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ABSTRACT. The inosine-containing sequence d(CCHEINPCGG) is shown to crystallize as a four-stranded
DNA junction. This structure is nearly identical to the antiparallel junction formed by the parent
d(CCGGTACNPCGG) sequence [Vargason, J. M., and Ho, P. S. (2Q0Biol. Chem. 27721041

21049] in terms of its conformational geometry, and inter- and intramolecular interactions within the
DNA and between the DNA and solvent, even though the 2-amino group in the minor groove of the
important G-m°Cg base pair of the junction core trinucleotide (italicized) has been removed. In contrast,
the analogous 2,6-diaminopurine sequence d(CCDGTACTGG) crystallizes as resolved duplex DNAs,
just like its parent sequence d(CCAGTACTGG) [Hays, F. A., Vargason, J. M., and Ho, P. S. (2003)
Biochemistry 429586-9597]. These results demonstrate that it is not the presence or absence of the
2-amino group in the minor groove of the;Rg base pair that specifies whether a sequence forms a
junction, but the positions of the extracyclic amino and keto groups in the major groove. Finally, the
study shows that the arms of the junction can accommodate perturbations to the B-DNA conformation of
the stacked duplex arms associated with the loss of the 2-amino substituent, and that two hydrogen bonding
interactions from the €and Ys pyrimidine nucleotides to phosphate oxygens of the junction crossover
specify the geometry of the Holliday junction.

DNA Holliday junctions are ephemeral intermediatesthat A C
have been implicated in the mechanisms of a large number
of biological processes. A four-stranded DNA junction was
proposed by Holliday more than 40 years add to help
explain the process of gene conversion in yeast and has since
been implicated in a diverse array of related mechanisms,
including genetic recombination, DNA repair, and viral
integration 2—6). The involvement of these structural
intermediates over such a broad range of biological processes, a b C
typically serving to protect and expand the coding potential FiGUrRe 1: Three general forms of DNA Holliday junctions: (a)
of genomes, has made junctions the focus of intense study.Par Cal'(':és)t(afcc')(ren?'é (té)n%?aetrgé('bantdhéc)cggg%?rgfclz;acﬁidéxbl&e
A rece'.’“ series of Slngle_c.:ryStal structures reveal h.OW arms of the open-ngorm onto or):e another to form psgudocontinu-
interactions between the major groove of the double-helical gys B-DNA duplexes.
arms and the phosphates at the junction crossover help to N )
define the formation of these complexes. We present here ahates under low-salt conditions, with the four B-DNA arms
systematic study to elucidate the contribution of the minor arranged in essentially a square planar configuration to
groove 2-amino substituent groups to the formation of four- Minimize the electrostatic interactions petween the negatlve_ly
stranded junctions in crystals. charged phosphates of the phosphoribose backbones. High
concentrations of monovalent and divalent cations help to
shield these phosphates, allowing the junction to assume the
more compact stacked-X structure in which the arms are
coaxially stacked to form two semicontinuous B-DNA
duplexes. In the stacked-X structure, the strands of the
B-DNA arms can, in theory, assume either a parallel or
T This work was supported by grants from the National Institutes of antiparallel relationship?; 8). To date, only the antiparallel
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supported by the National Institutes of Health, National Center for i ; ; ; ;
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The conformation of DNA Holliday junctions is now
understood to be highly variable. Solution studies have shown
that junctions exist in two general conformations: the open-X
and stacked-X forms (Figure 1). The open-X form predomi-
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Several single-crystal structures of these important biologi- csm n
cal intermediates have now been determined at the atomic\\‘_ _,3
level (reviewed in ref43 and14). Comparison of junction- N\ SN
forming sequences has identified a trinucleotide core motif ’g;)
as being key to the formation of these four-stranded \ w _\,\. ...... /
o2 02
N4

structures. The sequence of this trinucleotide core was m N2

originally defined as AC;Cg (15), but later expanded to o M e ¥

PwC-Pys, where Pl is either the adenosine or guanosine _/l """" A N o \ Im’

purine nucleotide and Py can be a cytosine, 5-methylcytosine .J__}— - \< J ;_,-_;:-——1’\ /A\\
(meC), or 5-bromouridine (§tJ) pyrimidine-type nucleotide,  (uiC Y+++--* (Gx mSC) | -
but not thymidine 16). These nucleotides are involved in a = 4 ) = e %
number of crucial interactions that link the major groove \('%g m jﬁ

surfaces of the stacked duplex arms to the CrossoverFlGUREZ: Standard and modified nucleotide base pairs located in

p_hOSp_hateS' A_tomic force m_icr_osco_py (AFM)_ and nuclease the R—Yg base pair step. Exocyclic substituents are labeled with
digestion studies on synthetic junctions that incorporate the the location of the major (M) and minor (m) groove faces denoted
core ACC trinucleotide show the same overall geometry and adjacent to each base pair. AmPC base pair is similar to a G

crossover topology that are exhibited by the crystal structuresM°C base pair from the major groove face (light yellow) and an
(17). A-T base pair from the minor groove face (light blue). Allbase

. . . . . . pair is similar to an AT base pair from the major groove (light
The conformation of junctions in solution and in the green) and a @°C base pair from the minor groove (light red).
crystals appears to be related to these sequence-dependeAll base pairs have standard Watse®rick hydrogen bonding
intramolecular interactions. A detailed comparison of the g]t&ra(r:]tul)ns as Inglcated by gfgefn circles betwee_nheﬁCh base.
available crystal structures shows that the junctions can be>;Methyicytosine bases are used for consistency with the parent
grouped into two classes. Those structures that show a se (CCGGTACNMCGG) junction structure and thymidine nucleotides

) o A ) n the Yg position.
of direct hydrogen bonding interactions, between (i) thg Py

base and the O2P phosphate oxygen gf(Q) the outside The modified bases inosine and 2,6-diaminopurine have
9_3 nucleot|de' and the O1P phosphate oxygen of, Rad long been used to study the effect of minor groove interac-
(iii) the N4 amino group of @and the O1P phosphate oxygen +ions on DNA conformation, showing how the 2-amino group
of Pw, have a well-defined geometry, while structures in gfects the flexibility (9, 20), minor groove width and
which one or more of these interactions are missing or solvent interactions2l—23), endonuclease cleavagi(25),
mediated by solvent show greater variability in conformation 54 molecular recognitior26—28) of the DNA duplex. In
(13). Thus, it has become increasingly clear that the e cyrrent study, | and D nucleotides are placed in key
nucleotides within, and adjacent to, the crossover region of sjtions of the conserved trinucleotide core sequence, where
DNA Holliday junctions play key roles in defining the global = \ye have identified important junction-stabilizing interactions.
geometry and formation of the stacked-X conformation. ¢ Dy Ts base pairs in the d(CCDGTACTGG) sequence
~ Up to this point, it has not been clear what effect gre AT-like in the major groove and &-like in the minor
interactions in the minor groove may have on the formation groove. Conversely, the-PCs base pairs of d(CCIGTACEA
and geometry of the junction. For example, a hexaaquo- CGG) are GC-like in the major groove and A-like in the
calcium(ll) ion has been observed in the minor groove as a minor groove, both with standard Watse@rick hydrogen
common feature of the junction arms in several of the higher- bonding interactions and methyl groups at C5 of the
resolution structures, which may play an electrostatic role pyrimidine base (Figure 2). We observe that d(CCDG-
in stabilizing the complex. The currently available structures, TACTGG) crystallized as resolved B-DNA duplexes while
however, do not directly tell us how important the substituent 4«cCIGTACIFCGG) formed a DNA Holliday junction, thus
interactions are in this narrow groove. The Sequence fyrther supporting the model that it is the interactions
d(CCGGTACMCGG) forms a junction¥®), but d(CCAG- between the major groove and crossover phosphates that
TACTGG) does not16). In this comparison, we see that  getermine junction formation in the crystal systeh3, (15,
the extracyclic amino and keto substituents at the major 16 1g). Additionally, we see that minor groove interactions
groove surface are switched between thenBCs and A+ (o not significantly contribute to the global geometry of the
Te base pairs, but the difference in conformation may arise regylting junction structure.
instead from the lack of a 2-amino group in the minor groove
of the As- T base pairs of the latter sequence. To distinguish MATERIALS AND METHODS
between the effects of minor groove and major groove
substituents, we have studied the single-crystal structures of All deoxyoligonucleotides were synthesized using solid
the sequences d(CCIGTACAGG), in which the Gnucle- phase phosphoramidite chemistry with the trityl-protecting
otide of d(CCGGTACIPCGG) is replaced with an inosine  group left attached to the'serminal hydroxyl group to
(I) which thus removes the amino group from the minor facilitate subsequent purification from failure sequences via
groove, and the sequence d(CCDGTACTGG), in which an reverse phase HPLC. Preparative reverse phase HPLC was
amino group is added to theszAucleotide of d(CCAG- performed using a Microsorb 300 A pore size C-18 column
TACTGG) to introduce a 2,6-diaminopurine (D) at this measuring 250 mnx 21.4 mm (inside diameter) at a flow
position. rate of 8 mL/min in 0.1 mM triethylamine acetate with an
acetonitrile gradient. The full-length sequence typically eluted
L Abbreviations: Pu, purine; Py, pyrimidine; I, inosine; D, 2,6- 31 min postinjection in a mobile phase concentration of
diaminopurine; AFM, atomic force microscopy; SD, standard deviation. 20% acetonitrile. Purified tritylated DNA was deprotected
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by treatment with 3% aqueous acetic acid for 15 min with
gentle agitation, neutralized with concentrated ammonium

hydroxide, and desalted on a Sigma G-25 Sephadex column;

yielding purified DNA. Purified DNA was stored at
—80 °C as a lyophilized powder and resuspended in
deionized double-distilled water prior to use. All crystals
were grown in 1QuL sitting drops by the vapor diffusion
method and equilibrated against a 30 mL reservoir volume.

Crystallization and Structure Solution of d(CCIGTA-
CnPCGG). Thin diamond crystals of d(CCIGTACI@GG)
(monoclinicC2 space group; dimensioas= 64.92 A,b =
24.87 A,c =37.10 A, ands = 109.22) were grown from
solutions containing 25 mM sodium cacodylate (pH 7.0),
0.5 mM DNA, 180 mM Cadl, and 2.4 mM spermine
tetrahydrochloride equilibrated against 20% (v/v) 2-methyl-
2,4-pentanediol (MPD) at 2%C. X-ray diffraction data to
2.0 A resolution were collected at liquid nitrogen tempera-
tures using Cu I& radiation from a Rigaku (Tokyo) RU-
H3R rotating anode generator operating at 50 kV and 100
mA with an Raxis-IV image plate detector on a single crystal
measuring 0.55 mnx 0.25 mmx 0.05 mm. An artificial
mother liquor containing 25% MPD was used for cryopro-
tection. The space group and unit cell dimensions of
d(CCIGTACNPCGG) are very similar to those of previous
junction crystals of the parent d(CCGGTAGGGG) se-
quence, with two strands in the asymmetric unit (asu). Thus,
a search model using the d(CCGGTARGG) junction (8)
was used in EPMR20) to determine the structure by
molecular replacement, initially to 3.0 A resolution. A distinct
solution with a correlation coefficient of 77.5% and Byt
of 36.23% was obtained with two unique strands in the asu
adjacent to a crystallographic 2-fold symmetry axis. A
simulated annealing omit map with the €rossover phos-
phate removed showed distin€f — F. density within the
crossover region indicative of a DNA Holliday junction.
Subsequent refinement of this initial junction structure in
CNS 30) using rigid body refinement, simulated annealing,
several rounds of positional and individugdfactor refine-
ment, and addition of solvent resulted in a firfRys: of
23.57% and amRyee Of 25.82% (Table 1).

Crystallization and Structure Solution of d(CCDG-
TACTGG).Long rodlike crystals of d(CCDGTACTGG) were
grown at room temperature in 5 mM Tris-HCI (pH 7.5), 23
mM calcium acetate, 0.6 mM DNA, and 16% MPD
equilibrated against a reservoir solution of 28% MPD.
Crystals were flash-frozen directly out of the drop prior to
data collection. Data for a crystal measuring 0.30 mm
0.1 mmx 0.1 mm in size were collected to 1.85 A resolution
at liquid nitrogen temperatures on BioCARS beamline 14-
BMC at the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL) with 0.9 A radiation. The crystals
were indexed in hexagonal space grd®§22, are isomor-
phous to the crystals of the parent d(CCAGTACTGG)
sequence, and have the following unit cell dimensioas:
32.96 A,b =32.96 A, andc = 88.56 A. The structure of
d(CCDGTACTGG) was determined by molecular replace-
ment using the coordinates of the d(CCAGTACTGG)
structure (UD0030). An EPMR search (against 3.0 A data)
using this initial search model of one strand adjacent to a
crystallographic symmetry axis produced a correlation coef-
ficient of 77.1% and afRys; of 37.5%. The initial round of
rigid body and rigid parts refinement on this model followed
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Table 1: Data Collection and Refinement Statistics
d(CCIGTACNFCGG) d(CCDGTACTGG)

Data

unit cell

a(A) 64.92 32.96

b (A) 24.87 32.96

c(A) 37.10 88.56

p (deg) 109.22 -
space group Cc2 P6122
total no. of reflections 9439 34659
no. of unique reflections 3492 2528
resolution (A) 18.2-2.0 17.5-1.85
completeness (%) 93.4 (61.8) 96.3(72.2)
1/a(1)2 15.8 (2.4) 29.9 (4.98)
Rmerge(%0)2° 5.0 (29.1) 5.6 (24.5)

Refinement

resolution (A) 18.2-2.2 17.5-1.90
Reryst (Riree) (%0)° 23.57 (25.82) 23.21 (25.83)
no. of DNA atoms 404 203
no. of solvent atoms 62 45
averageB-factor (&) for 11.1(11.7) 10.9 (20.6)

DNA atoms (solvent atoms)
rmsd for bond lengths (&) 0.003 0.067
rmsd for bond angles (degy) 0.8 6.2
structural conformation Holliday junction B-DNA

aValues in parentheses refer to the highest-resolution $hi@Herge
= Ynaillnki — Oal/Yndillnail, where lng is the intensity of a
reflection andIly is the average of all observations of this reflection
and its symmetry equivalentSReyst= Y nil Fobs — KFcaid/> il Fobd - Riree
= Reyst for 10% of the reflections that were not used in refinement
(51). 9 Root-mean-square deviation of bond lengths and angles from
ideal values.

by simulated annealing produced a startigs: of 35.31%
and anRyee Of 38.80%. Structure refinement was carried out
in CNS using standard positional and individugdfactor
refinement followed by assignment of solvent molecules,
producing a finalRyst of 23.21% and arRyee of 25.83%
(Table 1).

All data were processed and reflections merged and scaled
using DENZO and SCALEPACK from the HKL suite of
programs 81). Resolution cutoffs were determined accord-
ing to M/o(1)L)completenesfimerge aNURmeasStatistics Rineas
was determined using the program available at http:/
loop8.biologie.uni-konstanz.dekay/, and root-mean-square
deviation (rmsd) values were calculated using the McLachlan
algorithm as implemented in ProFit version 2.2 (http:/
www.bioinf.org.uk/software/profit/)32). Structural analysis
was performed using CURVES 5.33). The coordinates
and structure factors have been deposited in the Protein Data
Bank 34) as entries 1S1L for d(CCIGTACI@GG) and
1S1K for d(CCDGTACTGG).

RESULTS

Major and minor groove interactions are known to affect
the local and global conformation of nucleic acid structures
(35—38). The crystal structures presented here elucidate the
role of nucleotide substituent groups in the minor groove
and, by extension, the major groove in the formation of DNA
Holliday junctions. The sequence d(CCIGTA&RGG) was
seen to crystallize as a DNA Holliday junction, while
d(CCDGTACTGG) crystallized as resolved B-DNA du-
plexes. In terms of base substituentsTbase pairs from
the major groove are A-like and from the minor groove
are GC-like while I'm°C base pairs from the major groove
are GC-like and from the minor groove are-#&-like. Thus,
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a

Ficure 3: DNA Holliday junction crystal structure of d(CCIGTAG@GG). (a) Nomenclature used for the d(CCIGTAT®GG) junction

with the full four-stranded complex generated by the application of a crystallographic 2-fold symmetry axis to the two unique strands (blue
and orange). An asterisk adjacent to the eighth nucleotide in each decamer sequence denotes the presence of a 5-methylcytosine base. (b
Atomic structure of the d(CCIGTACPEGG) DNA Holliday junction. Nucleotides are rendered as sticks with the phosphodeoxyribose
backbone rendered as a solid ribbon with tharid 3 ends labeled accordingly (this panel rendered with Insightll from MSI/Biosym, Inc.).

(c) The final Z, — F electron density (contoured at)ldepicting the junction crossover region with continuous density between nucleotides

A and G of the junction crossover strands. Nucleotides As, C;, and n¥Cg are rendered as sticks. The coloring scheme and strand
designations in all panels are the same [this panel created with Bob&Sjr(d rendered in Raster354)].

this study demonstrates that specific atomic interactions Ts—Gy of an outside strand stacked on nucleotides &
which have been identified at the major groove surface of of a crossover strand) (Figure 3).

the trinucleotide core region of DNA Holliday junctions are  The overall conformation of this junction, indeed of any
specific for GC base pairs in the major groove and do not crystal structure of four-stranded junctions, can be described
accommodate AT base pair substituents. Furthermore, the py the geometric relationships between the set of stacked
inosine Junct|qn structure provides an opportumfcy for. direct g_.pNA arms and the center of the junction. We have defined
comparison with the parent d(CCGGTAGBGG) junction  these relationships and how they can be accurately measured
structure (ACrRC junction) in determining whether the minor  yery explicitly elsewhere, 39), and will briefly describe
groove 2-amino group in thesRYs base step helps to define  them here. The most easily recognized of these relationships
the geometry of the junction conformation. is the interduplex angle (IDA), which is the angle that relates
Structure of d(CCIGTACPEGG) as a Holliday Junction.  the ends of the stacked arms to the center of the junction
The single-crystal structure of the d(CCIGTAGRGG) crossover. This is the angle that was estimated te-6€°
sequence (IACRC junction) is a DNA Holliday junction in in solution and by AFM for synthetic junctiong,(8, 40—
the right-handed antiparallel stacked-X conformation. The 42) that are fixed by sequence complementarity of four
full four-stranded structure consists of two unique strands, unique strands. The IDA when measured in this way,
one crossover and one noncrossover, related by a crystalhowever, is a length-dependent parameter; therefore, we have
lographic 2-fold symmetry axis with the crossover occurring defined the parametdy,s: as a measure of the angle formed
between nucleotides gfand G of each set of pseudocon- by the helical axes projected onto the resolving plane of the
tinuous B-DNA duplexes. These duplexes are formed by the junction. This is length-independent and, thus, is a more
stacking of a shorter four-base pair arm (nucleotides@, general descriptor for the angle relating the stacked arms of
of an outside noncrossover strand with—G;o from a this structure. In addition, the stacked B-DNA arms can
crossover strand) onto a longer six-base pair arm (nucleotidedranslate along and rotate about their respective helix axes.
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d(CCIGTACm’CGG) d(CCGGTACCGG) | d(CCGGTACM’CGG)

d(CCIGTACm’CGG) | d(CCGGTACCGG) d(CCGGTACM CGG)

Ficure 4: Stabilizing interactions within the stacked-X core region. The structure of the parent@fnction is shown with the location

of the RC;Y g trinucleotide core region hydrogen bonding interactions denoted with boxes. The area within these boxes is enlarged, as
indicated by the corresponding box colors (red and blue), providing more detailed information about each stabilizing interaction. For
comparison, the core region interactions are also shown for the unperturbed junction structure of the sequence d(CCGGTHEECGG) (
Within these inset boxes, Watse@rick hydrogen bonding interactions are represented with green circles while core region atomic interactions
with orange circles. The £Yg and R—Ng interactions are shown at the top, while the-A; interaction is shown in the bottom box.

DNA atoms are rendered as sticks and colored by strand with the respédaive Btermini noted. No direct or solvent-mediated interaction

is observed between the; ©2P and rfCg N4 atoms (the distance between these atoms is 4.4 A as indicated by the black arrow) within
the iIACnPC-J structure.

These are reflected in the parametéyge and Jio1, respec- IACmSC junction are also very similar to those of the parent
tively. The actual IDA for any crystal structure is thus a structure, with minimal deviations. We have previously
function of Jwist, Jsiide, Jron, @and the length of each arm. observed 15, 16, 18) that the global junction conformation

The structure of the IACAC junction is nearly identical  is dependent on a set of key atomic interactions at the
to that of the parent ACRE junction in terms of its global  trinucleotide core region (Figure 4). These interactions
geometry and detailed interactions. The global conformation include (i) a direct hydrogen bond between the exocyclic

of the IACNnPC junction structure Jige = 2.23 A, Juist = amine of G and a phosphate oxygen on the l&ackbone
42.5, Joi = 143.6, and IDA = 61.4) is nearly identical phosphate (&-Yg interaction), (i) a solvent-mediated
to that of the parent ACAT junction Jsige = 2.25 A, Juist interaction between the outside R is either an adenine

=44.3, Jo = 145.9, and IDA= 60.C°) in terms of these  or guanine nucleotide) keto oxygen and a phosphate oxygen
geometric parameters and as measured by the rmsd betweeof Ng (Rs—Ns interaction), and (iii) a direct hydrogen bond
like atoms (0.510 A). The detailed interactions within the between the O1P phosphate oxygen gfNd the exocyclic
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amine of G (Ng—C; interaction). Consistent with this
observation, we see here that the solvent-mediated interaction
between thes and A nucleotides (B—Ns interaction) is
indeed present and mediated by a solvent molecule similar
to that seen in the original d(CCGGTACCGG) junctidi),
The Ns—C; interaction is also present and mediated by a
solvent molecule similar to the parent AG@ junction
structure 18). It was surprising that no direct or solvent-
mediated interaction was observed between the N4 exocyclic
amine of G and the O1P phosphate oxygen of (C:—VYs
interaction) in this inosine-containing structure. This—C
Y interaction had been observed as a direct or solvent-
mediated set of hydrogen bonding interactions in all but one
of the previous DNA Holliday junction structures, suggesting
that it is significant. In the case of the one previous exception
and the current structure, the distance between O2P;of C
and N4 of G is similar to that when solvent-mediated
interactions have been observed, suggesting that solvent is
present, but was not resolved in the crystal structures.
Inosine has been shown to affect structural details of the
DNA duplex, including groove widths, solvent interactions,
and flexibility. In this case, we observe similar effects on
the B-DNA arms of the iACI?C junction. The width of the
minor groove (as measured by the distance from thie |
Gy backbone phosphorus atoms) adjacent to4im°Cg base
pair is narrowed by 0.6 A relative to that of the parent
ACmM®C junction. This had previously been attributed to the
loss of the minor groove 2-amino groupy 36, 43, 44).
This narrower groove disrupts the solvent structure within
the groove. Most notably, the hexaaquo-calcium(ll) ion that
sits in the minor groove at nucleotide positions &d G
in the ACnPC junction is no longer present in the current C
structure (Figure 5), yet the global conformation of the 7
IACm®C junction is nearly identical to that of the AC@ FIGURE 5: Minor groove solvent interactions adjacent to the R
junction. Thus, we can conclude that the presence of theYg base step in DNA Holliday junctions. (a) Minor groove of the
minor groove calcium ion in the ACY& junction does not ~ d(CCIGTACNPCGG) structure between theG, and G-C; base
contribute significantly to the perturbed conformation. The Pairs. The final £, — F electron density (contoured at)lis shown

. . . - . in blue for minor groove solvent molecules assigned within this
absence of this calcium ion was rather surprising given the region. Solvent molecules are labeled with the following distances

20-fold higher CaGl concentration in the crystallization  petween solvent waters SB9 and S10: S7S10 distance= 2.9
solutions of the IACrPC junction as compared to that for A, S8-S10 distance= 4.2 A, and S9-S10 distance= 2.6 A. (b)
the ACnfC junction. In fact, no cations were identified in  Minor groove of the d(CCGGTACACGG) Holliday junction
the structure of the IACAC junction, although the solvent ~ Structure. (¢) Minor groove of the d(CCAGTACRIGG) Holliday

is located in th imitv of th it h th Ici junction structure. The view for all panels is looking into the minor
IS located In the proximity of the position where the calClum ‘o.55ye with solvent water rendered as green spheres and calcium

ion has been identified in previous junction structures (Figure jons rendered as purple spheres. Interactions between calcium ions
5). Any attempt to model this solvent as a calcium ion, even and solvent water are denoted with solid lines colored green and

with reduced occupancies, resulted in a significant increasepurple. All nucleotides are rendered as sticks and colored according
in Rree Additionally, there is no ordered solvent around this fg gtgg‘e%%g;]'s figure created with BobscripB| and rendered
location in the electron density maps that indicate anything '

other than water molecules in the minor groove.

The loss of the minor groove 2-amino group not only both guanine residues in the corresponding positions of the
disrupts the solvent interactions but also increases the ACm°C junction also adopt this unusual backbone conforma-
propeller twist of the :-m°Cg base pair and the £&C; base tion. Upon closer inspection of the junction structures, it is
pair 3 to the inosine base (Table 2). These perturbations apparent that the unusual backbone conformation in this
are thought to increase the duplex flexibility in the region location of the structures results from crystal packing
missing a minor groove 2-amino grou@(( 36). Greater interactions and not a loss of the 2-amino group in the minor
flexibility is often manifested by an increase in propeller twist groove. Additionally, a Bll conformation observed in the
(45) and alteration of the backbone as observed by theinosine structure for ¢, yet not observed in the ACi@
presence of the BIl backbone conformatictB,(46). It is junction, is also caused by crystal packing interactions (O1P
interesting to note that both inosine residues within the of Gy is 3.3 A from a symmetry-related O8f G,). Thus,
IACm?®C junction adopt the unusual Bll conformation, which there is no clear indication from the IAC@ junction
is consistent with these previous studies. Comparison of thestructure that loss of the minor groove 2-amino groove results
inosine junction with the parent ACGi@ junction shows that  in greater flexibility of the B-DNA arms. Comparison of
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Table 2: Comparison of Conformational Parameters for DNA Holliday Junction Structures of the d(CCGGTEGN(ACNPC-J),
d(CCIGTACNPCGG) (IACnPC-J), and d(CCAGTACBUGG) (AChPU-J) Sequences and B-DNA Structures of d(CCAGTACTGG) in the
Monoclinic (ACT-B-C2) and Hexagonal (ACT-B26,22) Crystal Forms, d(CCDGTACTGG) (dACT-B), and d(CCGGCGCCGG) (GCC-B)

ACm°C-J IACnPC-J ACbPU-J ACT-B dACT-B GCC-B
space group (ref) C2(19) C2 (this paper) C2 (16) C2 (47 P6,22 (15) P6,22 (this paper) C2 (15)
minor groove width (&) C,-Gy/PuPys  17.14 16.80 17.04 16.66 17.06 17.41 17.37
PuPys/G4-C;  17.62 17.00 17.40 18.00 18.20 18.10 17.80
¢ dihedral angle (deg)  Ru 171.1(Bll) 134.0(BIl)  —105.4 (Bl) —86.2 (BI) —81.5(Bl) —100.4 (BI) 152.4 (BIl)
Pus 167.0 (Bll) 170.2 (BIl) —94.6 (BI) N/A N/A N/A 128.5 (BII)
Pys 167.9 (Bll) —173.4(Bl)  152.9 (BIl) 164.9 (Bll) —158.4 (Bl) —102.6 (BI) —127.9
Gio —173.0 (Bl) 179.3 (BlI) —145.7 (Bl) N/A N/A N/A —-114.1
helical
X-displacement (&) &Gy 2.11 1.61 0.98 1.01 0.72 —-1.19 0.02
PusPys 211 1.69 0.70 0.83 —0.30 —1.13 0.51
tip (deg) GGy —0.56 -1.19 2.46 2.88 -5.17 —6.95 —-0.84
Pus-Pys —6.37 4.30 —23.46 —18.02 —16.36 —-11.57 —0.68
base pair
propeller twist (deg) €Go ~7.6 -8.7 -22.8 -30.4 —22.3 -7.1 —14.4
Pus+Pys -2.8 -8.7 —10.0 —20.7 -23.1 —18.0 3.8
G4 Cr —15.8 —40.0 —16.5 —8.6 —20.5 —16.5 -11.8
stagger (A) GGy 0.28 0.70 0.59 0.27 —-0.10 0.41 —0.57
Pus-Pys 0.15 —0.46 0.35 0.24 0.14 —0.63 —0.15
Gy Cy —0.05 —1.39 —0.22 0.34 —0.01 —0.02 0.17
buckle (deg) &Gy -0.8 -7.8 -0.5 -2.3 3.7 -1.3 3.1
PusPys 4.6 7.3 —-2.9 —-3.1 —4.2 4.3 0.0
Gy Cr 0.6 —6.1 7.5 14.9 11.6 —10.2 4.6
dimer step
helical twist (deg) GGo/Pw-Pys 37.0 25.0 43.4 50.5 49.0 39.0 36.3
PuPys/GsC;  36.7 42.4 32.6 23.2 26.9 37.7 35.8
roll (deg) GGo/Pus-Pys —5.8 55 —25.9 —20.9 -11.2 —4.6 0.2
PuPys/GsCs 2.4 —12.4 7.4 17.9 55 3.6 =29
slide (A) G Go/PusPyio 0.27 0.51 0.91 1.05 0.98 0.45 0.35
PuPys/Gs-Cy  —0.05 0.35 —0.57 0.19 0.08 —0.42 0.08
shift (A) C2*Go/PusPy11 0.00 0.08 —0.28 —0.18 -1.01 0.05 0.49
PusPys/Gs-Cio —1.03 —0.80 —0.66 0.35 0.26 0.81 —0.62
rise (A) CrGo/PusPy1, 3.47 3.10 3.54 3.56 3.57 3.35 3.59
PusPys/G4-Cy1 3.50 3.70 3.11 3.03 3.26 3.85 3.42
tilt (deg) CGo/PusPy1s —0.99 8.25 —5.87 —6.88 —12.69 3.85 —2.51
PusPys/Gs-Ci, —8.03 —0.25 —-12.17 —8.15 —11.49 —10.54 —3.28

a References are provided for published structutédinor groove interstrand width as measured by theéPRlistance across adjacent dinucleotide
steps 62). The sums of the van der Waals radii (5.8 A) for the two phosphate groups have not been subtracted from the reported values.

crystallographid-factors between these two junctions shows in the hexagonal (rmsek 1.17 A for like non-hydrogen
the same general patterns with no apparent increase inatoms, ACTP6;,22) (16) and monoclinic (rmsd= 2.01 A
mobility or disorder of the inosine bases (aver&ytactor for like non-hydrogen atoms, ACT2) space groupsA{).
for DNA atoms in the iIACC structure of 11.1 Avs 13.9 This observation that the ACT B-DNA structure can be
A2 in the ACn?PC junction). crystallized in essentially the same monocliti2 space
B-DNA Structure of d(CCDGTACTGGThe d(CCDG- group as nearly all of the crystals of junctions suggests that
TACTGG) sequence (dACT structure) crystallized as re- the lattice system does not preclude and, indeed, can
solved B-DNA duplexes with one unique strand in the asu, accommodate either DNA conformation. Thus, by extension,
and the second strand of the duplex was generated by ahe effects on the structure of the B-DNA duplex from
crystallographic 2-fold symmetry axis (Figure 6). Having a introduction of a 2-amino group into the minor groove appear
single DNA strand in the asu precludes this structure from to be independent of crystal type. The dACT structure
being a DNA Holliday junction, since a junction requires a reported here and ACP§,22 are in the same crystal lattice
minimum of two strands in the asu (one crossover and one (P6,22) with very similar crystal packing interactions. We
noncrossover strand). This B-DNA duplex contains-d D  do, however, observe crystal packing interactions that cause
base pair which has base substituents in the major grooveminor perturbations to the local base geometry (such as the
that are identical to an A base pair and substituents in the close approach of the ;Cbase with a symmetry-related
minor groove that are identical to aG base pair (Figure  phosphate group of g.
2). The crystallization of this BT base pair-containing We should note that there are noticeable deviations from
sequence as resolved B-DNA duplexes demonstrates that thédeal geometry in the dACT structure as noted by the high
2-amino group at the purinezfbase is not sufficient for ~ rmsd values for the bond lengths and angles in this structure
defining a junction in this lattice system and, therefore, (Table 1) for which crystal packing interactions cannot
further supports the model in which it is the major groove entirely account [the analogous AQA6,22 exhibits overall
interactions at the trinucleotide core that are responsible for rmsd values for bond lengths and angles that are very close
stabilization of the four-stranded conformation in crystals. to ideal (L6)]. Divalent cations have previously been shown
The B-DNA structure of dACT is very similar but not to cause significant perturbations to DNA structuras)(
identical to those of the parent sequence d(CCAGTACTGG) Thus, it may be the presence of two hexaaquo-calcium(ll)
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structure and 36°3for the ACT-C2 [SD = 10.3 (47)]
structure. Thus, the dACT B-DNA structure is not over-
wound overall, even though the individuat Dbase pairs
display greater helical twist. Furthermore, there is a 0.75 A
increase in the minor groove width around théf Dase pair
when compared to that in the AGT2 structure 47) and a
0.35 A increase when compared to that of the APG;22
structure. This widening is expected from the addition of
the 2-amino group in this location.

The presence of a 2-amino group in the minor groove is
also known to disrupt the spine of hydration which is
commonly observed in the minor groove of B-DNA duplexes
(49). Indeed, we see a disruption of solvent in the distal
regions of the minor groove adjacent to the 2-amino group
of the 2,6-diaminopurine relative to the parent d(CCAG-
TACTGG) structures. Thus, we can see that the introduction
of the 2,6-diaminopurine base into the d(CCDGTACTGG)
B-DNA structure results in a & base pair which is more
G-C-like than AT-like in terms of general characteristics
of the minor groove (Table 2) yet still forms resolved B-DNA
duplexes and not a four-way junction.

CONCLUSIONS

We determined the single-crystal structures of DNA
sequences d(CCIGTAGGGG) and d(CCDGTACTGG)
to elucidate the effect of major and minor groove substit-
uents on the formation of four-stranded Holliday junctions.
The two sequences differ from their parent sequences,
d(CCGGTACMCGG) and d(CCAGTACTGG), respectively,
by the presence of anm°C or D-T base pair in the third
step, thus either eliminating or adding an amino substituent
in the purine 2-position of the £3Cg base pair or the ATg
base pair of the respective structures. This renders -the |
Ficure 6: Structure of d(CCDGTACTGG). (a) Structure of mSC base pairs &-like in the major groove and AX-like
d(CCDGTACTGG) as a B-DNA double helix in th#6,22 crystal in the minor groove, while BT base pairs are A-like in

form. The final &, — F. electron density (contoured ai)l . o . :
depicting the unique asymmetric unit strand (rendered as red sticks)the major groove and &-like in the minor groove (Figure

which sits adjacent to a crystallographic symmetry axis. (b) The 2)- The sequence d(CCIGTAC@GG) was seen to crystal-
final 2F, — F. electron density (contoured av)ldepicting the  lize as a DNA Holliday junction in a right-handed antiparallel
closest approach between two duplexes. Arrows denote the pointsstacked-X configuration just like its parent sequence, while

at which the phosphoribose backbone would deviate if this sequenc
were to formpajuﬁcti_on. Since the structure of d(CQDGTAC_'IgGG) e:jhe Id(CCDGTAC-II-.EG). sequence formed resolr\:ed B-DNA
has only one strand in the asu, we can conclude with certainty that @UPIEXES, again fike Its parent sequence. Thus, we can
this sequence does not form a DNA Holliday junction, as a conclude that the minor groove substituents at th€7Ms
minimum of two unique strands are required for junction structures trinucleotide core motif do not play a significant role in the
[this figure created with Bobscrip) and rendered in Raster3D  formation of four-stranded junctions.
(G- There are, however, effects from the 2-amino substituent
on the conformation and solvent structure of the duplex arms
ions interacting with the €and As nucleobases that are and, indirectly, on the major groove interactions that help
responsible for significant distortions to the bases from their us to focus on those structural features that are important
ideal geometries. and not important in defining the conformation of the
Introduction of a minor groove 2-amino group has been Holliday junction in this crystal system. It is now clear that
shown to increase the minor groove width, increase helical the width of the helix in and around the crossover point does
twist, and alter the general base characteristics such as shifthot affect the formation or geometry of the junction.
slide, rise, tilt, roll, and propeller twist of nucleotides within  Narrowing the minor groove by removing the 2-amino group
B-DNA duplexes 85, 36, 43, 44). Indeed, we see a does not interfere with the junction, while widening it by
significant increase in the helical twist for the Dbase pair the introduction of this group does not induce its formation.
by ~10.8 when compared to the corresponding step in the The associated solvent rearrangements, including displace-
ACT structures, and®2greater compared to the correspond- ment of cations resulting from the narrowing of the minor
ing step in the B-DNA structure of d(CCGGCGCCGG) groove, have little effect on the geometry of the junction.
(GCC-B) @8). This increase in helical twist does not extend The overwinding or underwinding of the helix and buckling
to the overall twist of the duplex. The average helical twist or propeller twist of the base pairs also have little effect.
for the dACT duplex is 34.5(SD = 5.1°), which is similar This study, therefore, reinforces our contention that the
to the value of 35.3 for ACT-P6,22 [SD = 8.8 (16)] conformations of the helical arms are determined primarily
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by the sequence-dependent features of the arms and are only20.

minimally perturbed by the junction, and that the junction

can accommodate a number of conformational variations in 1,
these arms. The compensatory over- and underwinding of
the helix (as seen in the increased helical twist around the
inosine bases, but associated underwinding of adjacent basel?-

pairs to give an average helical twist that is similar to that

of the parent junction) suggest that the long-range interactions

between arms, as previously proposb€){ may remain an
important component of the junction.

Perhaps the most significant result from this study is that
we can now distinguish two specific interactions at the major
groove surface that are the primary determinants of the
junction geometry. Specifically, the hydrogen bonds from

the Yg amino nitrogen to the crossover phosphate oxygen at

C7 and the amino nitrogen ofQo the As phosphate oxygen
of the opposing duplex arm, whether they are direct or
solvent-mediated, are the two defining interactions. The
hydrogen bond from Rto the As phosphate oxygen of the

adjacent duplex can be mediated by one or two intervening

solvent molecules without significantly affecting the con-
formation. Additionally, the monovalent cation at the center
of the original d(CCGGTACCGG) junction structure was
previously shown not to play a significant role in defining
the junction conformationl®). Thus, the conformation and
structural variability of the antiparallel stacked-X Holliday

junction appear to hinge on only these two specific interac- 20.

tions, and it is the perturbation of these interactions by
sequence, base substituents, or drugs and ions that defines

the gross geometric features of this recombination intermedi- 57
ate.
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