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ABSTRACT. We present and analyze the structure of the oligonucleotide d(ATATAT) found in two different
forms by X-ray crystallography and in solution by NMR. We find that in both crystal lattices the
oligonucleotide forms an antiparallel double helical duplex in which base pairing is of the Hoogsteen
type. The double helix is apparently very similar to the standard B-form of DNA, with about 10 base
pairs per turn. However, the adenines in the duplex are flipped over; as a result, the physicochemical
features of both grooves of the helix are changed. In particular, the minor groove is narrow and hydrophobic.
On the other hand, d(ATATAT) displays a propensity to adopt the B conformation in solution. These
results confirm the polymorphism of AT-rich sequences in DNA. Furthermore, we show that extrahelical
adenines and thymines can be minor groove binders in Hoogsteen DNA.

In this paper, we present a new crystal structure of the
oligonucleotide d(ATATAT). It forms antiparallel duplexes
in which Watson-Crick pairing has been replaced by
Hoogsteen pairingFigure ). These results support our
previous study 1) and demonstrate that Hoogsteen pairing
in DNA duplexes may be found under a variety of conditions.
In fact, a recent theoretical analysis (2) shows that the
energies of Hoogsteen and B-form DNAs are practically
identical. We analyze in detail the conformation of Hoogsteen

DNA Dby comparing the structures found in tV\./O different Ficure 1: SIGMAA-weighted 2 — F; electron density contoured
crystal forms. We have also studied the solution structure ;;" 1. of pase pair A3T10 in the P6s crystal structure. The

of this oligonucleotide by NMR. Hoogsteen conformation is evident, it does not depend on the

Soon after the model of the double helix was proposed presence of either bromine or methyl in the pyrimidine bage (
(3) efforts were made to demonstrate that the different
features of the model were correct. A surprise came when Despite the lack of detailed crystallographic studies, it is
Hoogsteen4) and other investigator§) found that adenine  known that DNA sequences rich in adenine and thymine are
and thymine paired in crystals in a different way, called strongly polymorphic§—9), even in the presence of standard
Hoogsteen pairing. However, a large number of studies, Watson-Crick base pairs. Alternative base pairing schemes
including the X-ray structure of many protetdNA com- have been found in other casd§<12). Isolated Hoogsteen
plexes and, in particular, X-ray and NMR studies of base pairs are formed in some special cases as in the closing
oligonucleotides, have shown that the normal way of pairing loop of DNA hairpins (3—15) and in circular oligonucleo-
in duplex DNA is the one suggested by Watson and Crick. tides (16). Also when the nucleic acid structure is chemically
To our surprise, we have found)(that the hexanucleotide  modified (L7, 18) or the DNA is locally influenced by either
d(ATATAT) could fully crystallize in the Hoogsteen mode. drug intercalationX9) or some protein interaction2@, 21).
Hoogsteen base pairs are found in triple helic2d @and
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Table 1: Summary of Data Collection and Refinement Statfstics

sequence d(ApTpAPTpApT) d(ApTpARJpAPT)) d(ApTpApTpApT)

space group P2, P2, P6s

unit cell (A) a=23.66,b=48.37 a=23.96,b=48.95 a=b=3231
c=232.23,4=92.82 c=232.24,4=93.27 c=117.77

resolution limit (A) 2.82 2.50 2.17

R work (%) 22.0 21.8

R free (%) 234 26.2

a Additional data have been given in réffor P2; and ref25 for P6s.

were omitted. Because of twinning and pseudosymmetry, the
solution was not straightforward. The details of the successful
protocol as well as the initial refinement procedure are de-
scribed elsewhere2f). Further refinement was performed
with CNS @6) using the scripts for the merohedral twinning
case and monitored through the free-R t&).( Attempts

to refine two of the extrahelical terminal bases in the weak
residual density observed in the minor groove did not result
in either an improvement of the electron density maps or in
a significant lowering oR values. So the final model con-
tains only two extrahelical bases, and the other two were
omitted, as shown in Figure 2a. A few water molecules were
added at this stage. The twin fraction was recalculated
using the current model. Simulated annealing was performed
to eliminate any model bias introduced by the starting model.
It was followed by a gradient conjugate minimization. The
water molecules were fixed and, hydrogen bonds were re-
strained. A final atomic B-factor refinement ended the pro-
cess. Further details on refinement statistics ofR@gestruc-

ture are given in Table 1. An example of the electron density
map is given in Figure 1. Coordinates for both models have
been deposited at NDB (code UD0035 f#; and UD0049

for P6s).

NMR SpectroscoppNMR samples were prepared in 500
uL of either D,O or 9:1 HO/D,0O. The resulting buffer solu-
tion (25 mM phosphatel M KCI, pH = 7.0) was about 2
mM in duplex. The spectra were acquired in a Bruker DMX
spectrometer operating at 600 MHz, and processed with the
UXNMR software. DQF-COSY, TOCSY2g), and NOESY
(29) experiments were recorded i@ and in 90% HO/
10% D,O. All 2D experiments were carried out a2 °C.

v The NOESY spectra in D were acquired with mixing times
FIGURE 2. Packing of d(ATATAT) in two crystal forms: (a) Two of 200 ms, and 100 ms inJ@. TOCSY spectra were re-
P2, unit cells projected onto a plane perpendicular to Zfeis; corded with 80-ms mixing times. A jump-and-return pulse
(b) view of two layers of molecules in thié6s crystal projected .
onto a plane perpendicular to tlzeaxis. A section of four unit §equence:10) \_Nas employeq to observe the rapidly exchan.g-
cells is shown in the upper layer. In the lower layer, the molecules iNg protons in HO experiments. The spectral analysis
are shown with thinner lines. Parallel columns of molecules in program XEASY 81) was used for the assignment of the
consecutive layers cross at an angle of. @he hexamer duplexis ~ NOESY cross-peaks.

shown in green; the tetramer duplex with its extrahelical bases is
in purple. All base pairs are in the Hoogsteen conformation. RESULTS

(18 mM) or Kt (9 mM). 2-Methyl-2,4-pentanediol (MPD) Crystal Structureln the P2; structure previously described
was used as a precipitant. (2), it was found that the DNA duplexes form infinite parallel

Diffraction X-ray data were collected at either DESY columns of pseudocontinuous helices as shown in Figure 2.
(Hamburg, Germany) or ESRF (Grenoble, France) synchro- Hexamer and tetramer duplexes alternate in such columns.
tron radiation sources. Full data collection and structure re- The tetramers have two extrahelical AT bases, with T
finement statistics have been given elsewhere forRRe inserted in the minor groove of neighbor hexamers. Pég
structure ). A summary is given in Table 1. THe2; struc- structure, which we now report, is also shown in Figure 2.
ture was solved by using anomalous diffraction data of the It has similar infinite columns of tetramer/hexamer duplexes,
Br atoms. On the other hand, tiR&s structure was solved but in this case parallel columns are organized in planes
by molecular replacement with AMoR&4) using as search  which cross each other at 6@ngles. One of the extrahelical
model the structure of the same sequence previously solvedhymines enters the minor groove of a neighbor column in
at 2.5 A in a different space group)( The extrahelical bases the same plane, as shown in Figures42 The other extra-
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Ficure 3: Comparison of the position of the extrahelical bases (shown in red) iRZhéeft, middle) andP6s crystal structures (right).

At the right of each drawing, the three terminal bases of an hexamer duplex are shown, with thymine in the minor groove. Note that the
position of adenines and the relative height of neighbor hexamers is different in each case. Thymines occupy practically identical positions
associated by hydrogen bonding with the second thymine at either end of the hexamer duplex, as shown in detail in Figure 4.

P
.

_;‘

Ficure 4: Close-up view of the looped-out bases and details of the interactions of the minor groove with either thymiféirsthesture

(left) or adenine in thé2; structure (right). In both cases, a nitrogen atom of the external base forms a hydrogen bond with an O2 atom

of thymine from the duplex. Note the strong similarity of both types of interaction. The looped out thymiP2sshow the same structure,

as it is apparent in Figure 3. In the case of adenine, the phosphodiester backbone folds back and the base enters into the minor groove of
the same duplex, while the terminal thymine enters into a neighbor duplex (Figure 3, left).

helical thymine also enters the minor groove of a neighbor Table 2: Geometry of the Hoogsteen Base Pairs

hexamer, but in the next plane of duplexes: it appears to distances (A)

occupy different alternative positions, since it could not be gyrycture N6(AY-04(T) N7(A)-N3(T) C8(A)-02(T) CI—CT
uniquely located in the elfectron density map. P2, 3.16 (0.16)  2.88(0.11)  3.39(0.13) 8.11(0.14)

It should be noted that in both cases the crystal structure p6s 2.99 (0.17) 2.85 (0.04) 3.34(0.10) 8.13(0.10)
Pre_sents Seve_ral channels full of solvent, which explain the ™a1p,¢ average values for base pairs in the crystal structure are given,
limited resolution of the data collected. The volume of crystal with standard deviations in parentheses. Base paifs&5\6-T7, and
occupied by a base pair is 1478/Base pair ifP6s and 1573 A19-T16 inP6s are not included: they have significantly higher values
A3base pair inP2;, significantly larger than in the usual in the last two columns (about 0.3 A) due to distortion of the base
B-form crystals (about 1300 ¥base pair). No water P
molecules could be detected forming dupteluplex bridges
between the layers of tHe6s structure, a fact that indicates base pairing is that the nucleotide conformation changes from
a limited order in this interlayer region. The latter observation anti to syn with values of the glycosidic angle in the range
is consistent with the lack of order found in the AT bridge 60—90°. A similar change is found in Z-form DNA, where

which extends from one layer to the next. the guanine base undergoes a similar rotation.
Hoogsteen PairingThe electron density found in our Duplex StructureThe overall appearance of the Hoogsteen

structure can only be matched when the bases are placed ifluplex is very similar to standard B-form DNA, as it is

a Hoogsteen conformation. Furthermore, thé-&11' dis- apparent from Figure 2. A space filling model is given in

tance is only 8.12 A on the average, as expected for aFigure 5. Its helical parameters are also very similar (Table
Hoogsteen conformation, and quite different from the 10.85 3). Within the duplex hexamers and tetramers, the average
A distance found in B-form DNA. Hydrogen bonds have twist is about 34.6 which corresponds to 10.4 base pairs/
normal distances. Their values are given in Table 2. The O2 turn, practically identical to B-form DNA. The minor groove
of thymine also forms a weak hydrogen bond with C8 of is narrow due to the shorter CAC1' distances, as it is
adenine, which is longer than normal, as also shown in Tableapparent in Figure 5. It ranges between 9.3 and 11.1 A.
2. Perhaps due to this fact the Hoogsteen base pairs maﬁimilar values are also found in some AT-rich oligonucleo-
have a greater variability of hydrogen bond distances astides crystallized in the B-form3Q).

indicated by the standard deviations given in Table 2. An  The main difference with B-form DNA lies in the change
additional point to note is that the presence of bromo-uracil in the accessibility of the grooves toward interaction with
instead of thymine does not have any noticeable effect onsolvent/proteins. The N3 atom of adenine, which lies in the
either the dimensions of the Hoogsteen base pairs or theminor groove in B-form DNA, is now moved to the major
duplex structure in general. An obvious result of Hoogsteen groove. As a result the minor groove becomes less elec-
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Ficure 6: Comparison of the three types of stacking found in
Hoogsteen DNAP2; crystals: top, an AT step (ABU4); middle,

a TA step (T20-A21). Note that in the latter case, the &bm is
moved toward the bases as discussed in the text. Bottom, the end-
to-end interaction between tetramers and hexamers, which is
analogous to a TA step. By comparison with the middle figure, it
is apparent that the upper base pair slides toward the right. All
equivalent base steps in bd#2; and P6s structures are practical
identical with those shown in this figure.

Ficure 5: Stereo picture of (a) Hoogsteen DNA and (b) ideal AT
B-DNA (10 base pairs) rendered by surface accessibility (probe
1.4 A radii) and colored by atom. Differences in the distribution
of oxygen and nitrogen along the minor and major grooves between . L. .
the two conformations are apparent. A similar comparison with 1he major groove is in the center of the helix, and the

stick models was presented elsewhere (Figure 2 irlyef phosphates are externally located, a situation also found in
A-form DNA.
Table 3: Selected Helical Parameters The oligonucleotide we have studied has an alternating
crystal duplex twist{) rise (A) slide (A) sequence, and therefore it has two types of base steps: AT

P2, hexamer  35.2(L9)  2.77 (0.40) —2.31(0.40) and .TA. In B-form DNA the latter base step§ differ
P2, tetramer  34.1(1.0) 3.32(0.22) —2.35(0.09) considerably in the twist parameted?j, whereas in the
P2, inter® 40.8 4.21 —4.96 Hoogsteen case the twist value is similar in both cases. The
P2, overalF 36 3.22 stacking of base pairs is also different in both DNA forms.
P6;  hexamer  342(2.1)  3.37(0.18) —2.34(0.34) In Hoogsteen DNA, there is a very good overlap of the
P6s tetramer  34.5(2.1) 3.02(0.29) —2.35(0.09) A . :
P6. inter 42.4 3.25 —4.90 aromatic rings in the TA steps and very poor in the AT steps
P6s overaF 36 3.24 (Figure 6), whereas the opposite is true in B-form DNBR)(

a Standard deviations are given in parenthe&@e values given ~ Furthermore, in the Hoogsteen form in some of the TA base
correspond to the steps between the tetramer and hexamer duplexessteps the conformational/y angles appears in a‘fy~
¢ Average values considering the tetramer and hexamer together as egconformation, which is seldom found in B-form DNA,
continuous duplex. although it is common in the Z-forn88). The net result of

this change in conformation is that the '‘Giom is placed

tronegative (Figure 5); it has a single hydrogen bond acceptorin an inner position in the duplex, whereas in the usu&jy
atom (O2 of thymine). This fact, together with the narrowness conformation it lies in a more external position, as it is
of the minor groove, indicates that it may become an appro- apparent in Figure 6.
priate target for interaction with hydrophobic groups, as it  Hydration.The pattern of external hydrogen bonding sites
is actually found in our structures and will be discussed in Hoogsteen DNA is clearly different from the other
below. canonical DNA forms. In the Hoogsteen structure, the base

There are a few other features that differentiate Hoogsteenatoms which can form hydrogen bonds are mainly on the
DNA from standard B-form DNA: the position of the helical major groove side. The latter is covered by a network of
axis, the degree of overlap of consecutive base pairs andwater molecules, both in the2; andP6s structures (Figure
some conformational angles. The helical axis is now found 7). They form hydrogen bonds among themselves, with
at the edge of the base pairs, approximately at the midpointphosphate oxygens and with the exposed nitrogen and
of the hydrogen bond between adenine N6 and thymine O4.oxygen atoms of the bases. In particular, most of the N1
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End-to-End InteractionsA characteristic feature of the
crystal structures found for d(ATATAT) is that, despite the
different packing arrangements in space groepsandP6s,
the asymmetric unit is very similar in both cases. It contains
two duplexes, a hexamer and a tetramer, the latter with two
extrahelical AT arms. An additional similarity is found in
end-to-end interactions between tetramer and hexamer
(Figure 6). Both duplexes form a pseudocontinuous helix,
despite the absence of phosphate in the steps between the
FIGURE 7: Stereopalir of major groove hydration of t; structure.  terminal T of one duplex and the starting A of the next
Typical hydrogen bonds cover the N1 atom of adenine and duplex in the column. The value of the twist parameter in
phosphates, among other atoms. this step is about £1(Table 3), larger that the average value

] of 34.# inside the duplex. Such difference should be
atoms of adenines are hydrogen bonded to a water moleculeconsidered rather small, given the absence of any phosphate
In the Hoogsteen conformation, the N1 atom lies on the pinging both duplexes. A more striking feature is the large
major groove side, whereas in Watse@rick base pairs it yajye of the slide parameter-4.9 A), which indicates that
is hydrogen bonded to thymine. The minor groove has only the hexamer and tetramer helical axes are shifted. This is
the O2 atom of thymine which could accept a hydrogen bond most clearly seen in Figure 2b: in the central column of
from water. Furthermore, the minor groove is occupied by gyplexes it is obvious that the tetramer (purple) is displaced
extrahellcgl bases, which prevent hydration. Thus, we haveupward with respect to the hexamer (green). As a result of
found a_smgle water molecule in the center of the minor this shift, the overlap of bases in neighbor base pairs is
groove in theP2; hexamer, hydrogen bonded to an O2 mqgified. In the end-to-end TA step, the base pairs slide
thymine atom and a sugar OZwo of the water molecules  |aterally (Figure 6, bottom), whereas in the inner base pairs
we have found in thé2, structure form a bridge between here is a very good overlap of the aromatic rings of thymine
the external N3 atom of adenine and a neighboring phosphatey g adenine in all TA steps (Figure 6, center). In the end-
group, which may contribute to stabilize the Hoogsteen t_end interaction, only a partial overlap of adenines is found.
structure. Such interactions are practically identical in bd&B; and

Extrahelical Residue#An additional feature of the results  P6s structures. It is worth comparing such interaction with
we have obtained is that some of the bases occupy extrathat found in equivalent situations in the B-form, although
helical positions. In both crystal structures, there are 20 baseshere are only a few crystal structures with a terminall A
in a duplex conformation and four extrahelical bases. As base pair 34, 35). The five structures reported by the latter
shown in Figures 24, terminal thymine residues enter the authors are not isomorphous, but all of them contain columns
minor groove of a neighbor duplex. In all cases, the N3 atom of duplexes with end-to-end interactions equivalent to TA
of the extrahelical thymine is hydrogen bonded to the O2 steps as in the case of the Hoogsteen structures reported here.
atom of another thymine in the duplex, as shown in detail Inspection of the coordinates of all five structures shows that
in Figure 4. One of the adenines in tR&; structure also  all of them present a similar left-handed twist between
shows a similar interaction. In the latter case, the extrahelical terminal base pairs of about20°. As a result there is a
arm of the oligonucleotide folds back and adenine enters thevery good overlap of A and T bases of neighbor duplexes.
minor groove of the same duplex. This adenine occupies alnterestingly, in the structure of the rasligonucleotide 86),
fixed position, its B-factors are similar to those shown by the TG/CA base step between duplexes also shows the same
adenines in duplex conformation. Here it is the N6 atom of negative twist. In conclusion, end-to-end interactions in
adenine which is hydrogen bonded to the O2 atom of a pseudo continuous duplexes are quite different in Hoogsteen
thymine in the duplex (Figure 4). Both extrahelical bases and B-form DNA crystals. This is probably due to the
are stabilized by van der Waals contacts with neighbor atomsdifferent dipole moments associated with either Hoogsteen
in the minor groove. This form of interaction is reminiscent or Watsor-Crick base pairs. End-to-end interactions between
of minor groove binding drugs. In the present case, such duplexes may contribute to the stabilization of the Hoogsteen
interactions contribute to the stability of the crystal, since conformation in the crystal.
they form bridges between neighbor columns of duplexes  Structure of d(ATATAT) in SolutionThe presence of
(Figure 2). duplexes in Hoogsteen conformation in d(ATATAT) crystals

Whereas extrahelical thymine residues occupy a similar was quite unexpected. Therefore, we decided to study the
position in all cases, each adenine shows a different behavior in solution of this oligonucleotide by NMR. The
conformation. In botHP2; and P65 one of the extra helical D spectrumm 1 M KCI at —2 °C is shown in Figure 8.
adenines is found in an external position on the major groove Three imino resonances are observed between 13 and 14
of the next duplex in the crystal (Figure 3). They are ppm, indicating that all the thymines are base paired. In the
stabilized by van der Waals forces and their position is not NOESY spectra, these imino signals present NOE cross-
strongly fixed: they have the highest B-factors in b8 peaks with adenine H2 protons, which were identified by
andP6s structures. In fact, one group of extrahelical AT base their relatively long spirlattice relaxation times. Other
in the P65 case appears to be disordered and could not benonexchangeable protons were assigned using established
localized with certainty in the electron density map. Nev- techniques for right-handed, double-stranded nucleic acids
ertheless, a peak of electron density was modeled in thisusing DQF-COSY, TOCSY, and 2D NOESY spect8)(
region as a water molecule, which turned out to have the Sugar spin systems were identified in the DQF-COSY and
lowest B-factor in the whole structure. TOCSY spectra and connected with their own base and their




Hoogsteen DNA Biochemistry, Vol. 43, No. 14, 20041097

also characteristic of a right-handed Wats@rick duplex.
Except for the amino resonances of adenines 1 and 5, all
s sase the exchangeable DNA protons could be assigned. The NOE
57 -ATATAT-3’ patterns observed for the exchangeable protons indicate that
j\)\“\m 37 ~TATATA-S' all bases are forming WatseiCrick pairs throughout the
duplex. Thus, we can conclude that under the experimental
conditions we have used, d(ATATAT) in solution has a
standard B-form conformation.

A few unusual NOEs involving the H2 of Al are observed
(see Figure 8). Most probably, they are associated with an
enhanced fraying effect in the terminal adenines. It should
be noticed that this short duplex is not very stable, as
] confirmed by melting studies3g). The imino resonances
1.8 are not observed at®, indicating that the duplex is mainly

1 denatured at this temperature. Given that the NOESY
experiments were conducted-a2 °C, some mobility effect
in the terminal nucleotides is not surprising.

NMR spectra were also acquired for other DNA du-
plexes of related sequences, like d(ATATATATATaNd
d(ATATATAT),. Details on the NMR study of these
molecules will be presented elsewhere. Different experimen-
tal conditions were tested to simulate the crystal environment,
such as adding increasing quantities of MPD. In an attempt
"% to simulate the effect of the extrahelical thymines that interact
. with the minor groove of the Hoogsteen duplex in the crystal,
deuterated thymidines were added to the NMR samples.

@ H2'T2

d (ppm)

567 However, in all cases the NMR data show that these
5.8 oligonucleotides mainly form standard Watse@rick du-
plexes in solution. The UV spectra and melting curves did
6.0 not show either any feature that might indicate the presence
6.2 of Hoogsteen DNA 38).
Since thus far we have not found a Hoogsteen duplex in
6.4

solution, it may appear that packing interactions in the crystal

e T T T T T T could induce the formation of Hoogsteen DNA. Nevertheless,
8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 . . . . .

5 (ppm) a similar duplex structure is found in crystals with different
L PP symmetry, as shown in Figure 2. In any case, the Hoogsteen
E}G;(;ET?&T,B?' iEXﬁhgrEgeﬁb&eC?r?to_” reég:ocn SL@%’;‘“{'\E dzplaeectra conformation is an additional conformation available for
2 2 y == ) =17). .

and bottom: Two regions of the NOESY spectra igOD(tm = duplex DNA, at_ least for alternating AT sequences. I.n fact,
200 ms). Cross-peaks are labeled according to the numberingénergy calculations and molecular dynamics studies indicate
scheme shown on the top panel. Sequential assignment pathwayshat the Hoogsteen and B-form of duplex DNA have a similar

are shown in the H+H6/H8 region (bottom panel). stability (2).
Table 4: Assignment Table of NMR Resonances (ppm) DISCUSSION
NHz NH. . . . . . .

NH (1) (2) H6/H8 H2/Me H1 H2 H2' H3 H4' Previous Studies with AT-Rich DNAs discussed in the
Al no no 812 775 6.11 267 285 483 423 !nFroductlon,AT sequences are strongly polymorphic. Thus,
T2 13.49 739 1.32 568 2.24 252 492 424 itisnotsurprising that we have found a Hoogsteen structure
A3 7.55 6.47 8.37 7.28 6.30 2.73 2.98 5.02 4.47 for d(ATATAT) in crystals, whereas our NMR studies show
T4 13.36 7.22 143 575 2.08 250 4.92 425 g Watson-Crick structure in solution. We cannot exclude
A5 no. no. 830 7.28 6.26 2.70 2.90 5.01 4.47

that the use of other solvents might allow us to detect the
Hoogsteen conformation in solution. We should note that
the structures we have described in this paper are the only
ones available for oligonucleotides that are 10098 And
5'-neighbor in the NOESY spectra. The assignment pathwayscontain six or more bases. Longer oligonucleotides that
could be followed in the base-Hland in the base-HH2" contain AT sequences have been studied, but their crystal
region, as it is also shown in Figure 8. Resonance positionsstructure is strongly influenced by the presence of guanine
are given in Table 4. bases at the ends of the oligonucleotides which present
The intensity of the intraresidual NOE contacts between characteristic intermolecular interactiorg).

H1' and the H8 of the adenines, and betweeh &iid H6 of Hoogsteen DNA in Protein/DNA Complexdere are

the thymines are very similar, indicating that all glycosidic very few protein/DNA complexes that have been studied by
angles are mainly in aanti conformation. Other experi-  X-ray crystallography and contain stretches ofTAbase
mental distances, like sequential H6/H8 or H8-methyl are pairs. In a detailed studpQ) of TATA-box binding proteins,

T6 13.26 719 132 6.10 2.18 2.18 5.09 4.56
n.o.: not observed.
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all A-T base pairs show Stan_dard Watsm'Ck_ hydrogen Table 5: Examples of Repeated Sequences of AT Base Pairs in
bonds, even when an alternating (EAgquence is embedded pifferent Genomes
in the oligonucleotide. In some repress@perator com-

. . . organism repeats found
plexes an oligonucleotide sequence containing (AVas Vo] —v A
used 40, 41). Unfortunately, the resolution was limited (3.2 M;’ggg :;r;?u%f?e';gém A

A),_ and thg bases were not well resolved. Another featur_e Dictyostelium discoideum  Agos (AT)214 (AAT) g
of interest is the eventual presence of Hoogsteen base pairs Saccharomyces cerisiae Az (AT)20; (AAT) 35
embedded in oligonucleotides with mixed sequence. Given ﬁfab'dops!s thaliana 247; gﬁ%ss; Eﬁﬁ%se
. . . . omo sapiens 60; 47, 20
the c_omparanvely !oyv resqlutlon attained in many DNA/ Drosophila melanogaster At (AT)aet (AAT)as: (AAAT) 110
protein complexes, it is possible that eventual Hoogsteen base _
pairs may have not been detected. Only recergl),(a aThe repeats have been detected with a program developed by Roset
. ) N et al. 66). Repeats containing-G base pairs are also found.

Hoogsteen base pair has been found embedded in an
undistorted B-DNA. Surprisingly, the adenine in tegn ] ) o
conformation has no direct interactions with the protein side antiparallel duplex with all base pairs in Hoogsteen confor-
chains, although the oligonucleotide is constrained by two Mation is an accessible state for DNA. Nevertheless, no safe
a-helices of the protein which have many contacts with conclusions can be derived from the crystallization conditions
neighbor base pairs. This observation indicates that transitionused in each particular case. It is well-known that A- and
to a Hoogsteen conformation does not imply a large energeticB-form crystals are obtained under very similar conditions:
penalty for a DNA duplex, as confirmed by theoretical the particular form obtained (either A or B) is mainly
studies (2). On the other hand, the presence of Hoogsteerfletermined by the length and sequence of the oligonucleotide
base pairs will have a strong influence on protein/DNA thatis used. _ _
recognition, given the strong change of properties of both ~ An interesting case is the CCCG tetraloop which closes
grooves in the duplex. an oligonucleotide hairpinlf). In that case, a transition of

Hoogsteen pairing has also been detected in son@& C @ CG base pair from WatserCrick to Hoogsteen is detected

base pairs 20). Formation of such base pairs requires Py @ moderate change in pH. Itis the only example we have
protonation of cytosine. One of the hydrogen bonds betweenfound that shows such a transition of a single base pair in
the bases is absent, whereas a hydrogen bond between thé&e same DNA structure. This example demonstrates that
N2 atom of guanine and one phosphate oxygen is formed,such changes are possible and might be found in other
so that on the whole no hydrogen bond is lost. In this case, Situations.
the formation of one of the Hoogsteen base pairs is clearly The Potential Role of Hoogsteen DNA in the Cell Nucleus.
stabilized by hydrophobic interaction of the protein with the Thus far there is no evidence that Hoogsteen DNA may occur
minor groove of the oligonucleotide. These resul2§)(  “in vivo™. However, there are a number of chromatin
indicate that GG base pairs could also be present in functions which are poorly understood in which Hoogsteen
Hoogsteen DNA duplexes. In fact, it has been found) ( DNA may play a role, and we will briefly review them. We
that poly(dCG) at moderate low pH may show a transition will emphasize those cases in which an unknown structure
to a Hoogsteen form. The pH at which the transition occurs for AT-rich sequences has been suggested. Such sequences
depends on the ionic strength of the buffer used. are common in many organisms (Table 5). For example, the
Interactions that Faor Hoogsteen DNANe may wonder scaffold-associated regions (SARs, also called MARS) are
why we have obtained a Hoogsteen DNA conformation in highly AT-rich regions of the genomet8—45). Specific
the crystals we have described. The structure is independenproteins are apparently found in those regions, but the
from the packing arrangement, since it has been found in structure of their complexes with DNA is unknown.
two different crystalline forms. In both cases, a hydrophobic ~ Centromere DNAs always have AT-rich regiods)( They
environment is created in the minor groove which could are usually embedded in longer heterochromatic regions, also
explain the presence of extrahelical bases (Figures 3 and 4)AT-rich. In particular, yeast centromeres have a central
In fact, isolated base pairs in Hoogsteen conformatith ( CDEIl element about 85-bp long and 93% AR7.
21) are also found in a hydrophobic environment. In some Drosophila centromeres contain long (AATAT) repeats,
hairpin loops studied by NMR, a thymine base was also accompanied by other types of sequenc&d.(In Arabi-
present in the minor groove of HoogsteernTApairs (L4, dopsis 49, 50) and humaru-satellite 61) the centromeric
16). Thus, we may expect that Hoogsteen DNA may be sequences are more complex, but are always enriched in AT
found in protein/DNA complexes in which the protein base pairs. Nevertheless, it is not clear which features of
provides a hydrophobic environment for the DNA minor centromere DNA determine its unique functioB2). It
groove. appears that a high percentage of AT and some undetermined
Another related feature of our crystallization trials is that features of sequence are required for function. An alternative
under many conditions liquid crystals were observed (un- view is that only specific proteins are required for centromere
published results). AT-rich oligonucleotides in the B-form function; DNA sequence does not play a ra&)( In fact,
will have a spine of hydration in the minor groove and may DNA sequence and protein structure may have evolved
form highly hydrated unstable crystals. The crystals we have together in centromere§4). The arguments in favor of such
obtained at a relatively high precipitant concentration (37% contrasting views have been recently reviewed by Lamb and
MPD) and low temperature (2B may represent a less Birchler (55).
soluble, more stable crystal structure. What is obvious from  There are many other DNA and chromatin features that
our crystallographic study is that Hoogsteen base pairing isinvolve AT-rich regions in which Hoogsteen DNA might
not isolated to a single base pair. Thus, the formation of an play a role, such as simple sequence repéds feplication
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Ficure 9: Comparison of WatsenCrick (WC) (top) and Hoog-

steen (bottom) base pairs in duplex conformation. In the pic- 9
ture, the minor groove is facing downward. The position of the
helical axis in each case is indicated by a star. Hydrogen bond
donors and acceptors are indicated by arrows. Note that the

minor groove is narrower in the Hoogsteen case and has lost a 10.

hydrogen bond acceptor atom. The major groove has a similar

appearance, but in the Hoogsteen case an additional external N3 11.

atom is present. It is placed close to the phosphodiester back-
bone and may form water bridges with a phosphate group. An
example is apparent in Figure 7. Such bridges contribute to the
stability of the Hoogsteen base pair. The conformation of the
glycosidic angle isynin the Hoogsteen adenine base amdi in

all other cases.

13
origins (67, 58), fragile site genesi$g), bending 60), HMG
interaction sites 1), etc. Unusual structures present in
repeated DNA may trigger gene silencir®)(. TATA boxes
may become silent and not recognized by TATA-box binding
proteins (TBPs) when found in the Hoogsteen conformation.
We should also note that the biological role of satellite
repeats remains unknowB3); many of them are AT-rich
(64), with the extreme case of some crab DNAs which
contain over 90% of an alternating AT sequen6B)(

CONCLUSION

A summary of the differences between B-form and
Hoogsteen DNA is presented in Figure 9. Hoogsteen DNA
provides a strong structural message: hydrogen bonding is
altered, the minor groove changes from hydrophilic to
hydrophobic. Its stability is similar to B-form DNA, although
it may be more rigid (2). It is an optimal target for proteins
to recognize AT-rich regions. New approaches are required
to determine under what conditions this unexpected confor-
mation of the double helix plays a role in the cell, which
may have gone undetected so far. In particular, further high-
resolution studies of AT-rich DNA and its protein complexes
by NMR, X-ray crystallography and other methods should
be undertaken.
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