GGAGC)]; and [d(CGTA-

H NMR spectroscopy experiments, Sletten and co-workers CG)], were selected for study because DNA polymers
containing the sequence elemeniTA exhibit properties
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within dodecamer duplexes and flanked byQ&ase pairs.  RESULTS

This study reveals that divalent cation localization in the ) )

minor groove of AT-rich sequences can be modulated by Mn*" Broadening of TA, Minor Groove *H Resonances
base pair changes up to three residues away from the cationfhe aromatic regions of two 1EH spectra from a MnGl
localization site, changes that likely affect both the width titration of the duplex [d(CGAA4CG)L (T4A4) are presented
and electrostatic potential of the minor groove. In contrast in Figure 1. A comparison of these two spectra reveals that
to the purely AT regions, no appreciable localization offin ~ the A7H2 proton of T4A4 is the aromatic proton most
in the minor groove is observed in the GC regions of the Sensitive to resonance line broadening by?MiThe AH2
duplexes that have been studied. The results presented herBroton is in the minor groove, while the other aromatic

provide a framework for understanding, and potentially Protons (i.e., AH8, GH8, CH6, and TH6) are in the major
predicting, divalent cation localization in the DNA minor groove. The dramatic line broadening of the A7H2 resonance

groove in the solution state. indicates thafl 4A, possesses a preferential site for ¥in
localization in the minor groove. The differential broadening
MATERIALS AND METHODS of the four AH2 resonances df,A, (i.e., A7TH2, A8H2,

. _ . A9H2, and A10H2) also indicates that Ktnlocalization is

Sample PreparatiorDNA oligonucleotides were synthe-  not uniform over the length of the,&, sequence element
sized using standard phosphoramidite chemistry on an Ap-(Figure 1A,B).
plied B?osystems 392 automqted DNA synthesjzer. After'de- The deoxyribose Hland H4 proton resonances provide
protectlon N agueous ammonlum.hyd.romde, ohgonucleotl.des additional information concerning the localization of #n
were purified of premature termination product§ by_bemg in the minor groove. These resonances are particularly
passed ovea 1 mCO'“”"? of Sephale.G'% resin (Sigma, valuable for monitoring MA" localization in regions that
St. Louis, MO). Following lyophilization, samples were i only GC base pairs, since this base pair lacks

resuspended and brought to pH 6.0 by titration with 0.5 M nonexchangeable base protons in the minor groove. However,
Nf"lOH' NMR samples were 450L in volgme, 2.00mM spectral overlap makes it difficult to extract resonance line
oligonucleotide strand, and 50 mM NaCl in 99.999%0D broadening information from 1D spectra for most' khd
NMR Data CollectionAll *H spectra were acquired ona H4' protons (and some AH2 resonances). Therefore, the
Bruker DRX 500 instrument at 500 MHz and 283 K. Mn  resonance line broadening of these protons was determined
titrations were performed by the addition of-4 uL of by the analysis of cross-peaks in 2D NOESY spectra (Figure
MnCl, stock solutions in BO. Sample volumes were 1C—F). The nonuniform broadening exhibited by the H8/
maintained within approximately 2% of 450 over the ~ He—H1' and H1—H4' NOE cross-peaks also supports the
entire course of a titration by reducing the sample volume, preferential localization of Mt in the minor groove of the
when necessary, with limited drying under nitrogen gas. 1D T,A, duplex. We note that the Htesonances are less line
H spectra were collected with 8192 points and a sweep with proadened by Mt than the H4resonances; therefore, H4
of 5000 Hz. 2D NOESY spectra were collected with 2048 resonance line widths were measured using—H{-M_’ Cross-
points inF; and 512 blocks irF;, with a sweep width of  peaks. Likewise, the aromatic H8/H6 resonances are less line
5000 Hz in both dimensions. broadened by Mt than the H1resonances; therefore, the
Data Analysis Aromatic and deoxyribose protons were H8/H6—H1' cross-peaks were used for the measurement of
assigned from 2D NOESY spectra using standard sequentiaH1' line widths.

connectivity assignment procedur@sy, Line widths of most Broadening of th& A, AH2 resonances can be detected
AH2 proton resonances were determined by fitting a Lorent- for 3 MnCl, concentration more than 3 orders of magnitude
zian line function to the 1D data processed with 16K points |gwer than the oligonucleotide concentration, which indicates
and no FID apodization. The linear dependence of AH2 that Mr?+ is in fast exchange between the DNA duplexes
resonance line widths on the amount of added Mpf@®m  anq solution. Increasing the concentration of My@bduces
0.25 to 3.uM MnCl;, was used to determine the sensitivity 5 |inear increase in the line width of tHe,A, resonances

of most AH2 resonances to line broadenin.g byzk_/lim units (Figure 2). Thus, the change in line width of a proton
of hertz per micromolar (HzM) MnCl,. Line widths for  yasonance as a function of increased Mitncentration is

the HI and H4 proton resonances, and overlapped AHZ2 Gjrectly proportional to MA* occupancy at the binding site.
resonances, as a function of the amount of added Muéie By measurement of the line width of the AH2, Hand H4

determined in the direct dimension at half-height from cross- (esonances at a number of different MpEbncentrations
peaks of each resonance in 2D NOESY spectra processedfrom 0.3 to 5.0uM MnCl,), it is possible to compare the
with 8192 points inF, and 1024 points irF,. 2D spectra  rgjative amount of line broadening in units of hertz per
used for measurements of Ffrinduced line broadening  micromolar MnC} for proton resonances that exhibit a wide
were from samples containing 0.7, 1.5, 3.0, and /&\0 range of sensitivity to the presence of Mnboth for different
MnCl.. Line widths for resonances in the absence Of yrotons within a single duplex and for corresponding protons
paramagnetic broadening were measured from a spectrumy gifferent sequences (Table 1). No appreciable changes in
of each sample in the presence of 0.1 mM EDTA. chemical shift accompanied resonance line broadening by
MnCI, for any of the protons monitored in this study.

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; NOE- A model of theT,A4 duplex is shown in Figure 3 with
SY, nuclear Overhauser effect spectroscopy; NDB, Nucleic Acid ; ;
DatabaseA:Ts, [d(GCATGO)L: AsTs, [d(CCCATGCO)L: ATa van der Waals ra(_j|us spheres re_pre_sen_tlng the AH2, H1
[d(GCGCAT,GCGC)}: T4As, [d(CGTALCG)L; TsAs, [d(GCGTA and H4 protons, with sphere color indicating the amount of
CGOC)k; T2A2 [d(CGCGTLA,CGCG)}. resonance line broadening by Rtnin Hz/uM MnCl,. This
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FiGURe 1: (A) Aromatic proton region from the 1D spectrum of [d(C&ECG)], in the presence of 0.1 mM EDTA. (B) Aromatic proton
region from the 1D spectrum of [d(CGA4CG)L in the presence of 1.AM MnCl,. (C) H1'—H4'/H5'/H5" region from a 2D NOESY
spectrum of [d(CGJA4CG)), in the presence of 0.1 mM EDTA. (D) HtH4'/H5'/H5" region from a 2D NOESY spectrum of [d(CGA,-
CQ)l; in the presence of 042M MnCl,. (E) Aromatic-H1' region from a 2D NOESY spectrum of [d(CGA4CG)], in the presence of 0.1
mM EDTA. (F) Aromatic-H1' region from a 2D NOESY spectrum of [d(CGA,CG)}; in the presence of 1.8BM MnCl,. Samples were
2.0 mM in oligonucleotide strand at pH 6.0 with 50 mM NacCl in@ Details about the collection of spectra are given in Materials and
Methods.

representation clearly illustrates that the most favored site nucleotide residue (Table 1). Since the AH2 protons are on
for Mn?* |ocalization in the minor groove is near the central the floor of the minor groove, as opposed to the pibtons
TpA step. For this duplex, the AH2 and H#esonances  which are closer to the top of the minor groove, broadening
generally exhibit more line broadening (up to 50 i/ of the AH2 resonances indicates that ¥rs not merely
MnCly,) than the H1resonances (typically less than 20 Hz/ localized near the phosphates of this groove but is in fact
uM MnCly), even for protons which belong to the same entering deep into the minor groove.
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o A7H2 and A7H4 by Mn?" (42.5 and 49 Hz/M MnCl,,
respectively) are among the greatest of those measured for

5'"-CGTTTTAAAACG-3"'
3 1

120 4 ~GCAAAATTTTGC-5 " the protons ofl 4A4, and therefore, residue A7 is likely near
the center of a principle M binding site. The resonance
line broadening measured for A8H2 (25 kI MnCl,) is

100 8 ﬁg:g also substantial, but reduced in comparison to that of A7H2.

A AQH2 This could result from A8H2 being further from the same
y v A10H2 Mn2* binding site than A7H2. However, the difference in
Pt the radial position of a bound Mh from protons A7H2 and
§ A8H2 could be very small. For example, if we assume the
o broadening of both proton resonances results from purely
-

dipolar coupling (which exhibits a distance dependeice
r—%), the difference between the measured line broadening
of 25 and 42.5 Hz/M MnCl; could result from A8H2 being
only a factor of 1.1 further from a Mt binding site than
AT7H2. Given this relationship, a Mh binding site near the
center of the A7pA8 step would be consistent with the
resonance line broadening exhibited by A7H2 and A8H2.
This would in turn imply that at least two symmetry-related
00 05 10 15 20 25 30 sites are present in the minor grooveTafA,, rather than a
[MnCI,] (M) single site at the central TpA step, as might be assumed on

FiGURE 2: Line widths of the AH2 proton resonances of [d(CAF the basis of a visual inspection of tleA, duplex in Figure
CG)] as a function of MnGlconcentration. Samples were 2.0 mM 3,
in oligonucleotide strand at pH 6.0 with 50 mM NaCl in@ Line It is doubtful that any protons near a Rinbinding site
widths were extracted from 1D spectra, such as that shown in Figure DNA dupl letely isolated f

1, by least-squares fits of resonance peaks with Lorentzian line 01 & uplex are completely isolated from resonance

functions. broadening by M#" localized at other sites, since the
polyanionic nature of DNA produces multiple closely spaced
Table 1: Resonance Line Broadening Susceptibility gNzMnCly) cation localization sites with varying affinities for cations.
for the AH2, H1, and H4 Protons of the A, Serie§ In the case off 4JA,, it is clear that MA" is in fast exchange
T.A, T:As T,A, between the putative site we have identified at the center of
residue AH2 H1 H4 AH2 H1 H4 AH2 HI H&4 the A7pA8 step and at least one other site on the DNA. This
1 P 1 -1 1 -1 is supported by the measured resonance_lme .broadenmg of
> 1 <1 <1 1 <1 <1 6.7 Hzu«M MnCl, for A9H2. If the Mr¢* binding site nearest
3 <1 1 <1 1 <1 <1 A7H2 were solely responsible for the line broadening of all
4 4 1 1 <1 2 <1 proton resonances %A, then the line broadening of A9H2
> 5 b 4 2 2 2 should be on the order of 2 H#¥1 MnCl, (based upon the
6 14 34 11 11 15 10 6 . : .
7 425 21 49 263 14 21 119 13 10 I °distance relationship and the broadening measured for
8 250 18 48 143 14 33 5 18 11 A7H2 and A8H2). While these overlapping line broadening
9 67 9 28 3 4 18 3 1 effects of neighboring cation localization sites may make it
ﬂ 2.5 <15 <113 <12 17 zi i impossible to determine the position of individual ¥n
12 <1 <1 < <1 a1 <1 binding sites to high resolution, resonance line broadening

Y ; o1 Socimal o — h by Mn?* is principally a distance-dependent and occupation-
easurements reported to one decimal place are based upon . oot
fitting of a Lorentzian function to the resonance in 1D spectra. edependent phenomenon. Thus, the preferential localization

b Susceptibility to resonance line broadening by?not determined  Of divalent cations on a nucleic acid can, in many cases, be
due to spectral overlap. sufficiently characterized by the qualitative comparison of
resonance line broadening for several nu@§j £9). Within

The position of a cation binding site on a macromolecule this context, we will use our quantitative resonance line
can, in principle, be precisely determined by comparing the broadening measurements for the sequences of this study to
relative resonance line broadening of three or more nuclei interpret the nature of M interaction with AT-rich DNA,
by a paramagnetic ior26). However, this requires that the but without attempting to determine the precise location of
contributions of dipolar and scalar coupling to resonance line binding sites in the three-dimensional space around each
broadening by the paramagnetic ion be well understood. Thisduplex.
is difficult for investigations that utilize M#t, since both Comparison of the Mi¥ Line Broadening off 4A4, T3As,
scalar and dipolar coupling can contribute to resonance lineand T,A,. The localization of MA"™ on the duplexes
broadening and their relative contributions can depend on[d(GCGT:A3sCGC)L (TsA3) and [d(CGCGHA,CGCG)L
several factorsq7). Furthermore, the precise localization of (T»A,) was also investigated and compared to thakl &#..
a cation binding site requires that nuclei used in this The sensitivity of the AH2, H1 and H4 protons for these
determination be sufficiently isolated from the resonance line two sequences to resonance line broadening by Ms
broadening effects of paramagnetic ions bound at other sites presented in Table 1. For bothA3; andT A2, the magnitude
a criterion that is typically not satisfied for nucleic acids and and spatial extent to which Mn is localized within the
is definitely not for the molecules of this study (vide infra). minor groove are decreased with respect to thos&.8{
This notwithstanding, the resonance line broadenings of (Figure 3). This is not surprising since Rbase pairs have
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Hz/uM Mn2*
>20
10-20
5-10
<5

d(CGTTTTAAAACG) d(GCGTTTAAACGC) d(CGCGTTAACGCG)

Ficure 3: Graphic representation of the relative line broadening exhibited by AHZ drdl H4 protons of [d(CGTA4CG)],, [d(GCGT:Az-

CGC)L, and [d(CGCGTFA,CGCQG)} as a function of MnGlconcentration. AH2, H1 and H4 protons are represented with van der Waals
radius spheres. DNA models shown are based upon idealized coordinates. Line width information was extracted from 1D and 2D NOESY
spectra (Materials and Methods).

been replaced with & base pairs which are less accom- o
modating to cation binding in the minor groove due to the
presence of the guanine N2-amino grodp30, 31). What
would have been more difficult to predict is the magnitude
of change observed for proton resonance broadening among
the three duplexes. For example, A7H2 is part of the TpA 100
step at the center of all four sequences, and has the same

O A7H2 of CGTTTTAAAACG
120 0O A7H2 of GCGTTTAAACGC
& ATH2 of CGCGTTAACGCG

nearest neighbor base pairs in all thrfEgA, sequences. ™
However, the broadening of this central AH2 clearly depends % 80
on the length of the JA, sequence element within which it kel
resides, i.e., 42.5 HzM MnCl, for T4A4, 26.3 Hz/:M MnCl, = 5
for T3A3, and 11.9 HziM MnCl, for T,A, (Figure 4). We £

note that the reduced resonance line broadening of the A7TH2
proton of TsAz by Mn?*, as compared to that df;A,, is 40 -
the result of a change in nucleotide sequence three nucleotide
steps away from the position of this proton. The' lhd
H4' resonances of 3A; and T,A, show a similar decrease 20
in sensitivity to line broadening by Mn, with respect to
the corresponding proton resonancesT gh, (Table 1). : I : , - , ,

Mn?* Broadening ofA, T, Minor Groove 'H Resonances 00 05 10 15 20 25 30
The aromatic region of 1BH spectra and selected regions MnCl,] (uM)
from 2D NOESY spectra for [d(GCA4GC)L: (A4T4), in FIGURE 4: Line widths of the central AH2 proton resonances of
the presence of both EDTA and MnCare shown in Figure  [d(CGT,A4CG)L, [d(GCGTACGC)), and [d(CGCGIA,CGCG)}h
5. The 1D spectra demonstrate that AH2 proton line widths, as a function of MnGl concentration. Samples were 2.0 mM in
in this case, A3H2 and A4H2, are again the aromatic proton ©ligonucleotide strand at pH 6.0 with 50 mM NaCl in@ Line

2 widths were extracted from 1D spectra by least-squares fits of

resona}nces most broadened by MMBHZ'_ on the other resonance peaks with Lorentzian line functions.
hand, is one of the least broadened aromatic resonances. The
A3H2 and A4H2 resonances exhibit nearly identical line minor groove. On the other hand, the protection of A6H2
broadening in response to ¥(Figure 6), which indicates  from resonance line broadening indicates thatMioes not
that localization in the minor groove is most favored at a enter the minor groove near the central ApT step.
location equidistant from these two protons (i.e., at the center Mn?" resonance line broadening 8fT, minor groove
of the A3pA4 step). This site of M localization is also protons is very different from that observed fbfA,. First
supported by line width measurements of ldttd H4 (Table of all, the data foA4T 4 clearly reveal two symmetry-related
2 and Figure 7). Of these protons, the resonance of T10H4 sites for minor groove localization that are separated by one-
shows the most pronounced line broadening by \of all half of a helical turn (Figure 7), whereasA, has two
the resonances &,T,4 (Table 2). T10H4is located across  closely spaced and centrally located sites (Figure 3). Second,
the minor groove from the A3pA4 step, which is also the broadening of the AH2, Hland H4 protons ofAsT 4 is
consistent with the outermost regions of the A-tract being less pronounced and more uniform along the duplex com-
the most favored sites for Mh penetration into theé\,T4 pared to that off 4A4. As a specific example, the AH2s of
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FIGURE 5. (A) Aromatic proton region from the 1D spectrum of [d(GEAGC)]; in the presence of 0.1 mM EDTA. (B) Aromatic proton
region from 1D spectrum of [d(GCA,GC)]; in the presence of 1,0M MnCl,. (C) H1' —H4'/H5'/H5" region from a 2D NOESY spectrum
of [d(GCA4T,GC)}; in the presence of 0.1 mM EDTA. (D) HtH4'/H5'/H5" region from a 2D NOESY spectrum of [d(GGRGC)], in
the presence of kM MnCl,. (E) Aromatic-H1' region from a 2D NOESY spectrum of [d(GGAGC)]; in the presence of 0.1 mM

EDTA. (F) Aromatic-H1' region from a 2D NOESY spectrum of

[d(GGR,GC)]; in the presence of 1.BM MnCl,. Samples were 2.0

mM in oligonucleotide strand at pH 6.0 with 50 mM NacCl in®. Details about the collection of spectra are given in Materials and

Methods.

A4T 4 exhibit resonance line broadening from 0.9 (A6H2) to broadeningAsT3 is very similar toA4T4. The 8-most AH2

6.7 HzuM MnCl, (A3H2), as compared to a range from
2.5 (A10H2) to 42.5 HzIM MnCl, (A7H2) for T,A..

We have also studied the interaction of Mrwith the
duplexes [d(CGCAT;GCG)L (AsTs) and [d(GCGCAT,-
GCGCQC)} (AzTy). With regard to AH2 resonance line

resonances of these two sequences exhibit a response
virtually identical to that of the addition of Mng(Figure

8). This is in contrast to the substantial reduction in AH2
resonance line broadening exhibited A3 in comparison

to T4A4. The shortening of the A, sequence element from
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25 is not surprising since the dinucleotide step GpT was
previously shown to be a favorable divalent cation localiza-
tion site in the major groove3@). The A8H8 and A7H8

protons, on the other hand, belong to an ApA step which,
according to a recently reported X-ray crystallography study,

5'-GCAARATTTTGC-3"
3'"-CGTTTTAAAACG-5"

20

O A3H2
OA4H2 does not bind divalent cations in the major groous)(
LasHa Furthermore, these particular AH8 protons are withifl®

A of the most pronounced minor groove Ririocalization
site we have observed (i.e., therBost ApA step ofT 4A,).
Thus, it is most likely that the resonance line broadening
exhibited by the A7H8 and A8H8 protons ®%A,4 results
from Mn?* being localized on the minor groove side of the

Line Width (Hz)
o
|

10 same dinucleotide step.
For theA,T, series, broadening of major groove protons
is even less pronounced than for thgA, series. The only
resonances oA,T, that are broadened more than 2 i/
5

MnCl, are A4H8 (2.5 HziM MnCl,) and A5H8 (2.5
Hz/uM MnCl,). These resonances are again on the major
! I I I l I I groove side of the most favored minor groove site forPMn
00 05 10 15 20 25 30 localization. Thus, we find no compelling evidence for the
[MnCl,] (uM) i o o - .
sequence-specific localization of Kfhin the major groove

FiGURe 6: Line widths of the AH2 proton resonances of [d(GTA of either the AT, or the T,A, sequence elements.
GC)L, as a function of MnGlconcentration. Samples were 2.0 mM

in oligonucleotide strand at pH 6.0 with 50 mM NacCl in@ Line DISCUSSION

widths were extracted from 1D spectra by least-squares fits of N
resonance peaks with Lorentzian line functions. Mn?* Localization by FA, and AT, Sequence Elements
and the Nature of A-Tract DNAWe have shown by

Table 2: Resonance Line Broadening Susceptibility ¢¥zMnCl,) resonance line broadening studies that the most favored site
for the AH2, HZ, and H4 Protons of the AT, Seried for Mn2* groove localization in a JA, sequence element is
ATs AsTs AT, in the minor groove at the'Snost ApA step (or, equivalently,

the 3-most TpT step). AH2 resonance line broadening by

residue AH2 H1 H4 AH2 H1 H4 AH2 H1 H4 o ; ¢
Mn?* at this step decreases monotonically as the length of

<1 <1 <1 <1 <1 <1

% <1 <1 <1 <1 <1 <1 the T,A, sequence element is shortened fropAdto T-A,.

3 6.7 <1 <1 <1 <1 <1 <1 Furthermore, broadening of the AH2 resonances withky T

4 63 3 4 7 2 2 <11 decreases substantially moving from the central A7H2 to the
5 2.4 3 6 67 6 9 49 2 2

6 09 2 6 1 2 9 3 3 4 outermost A10H2. Taken together, these results reveal that
7 2 4 1 5 2 6 the two AT base pairs at the outer edges ofAT (i.e.,

g > 2 5% 5 4 A9pA10-T3pT4 inT4A,) contribute to MA* groove local-

10 2 12 3 9 1 b ization near the smost ApA step, but do not themselves
11 2 7 2 4 <1 <1 create a site for Mt localization as favorable as thé-5

12 <1 <1 <1 1 <1 <1

most ApA step. Our parallel study of the relategTAseries
f_tt_a Meafsureﬂﬂentst f_epO;ted tt_O O”te Olﬁdma' place are bfilSDed Upotn thealso reveals a preference for Rrlocalization in the minor
> Susceptibilty to resonance line broadening by?Minot determined ~ 9r00Ve at the Smost ApA step, and protection of the AH2
due to spectral overlap. resonances of the-Bnost ApA step. However, the interaction

of Mn?* with an AT, sequence element is in other ways
AsTs to AT, does, however, result in an appreciable very different from that observed for theA, series. First
reduction in the degree of line broadening exhibited by all of all, the magnitude of line broadening exhibited is
minor groove protons (Figure 4 and Table 1). For example, substantially lower for the 4T, sequence elements. Second,
the 3-most AH2 of A,T, (A5H2) broadens at a rate of 4.9 the effect of sequence length on the magnitude of resonance

Hz/uM MnCl,, in comparison to approximately 7 Havl line broadening is less pronounced for thgTAseries than
MnClI, for both A;T4 (A3H2) andAsT3 (A4H2). for the ThA,, series.

Line Broadening ofT,A, and A T, Major Groove 'H The sequence-dependent nature of divalent cation interac-
Resonanceseveral purine H8 resonancesiaf\, andA4T 4 tion with the AT, and T,A, sequence motifs is consistent

are also affected by the presence of MnQee the 1D with the unique structural properties of A-tract DNA. It is
spectra in Figures 1 and 5). These protons reside in the majowell-documented by X-ray crystallography, NMR spectro-
groove or, arguably, on the border between the major andscopy, and chemical probing that the minor groove of A-tract
minor grooves. In the case of,A4, the major groove  DNA is narrow compared to that of canonical B-form DNA,
resonances most broadened byMare G2H8 and G12H8, and that this narrowing proceeds in thetd 3 direction
which broaden at approximately 7 and 5 gl MnCly, along the A-tract minor grooves(33—40). The anomalous
respectively, and A7H8 and A8H8, which broaden at properties of A-tract DNA, such as sequence-directed bend-
approximately 5 and 7 HzM MnCl., respectively. All other ing, become appreciable at four or more consecutivé A
H8 and H6 protons of 4A, exhibit resonance line broadening base pairs and plateau around eight base p&l)s Another

of <3 HzjuM MnCl,. The broadening exhibited by G2H8 key feature of A-tract DNA is that a'"8ApT-3' step does
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5
d(GCAAAATTTTGC) d(CGCAAATTTGCG) d(GCGCAATTGCGC)

Ficure 7: Graphic representation of the relative line broadening exhibited by AHZ drdl H4 protons of [d(GCAT4GC)],, [d(CGCAsT3-

GCG)L, and [d(GCGCAT,GCGCQC)}, as a function of MnGlconcentration. AH2, H1 and H4 protons are represented with van der Waals
radius spheres. DNA models shown are based upon idealized coordinates. Line width information was extracted from 1D and 2D NOESY
spectra (Materials and Methods).

25 - the B-most ApA step of TA, may be optimal for the entry

O A3H2 of GCARRATTTTGC of a fully hydrated MA*. In contrast, the lack of evidence
0 AS5H2 of CGCARATTTGCG for Mn?* penetration into the minor groove at theehd of

& ASH2 of GCGCAATTGCGC an A-tract could be the result of the groove becoming too
narrow to accommodate a fully hydrated divalent cation. We
have previously proposed that this results from the free
energy of dehydration being too great for a Mro shed
the number of bound water molecules required for entry into
a narrow minor groove5). This is consistent with recent
X-ray crystal studies which have shown that divalent cations,
with a complete inner shell of hydration, enter the minor
groove only where this groove is relatively wide4j.

The HZI, H4', and AH2 resonances A3 andT2A; are

considerably less broadened by ¥ithan their correspond-

ing resonances im4A,, yet the dinucleotide steps identified

as the sites of preferential localization are the same for all

three sequences in this series. It is possible that the structure

s of the DNA helix around the Mt localization site at the

00 0'.5 110 1’5 2'.0 2f5 3f0 5'-most ApA step depends on the Ien_gth of th&Jsequence

[MnCL] (M) element. qu example, a structural @f‘ference near the central

2 TpA step might not favor Mff" localization as deep in the

Ficure 8: Line widths of the outermost AH2 proton resonances minor groove as the sequence element is shortened from
of [d(GCAT,GC)]p, [d(CGCATTsGCG)p, and [d(GCGCAT,-

GCGC)}, as a function of MnGlconcentration. Samples were 2.0 T4As 10 ToA; (9., further from the AH2 resonances).
mM in oligonucleotide strand at pH 6.0 with 50 mM NaCl in@. However, there is no obvious change in the position of Mn

Line widths were extracted from 1D spectra by least-squares fits binding, as the ratios of line broadening for several reso-
of resonance peaks with Lorentzian line functions. Note that ASH2 nances near the-Bnost ApA step are very similar foF,A4

B e e ot et oA 2o e somracy N4 TAs. A altematve explanation s that the positon of
2+ i At ; i
of measurements for the line width of A4H2. On the basis of cross- Mn?* localization at the Bmost ApA step is essentially

peaks in 2D spectra, the line broadenings of A4H2 and A5H2 of identical forTsA4 TsAs andT2A,, but that these sites are
[d(CGCAsTSGCG)L by Mn?* are identical, within experimental ~ simply less occupied for the shortefAl, sequence elements.

error. This lower occupancy could result from the electronegativity
not disrupt an A-tract, with respect to minor groove nar- of the min.or groove being reduced incrementally as the
rowing and other properties associated with the A-tract, S€quence is shortened frofAs to T-Az.

whereas a'’5TpA-3' step is apparently completely disruptive The reduced occupancy of thgT , minor groove by MA*

to an A-tract 23, 41). Thus, we can view the sequencé\} with respect tol 4A4 is also intriguing. Again, it is possible
as two separate four-base pair A-tracts which are joined atthat the minor groove width of 4A4 is more optimal than
their 5-ends by a TpA step. Since théénd of an A-tract that of AT, for accommodating a fully hydrated N at

is wider than the 3end, the width of the minor groove at their respective 'smost ApA steps. At present, this is difficult

20 +

15 -

Line Width (Hz)

10 +




9908 Biochemistry, Vol. 41, No. 31, 2002

to firmly establish, since the width of the minor groove
cannot be determined with high resolution in solution and
the minor groove width of DNA duplexes in the crystal state
can be affected by crystal packing2j and cation binding
(14, 18). Furthermore, it is possible that these differences in
cation localization result from differences in both the width
and electrostatic potential of the minor groove.

The differences we observe in the relationship between
resonance line broadening by Ktrand sequence length for
AnT, versusT A, can also be understood in terms of A-tract
structure. As noted above, shortening aRT Asequence
element from AT, to AsTs has little effect on the nature of
Mn?* localization (Figures 7 and 8). We can consider the
sequence N4 as an eight-base pair A-tract, since an ApT
step is not disruptive to an A-tract. Shortening this sequence
to AsTsis then equivalent to shortening an A-tract from eight
to six base pairs. A six-base pair A-tract still exhibits the
anomalous features of A-tract DNA (e.g., minor groove
narrowing). Thus, the outer edges ofTA and AgT3, where
Mn?* is most favorably localized in the minor groove, would
be very similar for both sequences. In contrast, the central
TpA step of the TA, series disrupts properties associated
with the A-tract. As discussed aboveAl is best viewed
as two separate four-base pair A-tracts joined at their 5
ends. Thus, shortening/&,4 to TzA3 changes the two four-
base pair A-tracts of A, into two three-base pair “proto
A-tracts”. Since the anomalous structural properties of A-tract
DNA generally become appreciable only at the length of four
or more base pairs, the significant reduction observed for
the localization of MA™ by T Az with respect toTl ;A4 could
be the result of the former sequence having substantially
muted characteristics of A-tract DNA.

Mn?* Localization in Solution and Dalent Cation Bind-
ing Sites in DNA Crystal Structure®erhaps the most
relevant DNA crystal structure presently available for com-
parison with our solution state results for Mrocalization
on theT,A, series is the structure of [d(CGATTAATCG)]
by Quintana et al.43) [Nucleic Acids Database (NDB) ID
BDJ031]. [d(CGATTAATCG)} contains the sequence ele-
ment TTAA, making this sequence analogoud té,. Fur-
thermore, the complete ATTAAT sequence element contains
only a single TpA step. Thus, with respect to the definition
of A-tract DNA utilized here (i.e., ApT steps do not disrupt
an A-tract), ATTAAT is also a reasonable model BfA3;

Hud and Feigon

Ficure 9: (A) Space-filling model of the X-ray crystal structure
of [d(CGATTAATCG)], with a hexahydrate Mg bound in the
minor groove 43). (B) Space-filing model of the X-ray crystal
structure of [d(CGCGAATTCGCG)]with a hexahydrate MRy
bound over the minor groovelQ).

(13, 18). This is also expected to be the case in the solution
state. Furthermore, as mentioned above, our analysis of AH2
line broadening fofl 4A4 revealed that cation localization at
the symmetry-related 8nost ApA steps cannot be the sole
source of all AH2 resonance line broadening that is observed.
Thus, in contrast to the static bound cation suggested by the
X-ray crystal structures, our data indicate that divalent cations
in the minor groove of JA, sequences are in fast exchange
between the two symmetry-related localization sites at the

(i.e., both sequences can be viewed as having two three->-MOSt APA steps and additional sites in the minor groove

base pair proto A-tracts joined at thei-énds by a TpA
step). The crystal structure of [d(CGATTAATCG}ontains

a single fully hydrated (hexahydrate) Rtgbound in the
minor groove near the central TpA step, where the minor
groove is relatively wide (Figure 9). More precisely, the
divalent cation is centered at one of the two ApA steps of
the duplex, a step that is analogous to thenbst ApA step

of the T,A, series. The location of this bound Kfgis
therefore consistent with our determination of the most-
favored site for MA" localization in the minor groove of
the ThA, series.

The duplex [d(CGATTAATCG)] has two symmetry-
related A6pA7 steps, yet only one bound cation is observed
in the minor groove of the crystal structure. Electrostatic
repulsions apparently do not allow two Kfgions to
simultaneously occupy the two symmetry-related and closely
spaced minor groove cation binding sites in the crystal state

of lower occupancy.

Several high-resolution structures of the Dickerson dodecam-
er, d(CGCGAATTCGCG), have recently been reported
which provide clear examples of divalent cations bound in
the minor groove near an AATT sequence eleméntl(,
44—47). These are arguably the best available crystal
structures with which to compare our results from &hd »
series. In one recently determined crystal structure of the
Dickerson dodecamer, a hexahydraté'Gaas found in the
minor groove near the center of the GpA stdd)((NDB
ID BD0O014). Similarly, a hydrated Ca was identified at
the corresponding location in the structure of the closely
related sequence d(GCGAATTCGCG), which forms an 11-
base pair helix with a single-base overhasy (NDB ID
BDO0018). The ultrahigh-resolution structure of the nonamer
d(GCGAATTCG) also contains a hexahydrate #in the
minor groove, but the position of this cation is shifted
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approximately one-half of a nucleotide step from thé'Ca AGC)-d(CGTTTTTGC) {). These sites are perfectly con-
binding site into the flanking GC base pairs (NDB ID sistent with our model for A-tract helical axis bending since
BD0016) @5). We note that the positions of these divalent they coincide with the bend centers determined for A-tract
cation binding sites are at least one nucleotide step removedNA using gel mobility studies50). However, divalent
from what we have identified as the most favored site for cations localized in the minor grooves of A-tract DNA at
Mn?* localization in the minor groove of thA,T, series the sites identified in the present work would not, by them-
(i.e., the 5most ApA step). As discussed above, the selves, be expected to cause the same helical axis bending
resonance line broadening for th&,T, series is less characterized by gel mobility experiments since these sites
pronounced than that for tHE,A, series. Furthermore, the are not located at the bend centers determined for A-tract
difference between the broadening of protons along the sequences. In fact, the positions we observe for divalent cat-
length of the minor groove of each member of theT, ion localization in the A-tract minor groove are the converse
series is also significantly lower in magnitude. This may of those observed for monovalent cation localization. For
explain why the results from the crystal structures differ example, MA" localization in the minor groove &,T, and
somewhat from our solution state studies. For example, it is T4A4 is near the 5most ApA step of both sequences, where-
possible that upon crystallization changes in hydration result as the ammonium ion (used as a model of the alkali earth
in the preferential binding of divalent cations more toward ions) is localized near the'-Bnost ApA step of both
the GC regions, whereas the binding site for divalent cations sequences.

in the ThA, sequence element, being so well-defined, may  |f our model for the origin of A-tract bending by

not be altered as much upon crystallization. monovalent cations is correct, then one must question why
Recent analysis of divalent cations in a number of high- the sites we have identified for divalent cation localization
resolution DNA crystal structures has revealed that divalent do not predict helical axis bending at locations along A-tract
cations can be bound at the top of a minor groove for DNA DNA that are known to be A-tract bend centers. One
sequence elements with a narrow minor groove (e.g., AATT) possibility is that divalent cations simply do not cause
(9, 10, 46, 47). These cations often straddle the two sequence-directed bending of A-tract DNA in the same
backbones of a minor groove, sharing waters of hydration manner as monovalent cations. As mentioned above, it has
with the phosphate groups (Figure 9). This is consistent with been shown that divalent cations can modulate the curvature
our proposal that the minor grooves of A-tract sequences of DNA molecules that contain A-tract§1—54). However,
become too narrow for the entry of a fully hydrated divalent jn gel mobility studies, the non-A-tract sequences that are
cation, and that this results in the protection of AH2 interspersed with A-tract sequences are frequen{[y-ﬁch
resonances in the center AiT, from line broadening by  (51-53), and it is known that some G-rich sequences bend
Mn?*. As an illustration, we estimate that a divalent cation toward the major groove in the presence of divalent cations
localized above the minor groove of an ApT step would be (55, 56). Thus, analysis of A-tract bending in the presence
approximatey 9 A from the AH2 protons of this step. At of divalent cations must take into consideration the overall
this distance, we would expect to see essentially no resonancgistribution of cations in both DNA grooves. Furthermore,
line broadening of AH2 protons as compared to the broaden-in the narrowest region of an A-tract minor groove, divalent
ing caused by divalent cations that enter deep into the minor cations may be localized near the top of the groove, rather
groove (i.e., withd 5 A of an AH2resonance). than deep inside the minor groove, as suggested by X-ray
Divalent Cation Localization by A-Tract DNA and the crystallography studie€6, 47). The importance of this latter
Origin of Sequence-Directed Ceature. We previously  point is clearly illustrated by a recent study of Maher and
proposed that the localization of cations in the minor groove co-workers which demonstrates that the precise location of
of A-tract DNA results in an asymmetric neutralization of 3 cation bound in a DNA groove can have a substantial effect
phosphate repulsions around the DNA helix, and that this on the magnitude of induced helical axis bendn‘j@)(
could in turn be the origin of A-tract-induced helical axis Therefore, whether an asymmetric distribution of divalent
bending ¥). This hypothesis is supported by the identification cations contributes to DNA bending in the same way as we
of monovalent cation binding sites in the minor groove of postulate for monovalent cations is likely to remain an open
A-tract DNA (7, 12, 46), and by the demonstration that question until experiments or theoretical studies are carried

cationic side chains tethered to DNA bases cause bendingout which show explicitly the complete distribution of both
of the DNA helical axis toward the groove with the tethered djvalent and monovalent cations on A-tract sequences.

cations (6, 48, 49). The majority of studies concerning the
nature of sequence-directed bending by A-tracts are based>ONCLUSIONS
upon polyacrylamide gel mobility studies carried out in the  The divalent cation M# is localized in a sequence-spe-
absence of divalent cations and in the presence of thecific manner within the minor groove of DNA duplexes con-
chelating agent EDTAS0). These studies illustrate that taining the sequence motifs,X, and A.T,. For both se-
divalent cations are not essential for A-tract-induced bending. quence motifs, M#" localization in the minor groove is
However, the presence of divalent cations has been shownfavored near the center of th&most ApA step, but M#r
to at least affect the degree of curvature exhibited by someis apparently restricted from entry into the minor groove near
DNA molecules that contain A-tract§1—54). Thus, divalent  the 3-most ApA step. As the AT sequence motif is reduced
cation localization must be considered in any complete modelin length from TA4 to TsAz and to BA, and from AT, to
of A-tract bending which invokes electrostatic arguments. As;Tsand to AT,, the site of most favored M localization

We previously identified monovalent cation localization remains near the center of thérBost ApA step, but is
sites in the minor groove &&4T 4 near the central ApT step,  reduced in relative occupancy as the AT sequence element
and near the'3end of the A-tract in the duplex d(GCAAAA-  is shortened. The position we have determined as the most
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favored site for MA" localization in T,A4 coincides with a
Mg?* binding site found in the minor groove of the [d(CGA-
TTAATCG)], crystal structure. However, resonance line
broadening data for minor groove protons cannot be ex-
plained by a single bound Mh. Thus, in contrast to the

crystal structure, our studies reveal a picture of cation 22

23.
24.
25.

localization in the minor groove in which divalent cations
rapidly exchange between more than one site with different
levels of occupancy.

The results presented here can be summarized into three
general conclusions concerning the sequence-specific nature
of divalent cation localization within the minor groove of
B-form DNA. First of all, a wide and very electronegative
minor groove, as found in A4, provides an excellent site
for divalent cation localization. Second, a very electronega-
tive but narrow minor groove, as ing\, is not nearly as
favorable. Third, a wide but amino proton-filled groove, as
in GC-rich regions, is not good either. The last principle is
in contrast to observations from crystal studies, indicating
that divalent cation localization in the GC-rich minor groove
may only be favored under the rather extreme dehydrating
and molecular crowding conditions of the crystal state.
Finally, we note that the results presented here provide further
support for our proposal that models for the origin of A-tract
sequence-directed curvature must consider the potential
effects of asymmetric screening of phosphgtbosphate
repulsions by preferentially localized cations.
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