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A theoretical analysis of dipolar recoupling with a windowless multipulse irradiddRAWS) is
presented. Analytical expressions that describe the degree to which the DRAWS pulse sequence
recouples the dipolar interaction as a function of offset and spinning rate are derived using Floquet
theory. Numerical methods are used to assess the performance of DRAWS in the preparation and
detection of multiple quantum coherence. Simulations indicate that the mutual orientation of two or
more CSA tensors can be obtained with high accuracy from double quantum spectra prepared and
detected by DRAWS irradiatiot(DQDRAWS). These expectations are born out by experiment and

in particular, the mutual orientation of threé’C CSA tensors in selectively labeled
2'-deoxythymidine are determined from DQDRAWS data. The results of the DQDRAWS analysis
of CSA tensor orientation in’2deoxythymidine are shown to be in excellent agreement with results
obtained by conventional methods. Using these CSA tensor orientations and an independent
measurement of internuclear distance, a practical strategy is proposed and executed for deriving the
mutual orientation of purine and pyrimidine bases in a DNA dodecamer from DQDRAWS data. The
DQDRAWS method for determining the mutual orientation of rigid bodies in macromolecules is
compared and contrasted to distance-based methodsl99F American Institute of Physics.
[S0021-960627)02023-7

I. INTRODUCTION transferred through a double quantum st#y8uch studies
) - have demonstrated that double quantum coherence can be
Multiple quantum NMR transitions are coherent SUper-yery efficiently prepared during MAS under certain circum-
positions of Zeeman states that violate the dipolar selectiogiances. For example, using first order rotational resonance,
rule: [Am|=1. Observed over forty years ago in the satu-yjeisenet al” demonstrated preparation of double quantum
r_ate_d, contlnupus wave, hlgh-re.s.oluuon NMR' spectra Ofcoherence with 50% efficiency in doubljC-labeled zinc
liquids =2 multiple quantum transitions are now most com- acetate. Tycko and co-workers used DRAKAand a
monly prepared and detected by multidimensional metHodsDRAMAlg supersequence to achieve double quantum fil-

In high-resolution NMR, multiple quantum pulse Sequencesfered13C spectra in a number of oligopeptides. Other novel
are familiar components of experiments intended to e|UCidat8ipolar recoupling pulse sequences includiﬁgz%and

the solution structure of biological macromolecutes. o1 )
Multiple quantum spectroscopy has recently been incorpRAWS have been used to produce double quantum fil-

porated into magic angle spinnifiy]AS) experiments where tered spectra.. . . .
the preparation of multiple quantum coherence is compli- Structural information may be obtained from an analysis

cated by the fact that high speed spinning at the “magiCOf the sideband; intgnsities of a multiple quantum MAS
angle,” which removes the anisotropic chemical shift andSPECtrum. The intensities of the fundamemal peak of the
heteronuclear dipolar couplings, removes to lowest order th§0Uble quantum spectrum of two coupled spin-1/2 nuclei and
homonuclear dipolar interactions as weif. Under MAS the attendant side bands, contain information on the internu-
conditions multiple quantum coherence may be prepared bgléar distance, as shown by the proton double quantum ex-
placing the coupled spins in rotational resonafidéAlter-  periments of Spiess and co-workéf$® In addition, infor-
natively, multipulse dipolar recoupling techniques have beefnation on the mutual orientation of the chemical shift
used to prepare double quantum coherence with varying déensors and the orientation of the internuclear vector relative
grees of success. For example, Meier and Earl applied a mulo the principal axis systems of the CSA tensors of the two
tiple quantum “time reversal” pulse sequence during MAS Spins can be obtained even in situations where neither single
to prepare proton multiple quantum coherence incrystals nor aligned samples of any kind are available. Fur-
adamantan& thermore, unlike rotational resonance which is spectrally se-
In many cases, double quantum coherence has been uskedtive, multiple quantum techniques can determine CSA
as a spectral filter, where only single quantum transitiongensor orientations over a broad spectral range.
arising from coupled spins are detected once coherence is The purpose of this paper is to provide a theoretical de-
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DQ-DRAWS Sequence where
‘, “ Hi(t) = o[ 21572 cos (1) — 21772 sin o(1)] (1b)
o 90 90
360s_Y _ Y_ and
XIXIIXI XXX XX
‘ ‘ ‘ ‘ ‘ Hin1) = —ws (D)1} > —wy()I1Z

I
13,

The fictitious spin-1/2 angular momentum operatbr8
I, ! are defined using a “strong coupling” basis set:
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< DRAWS speryc )= (lae) 188, 2= (lap)+|Ba).
13 / / Acauire i i @
[, |orRaws " DRAWS * |3>=—5(|aa)—|ﬂ,8)), |4>:_E(|aﬁ>_|3a>)-
preparation period t1 mixing period vtvg In Eqg. (1) the definitionsws(t) = w,(t) + wg(t) and w,(t)

= w,(t) — wg(t) have been used. The time-dependent chemi-

FIG. 1. Double quantum MAS pulse sequences using DRAWS in the prepa(-:al shifts for spind andS, w|(t) andw(t), and the time-

ration and the mixing period®QDRAWS). Preparation of double quantum dependent dipolar interactian, (t) are expressed as Fourier

coherence is performed with an initial staté0)=1,+S,. expansions inwg, the spinning rate:
+2
0] 3 :
. . . , wl,s(t)=2—0 o) st > wln'semet)
scription of the preparation and detection of multiple quan- ™ n=-2

tum coherence in systems of dipolar coupled spin-1/2 nuclej
in rotating solids using a windowless dipolar recoupling
pulse sequenc€DRAWS).2* Numerical calculations of and - b —inwet
analytical expressions for the intensities of the fundamental wD(t)_n:E_Z @€ T (39
and the sideband transitions of the double quantum spectrum

of two coupled spin-1/2 nuclei will be presented and theWhere

degree to which such spectra provide detailed structural in- +2

formation in nucleic acids will be considered. By way of »';S=d2) (9)e™™” > [A;3{DZ(Q ¢ +D2(Q 9]
example, the orientation of thre®®C CSA tensors in ' m=-2 " " ' '
2'-deoxythymidine will be determined from double quantum 1,5~ (2) —iamy(2)

DRAWS (DQDRAWS) data. It is then shown how these +A;Dom(Q g)te” M L 1 (B) (3b)
tensor orientations, together with an independent measurénd

ment of internuclear distance, can be used to determine the Lo V1 ysh .
mutual orientation of pyrimidine base planes in an w%ﬁﬂ 3 dZ (9)eT "
isotopically-labeled DNA dodecamer using DQDRAWS.

+2

r

+2

X > DE(Qp)dP. (Bre e, (30)
II. THEORY q=-2

Here we derive using Floguet thed?y?® and second In Egs. (38—(3¢) all symbols have their usual definitions.
The dipolar coupling constant is defined as

order perturbation theory, the theoretical basis for dipolar
recoupling with the DRAWS pulse sequence. The degree to wo Ay ys

which DRAWS is useful for preparing and detecting double WST2 T3

guantum coherence will then be described using numerical

methods. where y, and yg are the magnetogyric ratios of spis

I and S, respectively, ang., is the free space permeability.
A. The DRAWS Floguet Hamiltonian The anisotropy of the chemical shift tensor 53

We are interested in calculating the degree to which the- @(0'3’35_ o01s) and the asymmetry of the chemical shift
dipolar Hamiltonian is recoupled as a result of irradiating a « AlLS_ 1/ 1S_ IS
) ) o Ay3=3(o;—0y). The Eul lesQ
ensemble of dipolar-coupled spin-1/2 pairs with the DRAW&E?Z?; ;I . 2%2 S)2 rZIléte iﬁé princii)al ;xei; f?ar\]r%;s olfvsthe

pulse sequence shown in Fig. 1. The calculation begins WmEZSA tensors of spink andS to a crystal-fixed axis frame
the definition of the spin interaction MAS Hamiltonian _ . ’
and the Euler angle§)y=(0,8p,yp) similarly relate the

H() principal axis frame of the dipolar tensor to a crystal-fixed
H(t)=H(t) + H;pu(t), (1a axis frame. Finally, the anglds,(,v) relate the crystal-fixed
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30 Gregory et al.: Local structure in solid nucleic acids

_ In Eq. (4) it is assumed that the rf has been selected such that
/v\/\/\ the offset of spin 1's isotropic peak from resonante;

(a) =—Aw,, the offset of the isotropic peak of spin 2. This
assumption results iws(t)=0. The coefficientsa'pJ (t) for
the dipolar terms in the DRAWS interaction frame Hamil-
tonian are shown in Fig. 2. Under DRAWS irradiation the

(b) dipolar coefficientsal?, al**?3 have a period equal tag

GZ/Z(f) ] =(2m)/wg, the period of the spinning. On the other hand

the dipolar coefficients®, a;?, and the chemical shift co-

] efficientsal®, a3*, and & have a period 4.

0 -t ' / A time-independent form for the DRAWS Hamiltonian

may be obtained using Floquet theory. Floguet's thedréfh

" “ N ﬂ asserts that for a periodic Hamiltoni&h(t) with period 7,
a2 (©) the quantum mechanical time displacement operbkpr)

¢ u u M v e ljf)fzr:zt)e—m Ft 5

23 where P(t) is periodic with periodr and Hg is a time-

ac~(t) (d) independent characteristic constant, the “Floquet Hamil-
‘ ’ tonian.” Given a time-dependent Hamiltoni&h(t) with pe-

riod 7=(27)/w the matrix elements of the Floquet

HamiltonianH are defined &
GX24(7L) | WW\] (6) 1 =27l w —_ .
| i (prlrelam=~ | atplRcnlgpe- o
+Nw8EmSpq - (6)
a3 1 (f) . . .
X Therefore, in order to obtain an expression for the DRAWS

Floquet Hamiltonian, the time-dependent coefficieaﬂsét)
in Eg. (4 must be expressed as Fourier expansions in

ay>*23)

4 ﬁ wgrl/4. For DRAWS these Fourier expansions converge rap-
9y (1 ] \_} @ idly and in general less than 200 Fourier coefficients are
required to accurately calculate the functim‘gs(t).
0 ] 2 3 4 Given the interaction frame Hamiltonian in E@), us-

ing Eqg. (6) and the Fourier expansion coefficients for
FIG. 2. Time-dependent coefficients for the operators in the interactiong5(t), w,(t), and theag (t)’s, the DRAWS Floquet Hamil-
frame Hamiltonian corresponding to irradiation of two dipolar coupled spinstonian has the form
by the DRAWS pulse sequence a). In all frames the horizontal axis is

time in units of r,, the DRAWS pulse cycle. The dipolar operatd)§§3 cu 4 +o +2
2-3 1-2 ici i _"R kk D 412 12
+13 > andl,"* have coefficients that have periagl. Other operators have He=— E NKK4 E 2 ool @35 amZn
period 47 . 4 =1 n=-—o m=-2
13+23 (513, 523 23 23, .12 12
+ az,n74m(zn +Zn )+ ax,n74mxn + ay,n74mYn ]
frame to the goniometer frame, anad4t, 6,0) relate the go- e 2 A o I 34
niometer frame to the laboratory frame. In an MAS experi- + _E Z ) @ am (& n—amXn T & n—amXy
ment it is assumed that=cos Y(1/3). nmoeme
The DRAWS Hamiltonian is calculated in an interaction +a§4n74er114)! (7)

frame defined by the transformatiod(t)=e "V  |n ) )
practice, the DRAWS pulse sequence shown in Fig. 1 iwhere the pseudo-spin-1/2 Floquet operators introduced by

used, but in the calculation that follows, a slightly simplified Schmidt and_\(e@f? have been used. The index shift in the
DRAWS sequence is assumed in which the phase-alternatdgPurier coefficients of the dipolar coupling constant and the
360° pulses are replaced by continuous single phase irradighemical shielding is necessitated by the supercycle which
tion. Under these conditions, the interaction frame Hamil-n@s & period of 4z, as mentioned above and in Weintraub

9
tonianH(t) has the form and Vega .
_ Note the more complicated form of the DRAWS Floquet
H(t) = wp(H)[ati(t)11 2+ Zt)(1173+1273) Hamiltonian in comparison to the DRAMA Floquet Hamil-
+a§3(t)lﬁ‘3+a>l,2(t)li‘2] tonian, which was calculated in Ref. 29 using a “delta

ot i2d 3434 1414 pulse” approximation. The dipolar Floquet opera)(ﬁ3 and
to O (O +al(tl "+a, ()l "1 (4 the more complicated time dependencezdf+z2° in the
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DRAWS Floquet Hamiltonian results from the continuouseigenvalues can be obtained by numerical diagonalization.
y irradiation, while the operatoYﬁ2 is a result of the finite We will use a perturbative approach first in order to obtain
nature of thex pulses of the DRAWS sequence. Finite pulsesome physical intuition about the manner in which DRAWS
effects also result in three chemical shift operators in theecouples dipolar interactions and thus the efficiency with
DRAWS Floquet Hamiltonianx*, X34, Y14, which it effects preparation of double quantum coherence.
Details are given in the Appendix. It can be shown that the
perturbation expansions for the eigenvalues of the Floquet
Hamiltonian converge rapidly whemg>Aw, where Aw

Perturbative methods may be used to obtain approximate Aw; —Aw,.2° In this limit to second order the DRAWS
eigenvalues for the DRAWS Floquet Hamiltonir®® or  Floquet Hamiltonian is

B. Effective DRAWS Hamiltonian: Perturbation theory

4 2 ® 13+23
@R Kk —12) _12_ _13+23_ i 1 12 2 13+23,1,232__ (ZO —% ) 242
He~ 421'\' T2 257 (wR kgl 2| % 26y + (257325 ) x¢ ] > X |
4\25 1
T D S (223 X342 — (222— 328323 %232
wr/ =1 K
2 ® 12 13+23 12 13+23
4 i i Zl3+23|X34|2+ 20 % | | Zy t 2o | | ®)
wr| &L k2 0 k 2 Xk 2 Yk
|
where z342=al Re(w8)+ % Re(@d), 2(1,3”3/2 ., 1 (em fmo —
al% 2 Rewd) + als 2 Re(ul), andxﬁ3, X2, X3, yi2 IHelP=7 f dy f d sin B Tr{(HZ0)?]
: . 0 0
yk are products of Fourier coefficients as described in Ref.
29. 2 Aw 2 Aw\?
Evaluating the series: 20 1-0.01 on +0.000 wn) | (10
1Y L Y N V- AN Vo I Ve The matrix norm given in Eq10) can be used to calculate a
PRI . LI WAL LI . dipolar scaling parameter for DRAWS:
k=1 k'S kK& k& ke k
[HEH L [Aw|?
and expressings” andzg>" % in terms of wy and f , we DRAWS™IHD 17 503 R P
obtain in the |imltwR>Aw>wD the effective Hamiltonian 4110
- Aw
for DRAWS: +0.000< —) (11
WR
2
Her~[Re(wf)— 35 Re(w)] 1—0,002(A_“’) ji-2 In the fast spinning limit, Eq(11) indicates a dipolar scaling
¢ WR of about 0.36, and a weak dependence on offset. Both results
21 have been predicted by numerical calculations and observed
+[Rew])+ % Re(w5)]| 1 001(:( ) }@3 experimentally?*
R
Aw)?
—2 R4 wY) —) 1374 9
WR

C. Preparation, evolution, and detection of multiple

The recoupled dipolar interactid?,?ff is represented by quantum coherence using DRAWS

the first two terms in Eq(9). The scaling of the recoupled During the double quantum preparation period, DRAWS
dipolar interaction is the ratio of the magnitude of the re-irradiation is applied synchronously with the sample spin-
coupled dipolar interaction to the magnitude of the staticning, and so the preparation time is equal to an integral num-
dipolar interaction. In general the recoupling is dependenber of rotational cycles, i.es=N7c=NXM X 7z=NXM
upon orientation so to estimate the dipolar scaling it is usefuk (27)/wg . Assuming that the initial density operator has
to calculate the orientationally averaged matrix norm of thethe form p(0)=1,+S,= 2|l 3 the efficiency of double
recoupled dipolar HamiltonialfH || which has the form guantum preparation by DRAWS irradiation is given by
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32 Gregory et al.: Local structure in solid nucleic acids

T UR(DIX PUE (IR

(_)k X 2k+n
5

3n0= 2, Kl (k+n)!

k>0

:n;n Fmn SINL(m,0= i 0 N7c] is an integral Bessel function of ordaer

Becausd; is not generally incremented in integral mul-
_ ; tiples of the rotor period, the Euler angjeis a function of
= lmn SINA N 7e), 12 . ’ . .
rgn man SINApmaN7e) (12 t, i.e., ¥(t1)=yo+ wgt; and the Fourier components in the
expansion ofwp(t) during the mixing period become func-

whereu,  is the eigenvalue of the DRAWS Floguet Hamil- tions oft, as well

tonian corresponding to theth Zeeman state and theh
Floguet state. b Mo Y1Ysh

Specific structural information is obtained from indi- ~ @=n(t)= 753
vidual double quantum sideband intensities, which in turn

d(+2r)1 O( 9) eI iny(ty)

+2
requires an expression for the evolution of double quantum ) 2) —iqa
coherence. Double quantum coherence, prepared by XqZE_Z Doq(Qp)dgn(B)e e (17
DRAWS irradiation, evolves during; under the Hamil-

When the mixing period is of duratioNr- the mixing dy-
namics can be described by the trace

THU(N7)IY 23U Y(N7) 1573

tonian

H(ty) = ws(t)l% >

3 +2
=w0|>1(_3{ = 2 (w'r1+w§)e_i"(“’Rr1+7) .

i _ _ _ _
nT22 :Z(—U11U331_U13U131+U31U311+U33U111)
(13
It is easy to show that the Floquet Hamiltonian relevant to :L;V Lu,w SIN{[ s o(ts) = py o(t) IN7CH (18)

the evolution of double quantum coherence is
which in the limit A w<wg reduces to

+2
He=wr(N+ N3+ > x23x13, (14  TrU(N7)I3 23U Y (N7
n=-2

_. 23 D
where x} 3= (', ,+ wS,)e™"?. The evolution of double sir[3 R&(wz)NTc COS wels]
guantum coherence under the Floquet Hamiltonian in Eqgr
(14) is mathematically equivalent to the evolution of an iso- 1-3, 1 1-3
lated spin-1/2 nucleus subjected to a shaped irradiation, dd-TUNT)ly “US(N7e)ly ]
scribed by Goelmaret al®>® As in the shaped irradiation oo
pro_blem, the I_:quuet Hamiltonian in EGL4) can be diago- x> (—)KIprqf 3 Re(w])N7c]cod (2k+ 1) wgt].
nalized analytically k=0

DHED 1= (N1 N%) + x4 7328, (15 (19
Therefore, DRAWS irradiation during the mixing period re-

where couples the dipolar interaction, but this interaction is now a
x1 73 T function oft; so long as the length of the evolution period is
n 13 ; 13 . ; o i
D=ex zo - Zy'|exp —15 Yo'|. not an integral multiple of the spinning period.
n

The evolution of multiple quantum coherence is calculated
by evaluation of the trace H'U(tl)l\l(_sU_l(tl)|\l(_3]. D. Dependence (_)f the_ DQDRAWS spectrum on
which proceeds in a manner analogous to the calculation gfructure: Numerical simulations
the MAS spectrum of an isolated spin-1/2 nucleus Equation(18) means that the recoupled dipolar interac-
TU(t)12 30 Y153 tion is introduced directly into the double quantum spinning
vy vy side band intensities as a result of DRAWS irradiation during
B B the mixing period as opposed to the preparation Hamiltonian
=—i %\ dn>(diy )* cod (M=) wgty], (160 which affects only the intensity of the overall spectrum.
' Therefore, the individual side band intensities in the double
where quantum DRAWS(DQDRAWS) spectrum, as well as the
—xd3 _xd3 integrated intensity of the DQDRAWS spectrum are affected
drln*?’:E Jk( ! ) m_Zk( 2 ) by the details of the dipolar recoupling sequence. Even if
k negligible chemical shift evolution occurs duritg, side-
X gl(ker(M=20g) =3 |y 1=3|gion bands will be observed in the double quantum spectrum as a
result of the dipolar modulation predicted by E49), al-
and though no isotropic peak would be observed and only even

wWR 2(DR
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lower lanes. The trend in Fig(& can be easily explained if
(a) we realize that forB=0, the effective double quantum

chemical shift tensor has elementso 2,052 ,055°)

ol e
L 0 %B% =(286,289,329), and so the top trace corresponds to a

double quantum spectrum dominated by the anisotropy of
the dipolar interactiorisee Eq.(19)]. As 8 is incremented

111 P

‘ ] 1 ‘ ] | eoe from 0° the influence of the chemical shift anisotropy be-
' comes more pronounced in the double quantum spectrum as
L H | | ‘ | lgoe % %a the even order side bands and fundamental peak gradually
7 % ~ increase in intensity. Figureqt3 and 3c) show the same
(b) k= (c) effect for a different initial orientation of the shift tensors.
Equations(16) and (19), and the simulations in Fig. 3
suggest a method for determining the mutual orientation of
*—J—J—U—LLLJ—‘—’ SEER 1 L rigid bodies within macromolecules from DQDRAWS data.
LJ ] L. For the purposes of this discussion, a rigid structure is de-
fined as a network of covalently bonded atoms that are con-
L l L 1l 1 i strained on average, to lie at fixed coordinates relative to one
another. Purine and pyrimidine bases in polynucleotides or
_J_L_U_LJ_A_L_L s .I . peptide planes in polypeptides are rigid bodies in the above
40 WHa 20 40 e L sense. Consider a biopolymer containing two rigid bodies

that are at close proximity. Assume that located within each
FIG. 3. Calculated DQDRAWS spectra showing the effect of different [igid body is a spin-1/2 nucleus with an associated CSA
chemical shift tensor and dipolar tensor orientations. The principal valueg¢ensor. If each CSA tensor can be oriented relative to a frame
for the CSA tensors for C4 and C6 ir-Beoxythymidine-4,6°C, have been  fixed to each rigid body by a DQDRAWS experiment, which
used(see Table)landvg=4525 Hz.(a) In the top spectrum the PAS frames detects the mutual orientation of the two CSA tensors

for C4 and C6 are coincident so the double quantum tensor elements ar% .

o0 0C+ ¢S5=286 ppm, o20= 0+ 0S8=280 ppm, andoDP=0Ci+aSE L rough the evolution of the double quantum coherent state,
=329ppm In the spectra below thg angle of the C4 carbon has been the mutual orientation of the two rigid bodies is also deter-

incremented in 30° steps. In the bottom spectrum the double quantum tenspnined. This strategy will be used, in the following sections

elements areoiy’ =053+ 077 =135 ppm, 037'=0%;+05,=298 ppm, and 15 determine the mutual orientation of pyrimidine bases in a
o3zr=01; + o33 = 480ppm The larger anisotropy results in a greater num- DNA oligomer.

ber of sidebands in the DQDRAWS spectruim). In the top spectrum Euler
angles appropriate for' eoxythymidine-4,6°C, have been use@ee Fig.

7). These are, for Cdq=84°, ,3:900, andy:180° and for C6,a=90°, . EXPERIMENTAL METHODS
B=54°, andy=90°. In the spectra below the angle of the C4 carbon has
been incremented in 30° steds) Same agb) but the Euler anglex is A. NMR spectroscopy
incremented in 30° steps.
All MAS experiments were performed on a home-built

NMR spectrometer operating at'dC NMR frequency of
order side bands would have nonzero intensity. This effec100.53 MHz A 5 mm Doty Scientific MAS probe was used
has been reported and exploited by Spiess and co-wdfkersfor room temperature experiments and a Chemagnetics 5 mm
who have observed at high spinning rates side-bandeMAS probe was used for low temperature experiments.
double quantum spectra for systems of coupled proton pair§ample spinning rate was stabilized to withir? Hz with a
In addition to being sensitive to the principal values of thehome-built spin rate controller. During cross polarization, the
two chemical shift tensors and the internuclear distance, af°C rf level was set to 60—62.5 kHz. and the proton power
of which can be measured by independent methoddevel was set to achieve a Hartmann—Hahn matdburing
DQDRAWS side band intensities are sensitive to five Eulethe application of the DRAWS sequence th€ rf power
angles: The three components of the solid Euler angle relatvas decreased to 38.5 kHz, and during thendt, periods
ing the principal axis frames of the two chemical shift ten-the proton decoupling level was set to 100-120 kMg
sors, and the two angles orienting the internuclear vector in pulses were delivered by a Kalmus LP1000 amplifier. Proton
reference frame common to the two chemical shift tensors.pulses were delivered by a Henry Radio 2004-A amplifier. A

As an example of the degree to which DQDRAWS datastandard tune-up sequence was used to minimize pulse
elucidates local structure, consider two dipolar-coupf@  errors® Phase cycling was used to eliminate signal which
spins with shift tensorgin units of ppm: C1(011,022,033) did not pass through a double quantum state during the evo-
=(242,168,91) and C2(;;,05,,033) =(44,130,238). As- lution period. Two dimensional spectra were acquired in hy-
sume the two spins are separated by 2.5 A. Figure 3 illuspercomplex mod& and the DQDRAWS spectrum was ob-
trates the effect on the double quantum spectrum of varyingained by selective projection @, columns.
the mutual orientation of the CSA tensors of the th@ Powder patterns were acquired on a home-built NMR
spins. In Fig. 8a), the two CSA tensors begin in a collateral spectrometer operating at'aC Larmor frequency of 50.3
arrangement for whichd, 8,y) = (0,0,0), represented by the MHz. Cross polarization fields were set to 62 kHz for both
spectrum in the top lane, amglis incremented by 30° in the 3C and'H channels. The proton decoupling field was set to
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34 Gregory et al.: Local structure in solid nucleic acids

125 kHz and thé®N decoupling field was set to 20 kHz. A H CH, H \c. CH
MREV-8* sequence was used for the dipolar modulation \_/_,}{./ ‘(& /
experiment. During the MREV-8 sequence, the proton 90° S G o,,/vcs_—_c\
pulse time was 1.Gus and a complete MREV-8 cycle was /46\ \C ”N c
24.7 us long. N .

In all rotational resonance experiments the initial state
I,—S, was prepared by selective inversion accomplished
with the four 180°-pulse sequence of Geen, Levitt, and

a
Ous A
Bodenhauseli and a 90° pulse. A second 90° read out pulse
terminated the mixing period. A 16-step phase cycle was 25us A
used to eliminate signal which did not go though a zero
guantum state during the mixing period. Chemical shift ﬂ/v/\/‘
scalind* was used during acquisition to eliminate spectral W

overlap.

50us

74us

B. Sample preparation 0 v
Ple prep 99u s M

Methods used to make: ’'2leoxythymidine- .

} 240.0 0.0 240.0
2-13C-1,35N,, 2'-deoxythymidine-4=C-1,34N,, 290 Oppm 00 ppm ppm
2'-deoxythymidine-6-C-1,34N,, 2'-deoxythymidine- '
4,613C,-1,31°N,, and 2-deoxythymidine-2,4°C,-1,31°N, FIG. 4. Dipolar modulation experiment performed ohd2oxythymidine-
were adapted from the procedures of Redwine and Wﬁ%lley 6-1%C. Duration of the MREV-8 irradiation i, . (a) The best fit calculated

o . . spectrum and the corresponding C6 CSA tensor orientatiprExperimen-
and Williamson and BOXé}ﬁ Condensation of the silated tal dipolar modulation datdr) An alternative model for the C6 CSA tensor

base with the 35'-ditoluyl chlorodeoxyribose followed by orientation.
crystallization and deprotection results in tBeanomer of
2'-deoxythymidine*’
13C and*®N-labeled-cyanoethylphosphoramidites were A. Determination of 3C chemical shielding tensor
prepared using methods described previo@&Igingly la-  orientations in 2 ’-deoxythymidine by powder
beled thymidine phosphoramidites were incorporated intd@ttem analysis, dipolar modulation, and rotational
nucleotide positions T7 and T8 in the DNA dodecamer resonance
[d(CGCGAAT*T*CGCG)], with an Applied Biosystems To determine the orientation of tHéC CSA tensors of
392 DNA synthesizer in two 1Qumol batches, and were C2, C4, and C6 with respect to the local molecular frame
purified by methods described in a previous publicaffon. fixed to the thymine ring, it is convenient to begin with a
DNA samples were dissolved in a buffered, agueous solut3C spin that is directly-bonded to two heterospins. The CSA
tion, and for solid-state NMR studies were cooled totensor of that spin is then oriented relative to the two bond
—120°C in an Chemagnetics CPMAS probe using liquidaxes. Because the C-6 carbon in thymidine is protonated and
nitrogen boil-off. is directly bonded td°N1, it was possible to perform a di-
polar modulation experiment to orient the C6—H and C6—N1
bonds in the PAS of C-6's CSA tensdtFor the olefininc
13C-6 carbon it is assumed that the most shielded tensor el-
A two-step strategy was used to determine the mutuatmento; is perpendicular to the plane of the rifgThis
orientation of pyrimidine bases in DNA from DQDRAWS. assumption and th&N coupled data indicate that the;;
First, the °C2, °C4, and *C6 CSA tensors in element of C6's CSA tensor makes an angle of 36° to the
2'-deoxythymidine were oriented in a frame fixed to the py-C6-—N1 bond witho,, almost parallel to the C5-C6 bond.
rimidine ring. Then, from the DQDRAWS spectrum of a Figure 4 shows the data on the right and the best fit simula-
coupled®®C spin pair in DNA, the mutual orientation of the tion on the left.
CSA tensors of*C spins on separate pyrimidine bases and A rotational resonance experiment was then used to de-
thus the mutual orientation of the pyrimidine bases was determine the orientation of3C-4's CSA tensor relative to
termined. C-6's CSA tensor. Rotational resonance is insensitive to
Single crystals of 2deoxythymidine could not be pre- CSA tensor orientations if the chemical shift anisotropies of
pared in sufficient size for NMR study. Therefore, the orien-the labeled spins are small compared to the rotor speed.
tation of the CSA tensors for theéC-2, 13C-4, and*C-6 in  However, this is not the case for’-Beoxythymidine-
polycrystalline 2-deoxythymidine were obtained using a 4,6-°C, even at first-order rotational resonander,so=vg
combination of static powder pattern analysis, separated Idbecause for*C4 and*3C6 the isotropic chemical shift dif-
cal field spectroscopy and DQDRAWS. The results of theferenceA ogo=29 ppm and the anisotropies for both CSA
DQDRAWS analysis were checked using a combination otensors exceed 75 ppm. We were able to use this fact to our
static powder pattern analysis, first- and second-order roteadvantage since the distance, and hence the dipolar coupling
tional resonance. strength between the twtC labels, is known from x-ray
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AL
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FIG. 5. Results of rotational resonance experiments performed on
2'-deoxythymidine-4,65C,. (a) *C-4 chemical shift tensor orientation for 230 180 g0
y=+90°. (b) *3C-4 chemical shift tensor orientation for=90°. (c) Con- ppm

tour plot showingy? values determined by comparing the results of a first-

order rotational resonance experiment and calculated results. The angleFIG. 6. Static spectra of 'Heoxythymidine-2°C-1,3°N,. (a)
and the dipolar coupling strength were varied in the calculations. The gray®N-coupled spectrum(b) Best fit calculated™®N-coupled spectrum(c)
areas indicate the best fit areas whgfe<0.04. Other contour lines repre- 15N-decoupled spectruntd) Best fit calculated®N-decoupled spectrum.
senty? values of 0.08, 0.2, 0.3, 0.4, and 0.5, respectiv@y Results of the

first-order rotational resonance experiment. Squares indicate experimental

data. The rotor speed wag=2915 Hz. The solid and dashed lines are .y
simulated exchange curves for the= +90° andy= —90° tensor orienta- change curves for thymldlne_4’lé€2' Calculated curves for

tions, respectively(e) Results of a second-order rotational resonance experi-Y = + 90° are shown for comparison.

ment. The rotor speed wag,= 1458 Hz. The '3C label in the thymidine-23C sample is adjacent
to two 1N labels. This fact allowed th&*C-2 CSA tensor
orientation to be completely determined from tHeN
coupled spectrum. Figure 6 showsN coupled and un-

data. Because C-4 is a carbonyl carbon and is a member Ofcgupled spectra with simu_lations. The orie_ntation determined
heterocyclic ring, its most shielded CSA tensor element from.these spectra was in .agreement with the resultg pf a
is assumed to be approximately perpendicular to the plane 6Ptalt|30nal resonance experiment performed on thymidine-
the thymine ring* The only unknown quantity was the angle 2,4°C, (data not show)j The orientations for all thre€C

v which rotates the CSA tensor of C4 about the ca—Ngensors are shown in Fig. 7.

bon'ci.rom thel3C4-15N3 coupled powder pattern experiment B._ Dete_rmir_1ation of 18C che_mical shielding tensor

the angle between the;; element of C4's CSA tensor and °rientation in 2. “-deoxythymidine by DQDRAWS

the C4-N3 bond was found to be 14data not shown spectroscopy

Assumingogz is orthogonal to the plane of the thymine ring, The determination of CSA tensor orientation in
two possible orientations of C4's CSA tensor exist, corre-2’-deoxythymidine using DQDRAWS is straightforward and
sponding to two values of the angje Figures %a) and 5b) begins in the same way as the process described in Sec.
show the orientation of thEC-4 CSA tensor foy=90° and IV A. The orientation of C6’s CSA tensor is determined rela-
y=—90°, respectively. To determine the correct valueyof tive to a frame fixed to the thymine ring by a dipolar modu-
rotational resonance data were acquired. Figuce shows a lation experiment. Then the relative orientation of the CSA
x? surface for a first-order rotational resonance experimentensors of C4 and C2 are determined from DQDRAWS data,
performed on thymidine-4,6°C,. To calculatey?, data was first using a DQDRAWS experiment applied to
compared to calculated exchange curves in which the angle 2’-deoxythymidine-4,6°C2 to determine the orientation of
and the dipolar coupling constant have been varied. The gra@4's CSA tensor to C6's CSA tensor, then applying
areas indicate the best fit between calculated data and expeBQDRAWS to 2-deoxythymidine-2,4°C, to determine the
ment. Since the dipolar coupling constant is known to be 55Mutual orientation of the C2 and C4 CSA tensors.

Hz, v must be approximately equal to 90°. Figuréd)sand In Fig. 8 experimental DQDRAWS spectra for
5(e) show first-and second-order rotational resonance ex2’-deoxythymidine-2,43C,  and 2-deoxythymidine-
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C: ©,, is perpendicular to the plane
o (a)
Q T6
\ 0‘ l ANVJ\QMV‘( Ao W
4’

e, N, o, (b)
G,
is 40

perpendicular to

the plane \

FIG. 7. Diagram showing the chemical shift tensor orientations for the

13C-2, 13%C-4, and®C-6 carbons in 2-deoxythymidine. Angles are accurate

to within five degrees. The principal tensor values are, fi@-2, oy, LJ
40

=227 ppm, o5,=122 ppm, 033=96 ppm; for °C-4, o1;=242 ppm, o5,

=168 ppm, 033=89 ppm; and for'®C=6, o1,;=49 ppm, o,,=130 ppm, 20

o33= 238 ppm. The conventiofvzz— 00| >| 011~ 00| >| 020~ 0150l has

been followed. Tensor values are referenced to TMS and are accurate to

within two ppm. FIG. 8. Double quantum projections. In all projections given in this figure,
the preparation time was 1.768 ms and the rotor speed was sg to
=4525 Hz. (a) Experimental double quantum projection of-deoxythy-
midine-2,4,%5C,. (b) Calculated double quantum projection of
2'-deoxythymidine-2,4C,. (c) Experimental double quantum projection

13 . of 2'-deoxythymidine-4,61C,. (d) Calculated double quantum projection
4,6-°C, are shown along with calculated double quantumces o' geoxythymidine-4,65C,.

spectra. Double quantum spectra were calculated using the
tensor orientations displayed in Fig. 7. Agreement between
theory and experiment is excellent. o ] )
To further check the consistency of the tensor orientaC- Determination of the mutual orientation of two
tions, the orientation of the CSA tensor €2, determined  thymine rings in  [d(CGCGAAT*T*CGCG)], by
from the data in Fig. 6, was assumed as a starting point an'aQDRAWS spectroscopy
the orientation of thé3C4 CSA tensor relative to the mo- The nature of pyrimidine base stacking in a DNA
lecular frame was derived from the DQDRAWS spectrum ofdodecamer was determined from DQDRAWS data in the fol-
2'-deoxythymidine-2,43C, shown in Fig. 8. Now the orien- lowing manner. Forty milligrams of the DNA oligomer
tation of the CSA tensor of*C6 was determined by calcu- [d(CGCGAAT* T*CGCG)], were synthesized as described
lating the DQDRAWS spectrum for 'leoxythymidine- in Sec. IV, with 2-deoxythymidine-6-3C-1,345N, incorpo-
4,61%C, as a function of, the angle between they; axis of rated into positon T7 and 'Zeoxythymidine-
C-6's CSA tensor and the C6-N1 bofféig. @)]. To quan-  4-13C-1,3%°N, incorporated into position T8. The
tify the goodness of fit between simulation and experiment &3C6-3C4 internuclear distance, and the mutual orientation
residual functiony? was defined as the sum of the square ofof the T7 and T8 pyrimidine rings, is dependent upon the
the differences between all pairwise ratios of intensities fohydration state of the DNA3 Therefore, the labeled DNA
the experimentalIf*®) and simulated I®'™) spectra dodecamer was hydrated to a level corresponding to greater
than 64 molecules of water per nucleotide, which is suffi-
cient to produce &-form DNA structure. To attenuate dy-
1 +m (116XPy | SXpL_ | simy  sim) 2 namic averaging of the dipolar interaction, the hydrated
Y= ee—— > L L1 - (20 DNA sample was cooled te-120 °C.
2(2m+1) i==m = I The3C6-3C4 internuclear distance was determined us-
ing the DRAWS pulse sequence. The TOS8eTOSS
method of Greeret al. was used to prepare an initial state
Figure g9b) is the plot of y? as a function of¢ for the Iy—Sy.54 These data were used as a control to correct the
DQDRAWS series shown in Fig.(8 compared to the |,+S, DRAWS data for relaxation effects and coupling to
DQDRAWS data in Fig. 8. The angle af=36° is at a °C spins at natural abundandg—S, andl,+S, DRAWS
minimum in thex? plot, which is consistent with the results decay data for the doubly labeled DNA dodecamer are
of H6-%C6-°N1 dipolar modulation experiment. shown in Fig. 10 and indicate a C6—C4 distance of 4.0

13
Gy i 20
Gzz\ / 33 / pf-}pendicular to
oy, s o\ the plane
%6°\ C
;(;———N (c)

kH=z
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—‘Mw FIG. 10. I,+S, and |,—S, DRAWS decay curves for
60 160 [d(CGCGAAT*T*CGCG)],, hydrated to a level of 64 water molecules per
nucleotide and cooled te-120 °C. The DRAWS data best match the 4.0
+0.2 A curve, in excellent agreement with the distance of 4.20 A, obtained
,_,JJ,UU from the high-resolution NMR structure, and the canoni&dbrm distance
20 120 of 4.26 A.
_J_»JUUULUJ\V tation of each CSA tensor relative to a frame fixed to its
+31kHz ' _31kHz thymine ring was derived from the data in Fig. 7. To calcu-
late the Euler angles relating the two CSA tensors, an inter-
(b) mediate frame was defined with tlzeaxis parallel to the
1 - - . - , - . C4-C6 internuclear vector. The direction of ther y axis
can be selected arbitrarily and for convenience was oriented
08 | . such thaty=0° for the CSA tensor of the C4 carbon on the
T8 nucleotide. Using this convention the Euler angles corre-
06 L _ sponding to &B-form structure are
2
x T7:C6 a=8°, B=52°, y=162°
04 | 1
and
02t .
/ /
N
0 I 1 1 1 1 1 1
0 50 100 150 200 250 300 350
6_) B-Form DNA
Simulation (a)

FIG. 9. Sensitivity of the double quantum spectrum 6{d2oxythymidine-
4,61%C, to a change in the mutual orientation of the shift tensors and the
uniqueness of the best fit spectrurtd) double quantum spectrum of

2'-deoxythymidine-4,6°C, as a function of the anglé between thers, D%DRAWS DTA
axis of the CSA tensor dfiC-6 and the C6—N1 bondb) x? plot for best fit xperimen (b)
spectrum to the experimental data whgfeis given by Eq.(20).

+0.20 A, in excellent agreement with the distance of 420 A A.Form DNA
obtained from the solution NMR structifeand the canoni- Simulation ©
cal B-form distance of 4.26 A.

The experimental DQDRAWS spectrum of the two '
coupled °C spins labels attached to T7 and T8 in .20 -10 0 10 20
[d(CGCGAAT*T*CGCG)]2 is shown in Fig. 1(b). A
simulation of the DQDRAWS spectrum uses: The principal
values for the CSA tensors 6fC6 and'°C4 (Table ), the  Fig. 11. calculated and experimental DQDRAWS spectra for
CSA tensor orientations, and thC6-3C4 distance of 4.0 [d(CGCGAAT T*CGCG)],, obtained under the same experimental condi-
A, derived from the DRAWS experiment described above_tions_as described in Fig. 10a) DQDRAWS simula?ion assuming an ori-
A aninital guess for th orentaton o the thymine rings of 1% % Vel 4010 pases o n ssmonediom o, )
T7 and T8, it was assumed that the DNA structure in thedodecamer(c) DQDRAWS simulation assuming an orientation of fhé

AATT segement is close to canonicalform.>® The orien-  andT8 bases found in canonicatform DNA. See text for details.

kHz
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38 Gregory et al.: Local structure in solid nucleic acids

TABLE I. Tensor values for three carbon nuclei in thymidine. The conven-compare and contrast the DQDRAWS-based strategy for de-
tion | 735 0ol =011~ 0ol =[ 02~ s has been assumed. The principal tarmining structure in a biopolymer, and a nucleic acid in
tensor values are accuratet® ppm. 6 and ¢ are the polar and azimuthal . . ' .
angles for the'®*C—*N dipole vector. Start with the coupledN nucleus partlcu_lar, Wlth_ StrUCtural_ methOdS_ based SOle_I_y upon dis-
placed so thé*C—*N bond vector is parallel to thes; axis. First, the angle  tance information. To uniquely define the positions of two
¢ rotates thé*C—*N vector toward ther,, axis. Then, the angle rotates  rigid bodies the coordinates of three atoms in each body
the *C—**N vector around ther; axis toward the positiver,, axis. Forthe  must be defined. In principle, the set of distan¢ds} be-

C-2 carbon the polar angles relative to N-1 @&end ¢ the polar angle tween all spinsi and J in a system can be converted to

relative to N-3 are and {. Angles are accurate th5°. . . .
coordinateq v;=(Xx; ,Y;,z)} by the analytical expressions

v1=(0,0,0; v,=(d10,0);

Carbon o1 T 033 0 1) & 14

8c-2 227 ppm 122 ppm 96 ppm 90° 36° ) ) )
8c-4 242 ppm 168 ppm 91 ppm —14° 90° _ di;—dsstdi,
3c.6 44 ppm 130 ppm 238 ppm—34° 90° 214° 90° U3= 2dy,

and fori=4---n,
df —d5,+df, d3—d3—di,+dist2x(di—Xs)
2d4, ’ 2y3 '

(s >o}

T8:C4 a=355°, B=37°, y=0°.

The simulated DQDRAWS spectrum is shown in Fig(él
Using Eq.(20) and the five most intense sidebands in Figs. 2 2 2ap
11(a) and 11b), it was found thaty?=0.017. For compari- (dLi—X—yi)

son, anA-form structure corresponds to
However, the expressions in E@1) are ill-conditioned in

T7:C6 a=28°, p=48°, y=0° the sense that small changes in the distances can produce

and large changes in the coordinaféso in practice, more stable
. . . algorithms are used to derive coordinates from distance

T8:C4 a=344%, f=56", y=208". information®® Nevertheless Eq21) can be used to estimate
The simulation for theA-form structure is shown in Fig. the number of distances required to solve the structural prob-
11(c) and for this case the fit is poorer, wijf=0.054. lem described in Sec. IV.

Although the agreement between the experimental Supposev;, v,, andvz are the coordinates of C2, C4,
DQDRAWS spectrum an@-form simulation is very good, and C6, respectively, in nucleotide T7, angl, v5, andv6
x-ray’® and solution NMR® studies indicate that sequence are the coordinates of C2, C4, and C6 in T8. From @4),
specific deviations from the canonid&form structure occur 12 distances would be required to define the six atomic co-
in this DNA sequence. An exhaustive search over all poserdinates. However, assumiml,, dq3, dyz, dys, dge, and
sible orientations and translations of these two bases is belsg are known, the number of distances required to deter-
yond the scope of this paper. However, it is possible to demmine the relative locations of the bases of T7 and T8 is
onstrate that the base orientation specified by the canonicagduced to six. Therefore, siC labels attached to T7 and
B-form structure is indeed at a local minimum % space. T8 and six dipolar recoupling measurements would be re-
To explore the form of the DQDRAWS spectrum as a func-quired to derive the structural information that the
tion of local structure, the DQDRAWS spectrum of the dou-DQDRAWS/DRAWS experiments obtained from just two
bly labeled DNA dodecamer was simulated as a function of3C labels.
the rotation of T8's base about its glycosidic bond, beginning  Other methods exist that determine structure from dihe-
with canonicaB form and incrementing the rotation angle to dral angle information. For example, Brenneman and Cross
a maximum of 60°. The position of T7's base is unchangecdave described a metric method for determining the structure
throughout the rotation series. This simple structural deviaof polypeptides using dipolar couplings derived by solid
tion from B form preserves the C4—C6 distance because thetate NMR2® The metric method is analogous to the distance
position of C4 on T8 is unchanged when T8 is rotated abougeometry methad*in that the former method exploits the
its glycosidic bond. Althougly? increases slightly for small general relationships that angles between vectors must sat-
deviations fromB form (<10°), x? reaches a minimum isfy, while the latter method exploits the general relation-
value of 0.011 for glycosidic bond rotations of 20°—30° from ships that distances between points must satisfy. In practice,
B-form before increasing to 0.2181 for a rotation of 60°. A the metric method requires oriented samples of isotopically
more thorough structural search based on DQDRAWS datkabeled polypeptides. A manageable number of solutions for
will be published elsewhere. the dihedral angles describing the polypeptide secondary
structure is obtained by measuring theHZ NH, and NG
dipolar couplings.

The fact that the metric method of Cross and Brenneman

The experimental results and data analysis in Sec. IMequires oriented samples restricts at present the application
illustrate the degree to which local structure, i.e., base staclof this method to high molecular weight DNA, which can be
ing, in DNA can be determined from DQDRAWS data usingdrawn into fiber$® DNA oligomers can be magnetically
only two *°C labels per pair of bases. It is interesting to oriented®® but a cholestric phase results which is not useful

Vi=

. (21)

V. DISCUSSION
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for the metric approach. We have recently shown that Ram3C CSA tensors in a series of five glycxl-dipeptides, the
achandran angles may be derived from the DQDRAWSangle between the,; element and th&’C—°N peptide bond
spectra of polypeptides in which adjacent carbonylo@r-  axis was observed to vary from 34.5° to 46°6%r a total
bons have been labeled witfC.%? A similar experiment has  range of about 12°. A study by Takegosttial®’ of the
been reported by Tycko and co-work&rsho rely on spin  effect of intermolecular hydrogen bonding on the CSA ten-
diffusion to prepare two spin correlations. Schmidt—Réhr sors of carbony3C spins showed that downfield shifts of
reported recently the determination of polymer secondarghe o, element by as much as 50 ppm may occur. This
structure using double quantum powder patterns. Clearlyelement was in fact observed to vary by almost 20 ppm in
DQDRAWS and the methods described by Tyekal. and  the glycylX series’® However, theo,, element of C4’s CSA
Schmidt—Rohr have the potential to extract six times theensor, the value of which is known to be sensitive to local
structural information from a given spin pdire., one dis- environment and hydrogen-bonding in particular, is virtually
tance and five Euler anglethan can be obtained by NMR identical in DNA and thymidine monomédata not showp
techniques that only measure internuclear distance. and theo;; and o33 elements appear to be virtually identical
With regard to the view of the detailed structure of theas well.
TT segment of the DNA dodecamer, it is clear that
DQDRAWS data can distinguish differences in base orienta:
tion that occur between canonicBHorm DNA where the VI. CONCLUSIONS
glycosidic bond angle is about—102°, andA-form DNA In this paper we have used Floquet theory to describe the
wherey is about equal to- 155°. Crystal structures of DNA recoupling of the dipolar interaction of two spin-1/2 nuclei in
oligomers inB-form indicate however thajy can deviate an MAS experiment using the DRAWS pulse sequence. In
markedly from—102°. In[d(CGCGAATTCGCG]], forex-  particular, this analytical theory predicts the dipolar scaling
ample, y is observed to vary between 90° and —140°, of 0.36 and the relative insensitivity of the dipolar recoupling
with both T7 and T8 havingy values of about-128°, or of DRAWS to offset. We have also shown that the combi-
just over a—25° deviation from canonicaB-form.®> Al-  nation of DQDRAWS and DRAWS can be used to deter-
though small improvements ig? occur for 20°-30° rota- mine the distance between twdC spins, the three Euler
tions of T8's glycosidic bond away from 102°, these smallangles relating the two CSA tensors, and the two Euler
decreases are probably not significant at the signal-to-noisgngles orienting the internuclear vector in the PAS of either
level that is observed in Fig. 11. CSA tensor. Thus trigonometric functions of the Euler angles
It is reasonable to consider what errors might exist thatvhich specify the mutual orientation of two rigid bodies in a
compromise the structural interpretation of the DQDRAWSnoncrystalline, unoriented polymer can be determined using
spectrum. Dipolar couplings to adjacéfil and/or'®N spins  only two spin labels.
may contribute to the double quantum side band intensities We have considered in detail the manner in which the
in DQDRAWS spectra ot3C spins in heterocyclic rings. I DQDRAWS spectrum can be interpreted to yield informa-
the present study all nitrogen sites adjacenf@spin labels tion on the local structure of unoriented, noncrystalline
were enriched with®N as described above. The dipolar cou- nucleic acids. In particular, threé3C CSA tensors in
pling between directly bondetfC and °N spins is about 2’-deoxythymidine have been characterized and their mutual
1200 Hz. In general this small dipolar interaction can beorientation determined using dipolar modulation and
easily removed by applying a modest decoupling field to thdDQDRAWS. The results of this study are in agreement with
15N spins. We found that in practice even if th® decou- the orientations determined using dipolar modulation, static
pling field was not applied the DQDRAWS data still furnish powder pattern analysis, and rotational resonance, thus prov-
mutual orientations of tensors in good agreement with coning the validity of the DRAWS/DQDRAWS method.
trol experiments. For example, both th&€6 and*C2 ten- At present the Euler angles which determine the mutual
sors on thymidine were oriented relative to molecule-fixedorientation of chemical shift tensors can be determined to
frames using, as described above, a combination of statigbout+5° from the spectra of small model compounds such
powder pattern analysis and local field spectroscopy. Thas 2-deoxythymidine. In larger macromolecules angular
orientation of the'3C4 tensor was derived using static pow- resolution is somewhat more limited, at least for the spin
der pattern analysis and rotational resonance, as describpdirs studied to date in labeled DNA dodecamers.
above. The orientations of the C2, C4, and C6 tensors ddDQDRAWS data can distinguish differences in base stacking
rived by these independent methods produced simulatelletween the major structural forms of DNA, but small devia-
13c4-13ce6 and®*C4-13C2 DQDRAWS spectra in excellent tions fromB-form, such as rotations of the glycosidic bond
agreement with experimental DQDRAWS data. by less than 30°, cannot at present be determined with con-
Another source of concern is that the orientations of thdidence in the DQDRAWS data of thHé€C4 and**C6 spins
CSA tensors of C4 and C6 relative to a frame fixed to theon adjacent pyrimidine rings in nucleic acid oligomers at
thymine ring in DNA and in thymidine monomer may differ magnetic fields of 9.4 T. Independent DRAWS measure-
to some degree. The properties of the C2 and C4 CSA tements of the C2-C2, C5M-C5M, and C6-Cdistances
sors are of particular interest because variations of the orierbetween T7 and T8 in this same DNA dodecamer suggest the
tations and principal values of carbonyl CSA tensors are welbccurrence of deviations from-form in this regior?® We
documented. For example, in a systematic study of carbonyherefore anticipate that improvements in the sensitivity of
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the 13C4/13C6 DQDRAWS experiments, possibly achieved nn+#0

by repeating DQDRAWS experiments at higher magnetic | #pw)= Ro.k VF|Mp 0= 2 okl i ™)
field, and/or the acquisition of DQDRAWS data from other
13C spins on the pyrimidine ringéi.e., 13C2) will enable
these small sequence-specific effects to be determined wi
confidence.

tﬁ‘ calculate therf— 1) order correction to the eigenfunction,
i )= (p.K V| DY to obtain then-ord

mpk={P:KIVEl up ) to obtain then-order cgrrectlon.
In principle, information on the stacking of singly la- to the eigenvalue, where the zeroth-order eigenfunction

beled pyrimidine and/or purine rings can be obtained fror‘rJ'“(O)> is simply represented gp,k) and the resolvent op-

(n—1) DQDRAWS/DRAWS experiments. Although the SraiorsRi have the forrf

DQDRAWS experiment described in this paper used pair- . ,

wise labeling, the method can be generalized to a multipl |5,k K
, R =D | i +

labeled sample. Other possible applications of DQDRAWS 1k TFi ,u(o) ,ufo) ik ,u,(oﬁ M, |) ,u(o) ,ufoﬂ

include the determination of dihedral angles betwé#n (A4)

CSA tensors in furanose rings in nucleic acids, and the de-

termination of Ramachandran angles in polypeptides. Thige obtain the following expression for the second order cor-

work is in progress. rection to the eigenvalue corresponding to Zeeman giate

and Floguet modé&:
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APPENDIX: PERTURBATION THEORY CALCULATION
OF THE EIGENVALUES OF THE DRAWS which simplifies to Eq(7). Using Eq.(7) the following ex-
FLOQUET HAMILTONIAN pressions for the eigenvalugsg o= ,u(o) (2) for the four

To derive the DRAWS Floguet Hamiltonian we use theZeeman blocks of the Floquet Ham|lt0n|an are obtained:

ficticious spin-1/2 operator notation introduced by Vega and

(2)
co-workers®® We require an convenient expression for the#1,0~ BYRRTY.
Fourier expansion of the products. Using the function | | 2| 14|2 22
12, ; ; ; 13+23 yO y
wp(t)a;<(t) as an example and using the notation of Wein-  ~ — (zO + 2z )+ 2 + 773 —
traub and Veg® we obtain for instance 'tz ©R
+oo * 1
op(Dal B()= S, 73 intwrld (A1) ><k21 2 5 [(z8%+ 25323 |lyiY 2+ 2289 yE4?%],  (A6a)
n=—o =
where
. Moo= Haot KD
13+23 D ,13+23
Z = a, 1
n mzz @4mAz,n—4m N_( 7124 713+ 23)
Approximate expression for the eigenvalues of the
iltoni i i | | 2|x57? 2|xg? 2 \?
DRAWS Floquet Hamiltonian can be obtained using stan- y0 i 0 (_)
dard perturbation theory. The Floquet Hamiltonian is as- 4\ 2 T 2313 2 IR T
sumed to have the form )
HF:HF:O)-H\V;:, (A2) le @ [232|y12| (3213+23 2)|X§3|2
where V¢ is the perturbation Floquet HamiltoniaNg |n 213+23 2)|x24|2 (ABb)
cludes all Floquet operatoXR?, YP9, andzP9 for n#0 in = 1,
Eq. (7). H includesN¥* and all operators of the form
Z§%in Eq. (7). Then we assume the eigenvalug corre-  t30= Mg°3,+ ,U«(z)
sponding to théth Floquet mode and thgth Zeeman state, 24 2
- - 1 2|x232 [x5] 2
and the corresponding elgenvectgzxrp ) can be expressed ~_13+23, — N
. . ’ 0 4 2 -3 13+23° _13+23
as perturbation expansions Z; Z; wR
oo o0 2
o k:zo )\n#ér?& and |/“p k>_ E )\n|lu(n)> (A3) Xl(Zl F [( 12 3zl3+23 |Xﬁ3|2_zé3+23|xi4|2],
Using the expression (A6C)

J. Chem. Phys., Vol. 107, No. 1, 1 July 1997

Downloaded-04-0ct-2002-t0-128.95.64.27.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Gregory et al.: Local structure in solid nucleic acids 41

1 2| 14|2 2|X24|2 |X34|2 2\2 *© 1
pao= A+ p@~= | - Yo + 0 4+ 0 _) 2 [|y14|2(212+ 713+ 23
4,0 4,0 4,07 4 Zéz+ Zé§+23 23‘2_3_2'3_ Zé + _3_2’323 + wr] &4 EZ k 0 0
242,12 _13+23 34/2.,13+23
— XAz 25" ) — 2% Pz . (A6d)

Using the fact thaj; = u; o+ kwg we obtain the following expression for the Floquet Hamiltonian:

4 122 242 2 12_ 13+23
wR 1 |y 5] 4 1 (=25 %)
Ho~ -1 Nkky 7120 J12, = n = | A2 122 2412
F 21 0T 2(1,2 282— 233”3 or kzl K2 | %0 1Yicl 2 %
- 1x1? 4\2 8 1P x5 4\28 I
4713 ,13+23, = _asr23 4723 ,13+23_ 4 (72— 313t23)[
oj[ 0 2 2(1)3+ 23~ 4o wg gl K2 0|40 2(1)2— 32(1)3+ 73 +(2Z5 o ) or gl K2
242 342 142 2 12_ 13+23
+Zl4 _ |X0 | _ } |X0 | + |y0 | +(i) 2 i 213+23|X34|2+ 0 ZO ) X24|2
0 —232— 2(1)3+ 2375 —z$3+ 23 —2(1)2 n 233+ BT on) & K250 k — 2 1%
12 13+23
"tz
142
2 )lyk | ] - (A7)

For the DRAWS pulse sequence the dipolar tesffs=x3>=0. In addition, if the CSA is zero the chemical shift tergjé
=x5*=x3*=0. Thus we obtain a simplified form for the DRAWS Floquet Hamiltonian

4 2 12 _13+23 2 ® 342
(O =} 4 1 (ZO — 4 ) 4 |Xk |
Ho~ -1 2 NKk 4 712) 12 _) 2 L2122 w242| | | 713 J13+23 13+23 T
FY71 & o) %o or &1 K2 oYk 2 Roa ol|%o 0 or] &4 K
4\2° (1 232— Z%3+ 23 zéz i Zé3+ 23
Lz [ = | 13+ 23, 342 X242 4 142
0|\ wr gl K2 | %0 Xl 2 kol 2 Vil
4 2 ® |X23|2
23 _13+23 12 13+23 k
XZOA[ Z, +(z5°—3z; )(w— 7 . (A8)
R/ k=1
Finally, using the relationshig3 3=2z3"1+2z3 3=—2z}"2+2% "3 we obtain Eq.(8)
o 2 4127 12 ,13+23
R Kk —12) J12_ _13+23 12/,,12/2 12 13+23)[,,23/2 0 0 2412
He~— N+ Z5% 25—z —(—) T3 |Z +(z57—3z )X — X }
F 421 o[o 0 or kzl K2 o 1Yk 0 0 X 2 |
713) 5.13+23 4 2§ 1 13e23. 3402 12 13+23) 232
40722 T — p[zo X1 °— (25— 325" )% %]
WR/ k=1
4\2° (1 éz_ $3+23 Zéz 4 Zés+23
Lz [ = | A3r23, 342, (T0 0 242, (70 70 ) 142 A9
o\ \wr) & k2% Xl 2 Ko 2 1Ykl (A9)
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