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Abstract: We present a new NMR procedure for determining the three-dimensional fold of C2-symmetric
nucleic acid homodimers that relies on long-range orientational constraints derived from the measurement of
two independent sets of residual dipolar couplings under two alignment conditions. The application is
demonstrated on ad®N/'3C-enriched deoxyoligonucleotide sequence, d(G-G-G-T-T-C-A-G-G), shown
previously to dimerize into a quadruplex in solution and form a pair ¢0&A) triads and G-G-G-G tetrads
(G-tetrad) motifs. One-bontH—15N (!Dyy) and*H—13C (!D¢p) residual dipolar couplings have been measured
between nuclei in the bases of these motifs using bacteriophage as an ordering medium, and under direct
magnetic field alignment (800 MHz). By combining the two dipolar data sets in an order matrix analysis, the
orientation of the §C-A) triad relative to the G-tetrad within a contiguous monomeric unit can directly be
determined, even in the presence of interstrand/intrastrand NOE ambiguity. We further demonstrate that the
orientation of the C2-axis of molecular symmetry in the homodimer relative to t{@-&) triad and G-tetrad

motifs can unambiguously be determined using the two sets of independent dipolar coupling measurements.
The three-dimensional fold of the homodimer determined using this procedure is very regular and in excellent
agreement with a previously determined high-resolution NOE-based NMR structure, where interstrand/intrastrand
NOEs were treated as ambiguous and where noncrystallographic symmetry constraints were implicitly imposed
during the structure calculation.

Introduction timeric structures, and a number of limitations arise when
applying the traditional NOE-based NMR approach to structure
determination of higher-order multimers. One long-standing
limitation is the inability to distinguish between inter- and
intrastrand NOE cross-peaksWhile techniques based on
selective isotopic labeling of one domain have been developed
to overcome this ambiguity problem in protein homodinTets,
%hey often cannot be applied to higher-order systems, and
although one study has recently been repottsglective strand
labeling is often prohibitively impractical for nucleic acids. Even
under favorable circumstances where NOE ambiguities can be
resolved, one must rely on what is often a small set of NOE-
derived short distance constraints at monomeric interfaces in
determining the overall structural organization of these mono-
meric units. For nucleic acid multimers, the low NOE density,
the large number of degrees of freedom, and the extended
molecular architecture further compounds these limitations.
There have also been developments in structure refinement
protocols that exploit the fact that homomultimers tend to
* To whom correspondence should be addressed. Telephone: (706) 639-aggregate symmetrically by implicitly imposing noncrystal-

It is now well established that DNA can adopt a wide range
of multistranded architectures that go beyond the canonical
Watson-Crick paired antiparallel double helixHigher-order
DNA structures are of considerable interest because of their
potential target for therapeuticand because there is ample
evidence that suggests such architectures may have specifi
functional roles in vivé® Many of these multistranded archi-
tectures are potential candidates for adaptation by DNA oligo-
mers that contain elements of telomeric, centromeric, and triplet
disease sequencésStructure determination of higher-order
DNA structures at the duplex, triplex, and quadruplex level, is
a critical step toward understanding the myriad recognition
events that modulate DNA structure and function.

Nuclear magnetic resonance (NMR) spectroscopy is a power-
ful technique for determining bimolecular structure in the native
solution staté. However, as is the case for many proteins in
vivo, many biologically relevant DNA folds adopt homomul-
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However, a complementary source of long-range structural bound geometry even in the absence of dipolar data on the
information that can directly overcome NOE ambiguity would protein itself?® Subsequently, Clore and co-workers used
be of significant and general utility. residual dipolar coupling measurements in conjunction with back
Recently, developments in inducing weak levels of molecular calculation of dipolar couplings based on molecular shape to
alignment in high-resolution NMR applications have introduced constrain the relative orientation of two monomers in a domain-
residual dipolar couplings as a new source of structural swapped dimer having C2 symmeffy.
information!~14 Weak macromolecule alignment can be achieved  While the utility of residual dipolar couplings has primarily
directly under the influence of high magnetic fields when focused on obtaining long-range orientational constraints in the
molecules have sufficiently large magnetic susceptibility anisotro- structure determination of proteif2> there are far fewer
pies® or more generally by dissolving molecules in ordered applications in the structure determination of nucleic acids. One
media, such as disc-shaped phospholipid bicEHésand preliminary study that has been reported involves structure
filamentous bacteriophadé:1° Under these conditions, spectral  determination of an RNA molecule complexed to a protéin,
resolution is retained while residual dipolar couplings are and very recently, a more extensive study appeared on an
manifested as changes in the magnitude of normally observedisolated DNA dodecamer molecldéHere, we demonstrate an
scalar coupling$? The magnitude of residual dipolar couplings  application in determining the three-dimensional fold of a C2-
(Dj) measured between two nucieandj is then given by symmetric homodimer d(G-G-G-T-T-C-A-G-G) quadruplex

(Figure l1a) that relies on an order matrix analysis of two
cosh—1
By 1 2r3

1) ir_wdependent sets of dipolar couplings measqred using a bacte-
; riophage medium as a source of molecular alignment and under
direct magnetic field alignment. We demonstrate that the
wherer is the internuclear distancé,is the angle between the  orientation of a G(C-A) triad (Figure 1b) and a 6G-G—G
internuclear vector and the magnetic field, and the angle bracketstetrad (G-tetrad) (Figure 1c) motif, which were previously
denote a time average over all molecular orientations sampledcharacterized by observation of NOEs and trans-hydrogen bond
by the internuclear vector. scalar couplingg®-3° may be determined unambiguously, both
Because of the angular dependence in eq 1, residual dipolarrelative to one another within a contiguous monomeric unit and
couplings measured between pairs of nuclei can be used torelative to their equivalent C2-symmetry related counterparts
constrain the orientations of internuclear vectors relative to a in the homodimer. The DNA topology calculated using this
common order tensor frame, and hence relative to one anotherprocedure is very regular and in excellent agreement with the
regardless of the distance separating internuclear vetors. previous NOE and hydrogen bond-based solution NMR struc-

Moreover, because dipolar couplings measured between bondedure

nuclei are intrinsically “intramonomeric”, derived orientational

constraints can directly be used in the structure determination Materials and Methods

of contiguous monomeric units within multimers, even though

intra- and intermonomer NOE contacts may be ambiguous. Even ,_

more significant is the fact that molecular symmetry, and more
specifically, point group symmetry which arises in many
multimeric structured? has a predetermined effect on partial
molecular alignment, and this long-range structural information

Sample Preparation. Uniformly 3C/**N-labeled d(G-G-G-T-T-C-
G-G) sequence was enzymatically synthesized using a modified
version of the Zimmer and Crothers procediras previously
described® Two samples were used to collect the residual dipolar
couplings data, both of which contained 5%,0 buffer (100 mM
NaCl, 2 mM phosphate (pH 6.6)). One sample contained 2 mM

can be used to determine how monomeric units are organized™C/*N uniformly labeled oligonucleotide (isotropic sample), while the

in the multimer. These ramifications of molecular symmetry

second sample contained 0.8 M&C/A°N uniformly labeled d(G-G-

on molecular alignment have been known ever since the early G-T-T-C-A-G-G) and 20 mg/mL Pf1 bacteriophage as an orienting

liquid crystal NMR era in applications to small organic
moleculed! and have recently been exploited in a ligand
exchange study involving a homotrimer protein that has a C3-
axis of molecular symmetrs§? Specifically, it was shown that
the direction of principal orderSy) will always point along
the C3-axis of symmetry, which allowed determination of ligand
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medium (oriented sample). Pf1 becteriophage was prepared as previ-
ously described’ The NMR sample containing Pfl bacteriophage and
DNA was stable for over two years.

NMR Measurements. All NMR data were acquired at 20C on
Varian Inova spectrometers operating'tfrequencies of 500, 600,
and 800 MHz, equipped with 5 mm triple resonance, actively shielded,
z-gradient probes. One-boid—%C splittings were measured in both
samples at 500 MHz, and additionally at 800 MHz for the isotropic
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Figure 1. (a) Schematic showing the C2-symmetric topology of the dimeric d(G-G-G-T-T-C-A-G-G) quadruplex as previously determined by
NMR.% The two strands are related by a C2-axis of symmetry that lies perpendicular to the normal of the base gl@mptriad and G-tetrad
structural motifs are shown as “dashed” rectangles and shaded triangles, respectively. (b) Base-paired alignment:@@&h%7\8iad. (c)
Base-paired alignment of the @32-G8-G9 tetrad (G-tetrad).

(Nen-CT-CE-HSQC)? This is a modified CT-HSQC experiment, which  widths, phases, and intensities were estimated and entered as starting
allows °C chemical shift to evolve for a periotl, and *H—C parameters which were subsequently refined by Xrambo’s Metropolis
couplings to evolve for a period x t;, wheren is an adjustable Monte Carlo method¥: Splittings and associated random errors were
coupling enhancement factor. For all experiments, a coupling enhance-obtained after convergence at a rejection rate of &%. Phage-
ment factor of 2 was used, resulting in a doublingtef-13C splittings induced residual dipolar couplings were computed from the difference
without an inherent increase in line width. Using a coupling enhance- between splittings measured in the oriented and isotropic sample.
ment scheme also helps reduce the potentially problematic effects of Dipolar couplings calculated in this manner are devoid of any
CSA/dipole-dipole cross-correlation. One-boid—°N splittings were contribution from direct magnetic field alignment since both data sets
measured in both samples at 500 MHz, and additionally at 800 MHz were acquired at 500 MHz. Phage-induced dipolar couplings and
for the isotropic sample, also using a frequency-based coupling associated uncertainties are shown in Table 1. Residual dipolar
enhanced variation of théH—1°N heteronuclear single quantum  couplings at 800 MHz were computed using splittings measured at 500
coherence (HSQC) experimertH=N SCE-HSQC)? Acquisition and 800 MHz and using the quadratic field dependeB@edf dipolar
parameters are listed in the legend of Table 1. couplings as previously describ&dlField-induced dipolar couplings

In all cases, splittings were extracted using a Bayesian time-domain and associated uncertainties are also shown in Table 1.
NMR parameter estimation program Xrambo, using the method  Order Matrix Analysis. Order tensor calculations were carried out
previously describe Typically, the 2D matrix was processed only  using the program ORDERTEN_SW.Coordinates for individual
in the direct v,) dimension, and an array of interferograms along the internuclear vectors in the G-tetrad ane(G-A) triad were obtained
indirect dimension was used as input for the program. Typicathy, &} from the NOE-based NMR structure (PDB 1fs3), and used as input
interferograms for a given splitting were analyzed simultaneously. The for the program, along with corresponding residual dipolar coupling
following model was used for the data. Each component of the doublet measurements and associated uncertainties (see Table 1). Input
was given an independent line width and intensity to allow for cross- uncertainties for phage- and field-induced dipolar coupling measure-
correlated relaxation between chemical shift anisotropy (CSA) and ments were set at4.5x and ~3x the uncertainty values shown in
dipole—dipole interactions. An independent phase was also used for Table 1, to accommodate small departures in the assumed local
each doublet to circumvent any phase problems arising from finite geometry and internal motions.

J-coupling evolution during the firsty point. Values for shifts, line The ORDERTEN_SVD program determines a set of allowed order
(32) Tian, F.; Al-Hashimi, H. M.; Craighead, J.; Prestegard, I.tAm, ~ Lensor solutions by reiteratively selecting couplings from a normal
Chem. So@00Q in press. distribution about the input values and solving the set of equations given
(33) Tolman, J. R.; Prestegard, J. HMagn. Reson., Ser. 896 112, in eq 2. Typically, 100 000 iterations were used. The program also
269-274.
(34) Andrec, M.; Prestegard, J. H. Magn. Reson1998 130, 217— (35) Losonczi, J. A.; Andrec, M.; Fischer, M. W. F.; Prestegard, J.H.

232. Magn. Reson1999 138 334—-342.
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Table 1. 'Dcn and!Dny Residual Dipolar Couplings (RDC) and
Uncertainties Measured in the Bases of th€G>A) and G-tetrad in
the Dimeric d(G-G-G-T-T-C-A-G-G) Quadruplex

phage-induced field-induced
vectoP RDC (Hzp RDC (Hzy
G+(C-A) Triad
G3(N1H1) 25+ 0.2 0.5£0.2
G3(C8H8) -1.7+0.4 -21+0.4
C6(C5H5) 11.A1 16+04
C6(C6H6) 14.3+ 0.7 -0.7+0.3
A7(C2H2) 172+ 0.4 0.2+0.4
A7(C8H8) 21.14+ 0.4 0.84+0.9
G-Tetrad

G1(N1H1) -1.0+0.2 1.1+0.2
G1(C8H8) 3.9-04 —-1.9+0.2
G2(N1H1) -0.2+0.2 1.0+ 0.2
G2(C8H8) 0.0+ 0.5 -03+04
G8(N1H1) —-3.5+0.2 1.0+ 0.2
G8(C8HS8) 124 0.7 —-3.1+02
GI9(N1H1) —2.4+0.2 1.0+ 0.2
G9(C8H8) 0.2-0.4 -1.6+04

aBase internuclear vectors for which dipolar couplings were

measured. All dipolar couplings were measured between directly bondede|ement$8

nuclei.®? RDCs measured using a phage medium as a source for
molecular alignment (phage-induced dipolar couplings). Dipolar cou-
plings were computed from the differences in splittings measured in
the oriented sample D) and isotropic sample (J5RDC measured
under direct field alignment at 800 MHz (field-induced dipolar
couplings). Field-induced RDCs were computed from the quadratic
magnetic field dependence of splittings measured at 500 and 800 MHz.
b.¢ One-bond'H—13C splittings were measured using thlg4-CT-CE-
HSQC experiment Acquisition parameters at 500/800 MHz were:
spectral width in the direct dimension (sw) 7.0/8.5 kHz, and in the
indirect dimension (swly¥ 2.0/6.033 kHz, number of complex data
points in the direct dimension (np) 544/768 {;"® = 77.6/124.8 ms),
increments in the indirect dimension (/) 50/168(t,™2* = 24.5/27.7

ms) and constant time delay (CH 28/56 ms. One-bondH—N
splittings were measured using thé—'°N SCE-HSQC experimerit.

The following acquisition parameters were used: at 500 MHz for the
isotropic sample: sw= 8.5 kHz, swl= 1.5 kHz, np= 640 ;" =

75.2 ms) and ni= 256 points ("= 170 ms). For the oriented sample
at 500 MHz, all parameters were identical except sw®00 Hz and

ni = 128 ;" = 141 ms). At 800 MHz for the isotropic sample: sw

= 14.0 kHz, swl= 1.6 kHz, np= 1056 {,"® = 73.4 ms), ni= 256
points ;™ = 157 ms). Random uncertainties in frequency domain
spectra were extracted using a Bayesian time-domain NMR paramete
estimation program Xrambo.

diagonalizes the generated order matrices, and keeps only solutions

that are consistent with the original input data. This procedure was
carried out independently for the-(€-A) triad and G-tetrad structural
motifs using phage-induced dipolar couplings. Th€C3A) triad and

Al-Hashimi et al.

alignment using eq 2

3 cog 0 — 1D:
2r§’ i

35 whereS; are elements of a symmetric and traceless 3
order matrix, andxj is the angle between theh internuclear
vector and theith axis of an arbitrarily chosen fragment
coordinate frame. Diagonalizing the order matrix formed from
these elements yields a transformation matRY, (vhich can
be used to assemble fragments into a structure by sequentially
transforming chosen arbitrary fragment frames, into the common
principal order tensor fram®&. While a 4~'-fold degeneracy
arises in the assembly afmolecular fragments due to allowed
inversions about principal axes, this degeneracy can be overcome
by acquiring two independent sets of residual dipolar couplings
under different alignment conditiord$.

In application to protein systems, molecular fragments have
varied from small peptide unifd, to secondary structural
to individual protein domains in multidomain
systems?® For application to our target dimeric d(G-G-G-T-T-
C-A-G-G) quadruplex, the G-tetrad and(G-A) triad structural
motifs are a good choice for molecular fragments (Figure 1b
and c)3° First, determining the relative orientation of these
motifs is of great interest, not only because this largely dictates
the overall extended topology of this DNA molecule, but also
because obtaining distance constraints on these relative orienta-
tions is complicated by inter-and intra strand NOE ambiguity.
Second, structural characterization of these base-paired structural
motifs is now generally and readily possible using trans-
hydrogen bond scalar coupling experimehi$4041 Finally,
because bases in these structural motifs are stabilized internally
by hydrogen-bonding networks, they can be assumed to be
relatively rigid, obviating the need to analyze dipolar couplings
in regions where internal motions may be more extensive, for
example, in ribose sugar rings.

Previous NMR stoichiometry studies indicate that the deox-

§; cosay, cosay,
=(xy.2)

)

Iyoligonucleotide sequence d(G-G-G-T-T-C-A-G-G) forms a
d

imeric architecture under the chosen NMR sample condiffbns.
This and the fact that only a single set of NMR resonances is
observed are strong enough a priori evidence that the homodimer
assumes a C2-symmetric topoldggFigure 1a). In the presence
of C2 molecular symmetry, one of the three principal axes of
the order tensor will point along the C2-axis of symmeétry?

G-tetrad motifs were subsequently rotated into the independently This information is of significant utility, since it can be used to
determined principal axis system of phage-induced alignment, to yield relate the orientation of a given molecular fragment to its
four relative orientations that are consistent with phage-induced residual equivalent counterpart in the C2-symmetric homodimer. How-
dipolar couplings, as previously d_escrib’éd‘?Order tensor calcglatipns ever, unlike C3 molecular symmetf§,C2 symmetry has no
inclopendenty for the fouy GC.A) riadiG-terad assemblies 2 input "ATITCAIoN on the order parametei andy describing extent
coordinates, and using field-induced dipolar couplings. and asymmetry O.f molecqlar a"gnmef“' anq hence, it is
generally not possible to uniquely establish which of the three
principal axes corresponds to the C2-axis of molecular sym-
metry. Moreover, because there are no restrictions on the
Order Matrix Analysis and C2 Symmetry. The order asymmetry parameten, the C2-axis of symmetry can also lie
matrix approach that we employ in this study has been applied anywhere with equal probability in the principaty plane of
widely to protein systems and_ is particularly well swted_ for (37) Tolman, J. R.. Al-Hashimi, H. M- Kay, L. E.. Prestegard, JJH.
extracting orientational constraints from a small set of residual om Chem. S0©@00q in press.
dipolar coupling measuremerits®> Provided with the measure- (38) Fowler, C. A.; Tian, F.; Al-Hashimi, H. M.; Prestegard, J. H.
ment of five or more independent residual dipolar couplings Mol. Biol. 2000 in press. _ _ _
per known molecular fragment, one can solve for the five 5 (39) Fischer, M. W. F.; Losonczi, J. A.; Weaver, J. L.; Prestegard, J. H.

: . . ochemistry1l999 38, 9013-9022.
independent order matrix elements describing average fragment  (40) Majumdar, A.; Kettani, A.; Skripkin, E.; Patel, D.Jl.Biomol. NMR

1999 15, 207-211.
(41) Kettani, A.; Gorin, A.; Majumdar, A.; Hermann, T.; Skripkin, E.;
Zhao, H.; Jones, R.; Patel, D.J. Mol. Biol. 200Q 297, 627—644.

Results and Discussion

(36) Al-Hashimi, H. M.; Valafar, H.; Terrell, M.; Zartler, E. R.; Eidsness,
M. K.; Prestegard, J. Hl. Magn. Reson200Q 143 402-406.
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N
=2

having a C4 axis of symmetry pointing along the normal to the
guanine base planes, residues at opposing corners of the tetrad
will have perfectly parallel internuclear vectors, and therefore
identical dipolar coupling values, regardless of the mechanism
of alignment. Moreover, a maximum of three independent

0

~100

§ % ; oo dipolar couplings could be measured between base internuclear
< p - vectors that lie within the same plane. As shown in Table 1,
) ¢ L4 (Ha) 1DnH andDcy values are indeed more similar for residue pairs
300 G1/G8 and G2/G9 than any other pairing combination, for both
phage- and field-induced dipolar couplings, respectively. This
400 is consistent with a directionality for the G-tetrad given by
1 G1-G2-G8-G9, where G1/G8 and G2/G9 are at opposite corners
500 of the G-tetrad (Figure 1c). However, there are also significant

800 MH: . . . . .
# | SOOMHz | Phage differences between dipolar couplings measured in opposing

guanine residues, especially for the G1/G8 residue pair, and
nuclei in residue G8 acquired using e,-CT-CE-HSQC experimefit again, for both phage- and field-induced couplings (Table 1).

for the isotropic sample at 800 MHz (800 MHz) and 500 MHz (500 This is strong evidence for a .depa.rture from an idealized
MHz), and oriented sample at 500 MHz (Phage), respectively. Due to G-tétrad geometry and that the eight dipolar couplings measured
coupling enhancement used in this NMR experiment, splittings cor- N the G-tetrad are also likely to be independent measurements.
respond to 2x (J + D), and effects of CSA/dipoledipole cross- A small departure from an idealized geometry is indeed observed
correlation are reduced. Variation in splittings arises due to a variable in the NOE-based NMR structu?@.
residual dipolar contribution under direct field alignment (800 MHz) Determining the Relative Orientation of the G-(C—A)
and in the presence of phage (Phage), as indicated by dashed linesTriad and the G-Tetrad. One of the aims of this study is to
Resid_ual Qipolar cou_plings differ in both magnitude and sign for phage- gemonstrate how the measurement of residual dipolar coupling
and field-induced alignments. can directly allow structure determination of monomeric units
) . .. that belong to larger multimers, and for our application to the

an axially symmetric order tensor. As we demonstrate in this pNA homodimer d(G-G-G-T-T-C-A-G-G) quadruplex, the
study, this degeneracy in the orientation of the C2-axis can alsog|ative orientation of the &C-A) triad and G-tetrad motifs is
be overcome provided the measurement of two independent sets, ~5se in point. In Figure 3a, we show a SausBlaumsteed
of residual dipolar couplings under two different alignment giection maf? depicting principal orientational solutions for
conditions. the G-tetrad (black dots) and -(&-A) triad (green dots)

The Measurement of Phage- and Field-Induced Residual  determined using phage-induced residual dipolar couplings. The
Dipolar Couplings. For extended nucleic acids, partial align-  G-tetrad and §C-A) triad were assembled into a structure that
ment can be achieved by dissolving in ordered mét#aand is consistent with phage-induced dipolar couplings by super-
also directly when under the influence of high magnetic fiéfds.  imposing the centers of the determined order tensor orientations
In Figure 2, we show representative spectra for one-bond depicted in Figure 3a. Since inversions about principal axes do
'H—13C splittings measured between C8H8 nuclei in residue not lead to changes in predicted dipolar coupling values, this
G8 using thé-Jc-CT-CE-HSQC experiment at 800 MHz (800  |ed to four possible orientations of the-(G-A) triad relative
MHz), 500 MHz (500 MHz), and in the presence of phage at to the G-tetrad that are consistent with the phage-induced dipolar
500 MHz (Phage). The small differences between splittings couplings® Fixing the geometry of the G-tetrad, three additional
measured at 500 and 800 MHz is attributed to a small dipolar relative orientations for the ®C-A) triad were generated by
coupling contribution arising from a very weak level of direct rotating 180 about the principax, y, andz directions, to yield
magnetic field alignment, while the larger differences between a total of four relative GC-A) triad/G-tetrad orientations, TT
splittings measured at 500 MHz in the presence and absence off T,, TT,, and TT, respectively.
phage is attributed to a larger dipolar coupling contribution  As previously demonstrated, the orientational degeneracy that
arising from a higher level of phage-induced molecular align- results from superimposing order tensor frames can be com-
ment. As shown in Figure 2 and listed in Table 1, field-induced pletely overcome by varying molecular alignment and acquiring
dipolar couplings are not only reduced in size relative to phage- two independent sets of dipolar coupliri§sThe four relative
induced dipolar couplings, but they also exhibit a different G-(C-A) triad/G-tetrad orientations (BT TTy, TTy, and TT)
relative magnitude and sign for different internuclear vectors. were therefore tested for consistency with field-induced dipolar
This is an indication that molecular alignment is different for couplings. Using the input coordinates fromgI TTy, TT,, and
the two cases and that phage- and field-induced dipolar TT,, order tensors were calculated again, this time for the entire
couplings are independent measurements. TT assembly using field-induced dipolar couplings. Only two

The order matrix approach that we use in this study relies on of the four assemblies (TTand TTp) produced order tensor
having five or more independent residual dipolar coupling solutions within our specified uncertainties (see materials and
measurements between nuclei in the bases of th€-B) triad methods). The TFassembly was discarded because it could
and G-tetrad motifs, respectively. While we have only measured not simultaneously satisfy bond connectivity between G3/G2,
six phage- and field-induced dipolar couplings in th€@GA) G7/G8 and stacking between the(G-A) triad and G-tetrad.
triad motif, the geometry of this sheared motif based on the However, the fact thatvo and notonerelative G(C-A) triad/
NMR structure indicates a departure from a planar geometry, G-tetrad orientations were consistent with both phage- and field-
and hence, measured dipolar couplings should largely beinduced dipolar couplings indicates that the two order tensors
independent. On the other hand, G-tetrads are likely to assumeshare a common principal axis directidhjs is exactly what
a more regular planar geometry. For an idealized G-tetrad motif one would expect in the presence of C2 molecular symmetry

Figure 2. Representative spectra fii—23C splittings between C8H8

(42) Kung, H. C.; Wang, K. Y.; Goljer, |.; Bolton, P. H. Magn. Reson. (43) Bugayevskiy, L. M.; Snyder, J. Rlap Projections: A Reference
1995 109, 323-325. Manual Taylor & Francis: London, 1995.
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(a)

Syx= X /hyy = C2 Symmetry Axis

Figure 3. A Sausor-Flaumsteed projection mé&pshowing orienta-
tional solutions for determined order matrices. The Saustaumsteed
projection maps the surface of a unit sphere into a plane by converting
latitude @) and longitude £) to Cartesian coordinateg,y) viay = ¢
andx = 4 cos¢. The horizontal lines of latitude run from90° to 90°

in 10° increments, while vertical curved lines of longitude run from
—18C to 18C in 20° increments. Any point in this plot represents the
orientation of a determined principal ordering axis relative to the
molecular frame. The orientation of the three principal axes as well as
corresponding inverted axes are shown. (a) Orientational solutions
determined for phage-induced dipolar couplings, (S, andS;) for

the G(C-A) triad (green dots) and G-tetrad (black dots), respectively.
(b) Orientational solutions for the diamagnetic susceptibility tengar (

Xy Xz2 determined using field-induced dipolar couplings and using
the assembled ®C-A) triad and G-tetrad (Td see text) as input
coordinates (red dots). All orientational solutions are depicted relative
to the determined principal axis system (PAS) of phage-induced dipolar
couplings. Corresponding orientational solutions for the phage-induced
alignment 8« Sy, andS,) are shown for the &C-A) triad (green
dots) and G-tetrad (black dots), respectively. Orientational solutions
for field- and phage-induced alignments overlap at onsirgle axis
position, and this must therefore correspond to the invariable C2-axis
of symmetry in the homodimer.

Determining the Direction of C2-Axis of Molecular Sym-
metry. Regardless of the nature of partial molecular alignment,
the C2-axis of symmetry in a homodimer will always point along
one of the principal directions of the order tensor or also
uniformly along the principat—y plane of an axially symmetric

Al-Hashimi et al.

to the orientation of the diamagnetic susceptibility tensor of this
DNA molecule, andy; is used to make this distinction. For
comparison, orientational solutions for phage-induced alignment
are also shown using the same input coordinates, separately for
the G-tetrad (red dots) and-(&-A) triad (blue dots), respec-
tively. As can be seen in Figure 3b, the orientations of the
principal yxx andyyy axes lie almost uniformly within a plane,
because the magnetic susceptibility tensor is close to axially
symmetric, as one would expect for most DNA molecufes.
Moreover, the orientation of;is tilted away from the phage-
induced principal direction of ordeS{) by at least 40, and
even though we have a large spread of orientational solutions
for the magnetic susceptibility tensor, they overlap with orien-
tational solutions from phage-induced alignment at ocomg
axis position (Figure 3b). This axis also corresponds to the
principalx direction, which explains why the Thssembly was
consistent with both phage- and field-induced dipolar couplings.
More significantly, because the orientation of the C2-axis of
symmetry must always point along one of the principal
directions of alignment, th&-axis must also unambiguously
correspond to the C2-axis of symmetry. Interestingly, because
the TTy assembly is in fact generated by rotating th€@GA)

triad 180 about the C2-axis, it isiot a degenerate solution;
rather, it corresponds to the orientation of the G-tetrad in one
strand, relative to the ®C-A) triad in the second strand in the
homodimer.

The Topology of the DNA Homodimer. The principal aim
of this study is to demonstrate how residual dipolar couplings
can be used to determine the organization of monomeric units
in homodimers. While superposition of order tensor frames
allowed assembly of the G-tetrad and(G-A) triad within a
monomeric unit, the orientation of principal directions of order
can be used to determine the orientation of the C2-axis of
symmetry and hence the relative orientation of the G-tetrad/
G+(C-A) triad assembly relative to its equivalent C2 symmetry-
related counterpart in the homodimer. The use of two indepen-
dent sets of dipolar couplings allowed unambiguous determi-
nation of the C2-axis orientation.

The G(C-A) triad/G-tetrad assembly (pywas rotated about
the determined C2-axis of symmetry to yield the relative
orientation of the symmetry related counterpart {JTn the
homodimer. While residual dipolar couplings do not inherently
impose any translational constraints between monomeric units,
translation along a direction parallel to the C2-axis of symmetry
is forbidden because it destroys C2 molecular symmetry in the
homodimer In Figure 4, we show the topology of the DNA
homodimer determined using residual dipolar couplings (Dipolar
Fold). The structure of this DNA molecule has also previously
been determined to very high precisionQ.4 A) using an
unusually large number of observed NOE contacts as well as
through hydrogen bond scalar coupling connectivitfeEor
comparison, this NOE-based fold (NOE Fold) is also shown in
Figure 4; the two folds are in excellent agreement. The
differences in the relative orientation of the(G-A) triad and
G-tetrad in a contiguous monomeric unit is on average”’,
and as small as°5within our orientational uncertainties (Figure

order tensor. The presence of a common principal direction of 45 a0 41 The orientation of the C2-axis of symmetry deviates
order between phage- and field-induced alignments can bey, oq jittie as 5, with deviations being about different axes for

verified by comparing order tensor orientational solutions for
the two alignments relative to a common fragment frame. In
Figure 3b, we depict the orientational solutions for order tensors
determined using the field-induced residual dipolar couplings
(black dots) and using the entire:(G-A) triad/G-tetrad as-

sembly (TT) as input coordinates. These solutions correspond

the G-tetrad (Figure 4a and c) and(G-A) triad (Figure 4a),
respectively. Remarkably, while differences are very small, the
average dipolar fold is more regular (Figure 4a and c).

(44) Tjandra, N.; Omichinski, J. G.; Gronenborn, A. M.; Clore, G. M.;
Bax, A. Nat. Struct. Biol.1997 4, 732-738.
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(a) (b) (c) S

DIPOLAR FOLD

NOE FOLD

Figure 4. The folded topology of the dimeric d(G-G-G-T-T-C-A-G-
G) quadruplex as determined using two sets of dipolar couplings
(Dipolar Fold) and as previously determined by NMR using NOEs and
through hydrogen-bond scalar connectivities (NOE Fold). (a) The
overall C2-symmetric topology of the DNA homodimer. Symmetry-
related G(C-A) triad and G-tetrad motifs are colored in red and black,
respectively. The C2 symmetry axis is superimposed for both folds
and points out of the page as indicated by the symbdl. ‘Motif
ordering (i.e., G(C-A) triad-G-tetrad-G-tetrad-@C-A) triad) in the
dipolar fold is determined by insisting that G-tetrads cannot form within
a single strand and by satisfying all bond connectivities. The two folds
are in very close agreement, with the dipolar fold being slightly more
regular. (b) Stacking of the C-A) triad (in red) over the G-tetrad
(in black). There are no translational constraints between these motifs
in the dipolar fold, and hence the two folds should be compared from
the point of view of relative motif orientations. The differences in the
relative orientations of the @C-A) triad and the G-tetrad in the two
folds is less than 12 The direction of the C2 symmetry axis is indicated
using an arrow (C2). (c) Stacking of the G-tetrad (in black) over a
C2-symmetry related G-tetrad (in green) in the DNA homodimer.
Relative translation along the C2-axis is prohibited because it breaks
C2 symmetry.

Figure 5. Orientation of the principal axis of ordeg4) and magnetic
susceptibility §,,) determined using phage- and field-induced dipolar
couplings, respectively. Orientations are shown relative to the NOE-
based NMR structuré&. The principal direction of phage-induced order
S;; points almost perfectly along the long axis of the molecule, while
the direction ofy,,is close to parallel to the base-plane normals. These
two orientations differ by~45°. S,;also has a positive value for phage-
induced alignment, indicating alignment with the long axis of the
molecule pointing parallel to the magnetic field, whilghas a negative
value, indicating that alignment is perpendicular to the field. Ordered
media and field-induced alignment can provide independent sets of
dipolar coupling data in nucleic acids.
Concluding Remarks . . . . .
o ] ] sets of dipolar couplings. For protein systems, alignment in
The structure determination of multimers by NMR is along-  ordered media appears to result from an interplay of steric
standing problem. As we have demonstrated in this study, cojlisiong® and charge charge interaction® a feature which
residual dipolar couplings can play an important role in this readily allows variation of molecular alignment by simply
determination. Using an order matrix approach, we were able changing the charge composition of the used ordered me-
to directly determine the relative orientation of structural motifs  j;;m36.47 However, because linear DNA molecules tend to have

within @ monomeric unit, even in the presence of inter- and 4 more uniform distribution of charge and greater regularity in
intrastrand NOE ambiguity. More significantly, the position of - gtrcture, it can be anticipated that modulating molecular
the CZ-aX|s_reIat|ve_ to |nd|v_|dual monomeric unlts_ was Very alignment by varying the ordered medium, particularly its
well determined using two independent sets of dipolar data, yrientation, will not be easy. An alternative that has been used
which in turn lead to accurate determination of relative monomer i, this study is direct magnetic field alignment. Even though
orientation in the homodimer. Obtaining such decisive con- fie|q_induced dipolar couplings were small in magnitude relative
straints on long-range aspects of the molecular structure is, ncertainties, and hence not used as primary data in this work,
critical in extended DNA molecules, especially for more oy \yere sufficient to overcome orientational degeneracies. As
complex, higher-order folds having more than one symmetry gnqyn in Figure 5, the orientation of the princifgi axis in
axis, Whe(:jrengl\E/eral DNA t_cI)_E]oIogles aredoften conﬁ|stent W'tdhlthe phage-induced alignment is almost perfectly along the long
measure contacts. The presented approach can readilyis of the molecule, while the orientation of principal axis of
be extended to molecular architectures having three orthogonalthe magnetic susceptibility tensar4 is almost parallel to the

C2 symmetry axes, in which case _aII th_ree principal directions normal of the base planes, and this direction deviates from the
of the determined order tensor will point along the three_ C2_ long axis by at least-40°. This noncollinearity of base normals
symmetry axes. The present approach can also be applied Mand long axes requires substantiation in other nucleic acids, but

the structure determlna_tlon 9f protein _homodimers, where direct magnetic field alignment should always be a viable option
establishing the spatial orientation of known secondary structural

elements is often complicated by ambiguous intra- and inter- 3754;5) Zweckstetter, M.; Bax, AJ. Am. Chem. So200Q 122, 3791~

monomer side-chain NOE Cpntaéﬁs. . (46) Sass, J.; Cordier, F.; Hoffmann, A.; Cousin, A.; Omichinski, J. G.;
Our presented study relied on being able to modulate | gwen H.: Grzesiek, SJ. Am. Chem. Sod 999 121, 2047-2055.

molecular alignment to allow measurement of two independent  (47) Ramirez, B. E.; Bax, Al. Am. Chem. S04998§ 120, 9106-9107.
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for supplementing an independent set of dipolar couplings to While the NMR-derived G-tetrad geometry slightly deviates
data acquired using an ordered medium. from a typical idealized geometry, similar order tensor orien-

Despite much anticipation about the utility of residual dipolar tational solutions are obtained when using the two input
coupling methodology in the structure determination of extended geometries, except that dipolar coupling uncertainties had to
nucleic acids$?'”and despite several reports documenting the be further raised for the idealized geometry (020%) before
measurement of residual dipolar couplings in nucleic aiéfs!® order tensor solutions could be determined. Another complica-
only two examples reporting a direct utility in structure tion that can arise in the analysis of dipolar couplings in nucleic
determination have so far appeared in the literatfiféOne of acids is conformational flexibility. In this study, we deliberately
the factors that can complicate analysis of residual dipolar did not include dipolar couplings measured between nuclei in
couplings in nucleic acids, that has recently been highlighted the ribose sugar in our analysis. This was partly because
in a recent study by Bax and co-workers, is the small number including sugar rings to our chosen fragments requires a priori
of independent residual dipolar couplings that can be measlred. local information that is not generally available or readily
As shown in this study, one way to alleviate this situation is to accessible (for example the angle However, one should also
supplement a single set of residual dipolar coupling measure-be cautious about including dipolar data in conformationally
ments with an independent set acquired under a different flexible sugar rings during a structural analysis. As has recently
alignment condition, as well as other sources of information to been examined extensively,nternal motions affect dipolar
help define local geometry. For applications to nucleic acids, couplings in an intricate manner, and when not properly
observation of trans-hydrogen bond scalar couplings is a accounted for, this can lead to erroneous results in structure
powerful and simple approach for characterizing base paired calculation. While the order tensor approach that we use in this
alignments, as has now been demonstrated in a number ofstudy is in fact highly tolerant to collective fragment motions,
studies?40:50-54 Moreover, motifs such as G-tetrads (possibly extensive internal motions within a fragment can be more
hexad4?) are likely to adopt known alignment geometrfes. complicatec?’
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