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A theoretical analysis of dipolar recoupling with a windowless multipulse irradiation~DRAWS! 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 irradiation~DQDRAWS!. These expectations are born out by experiment and
in particular, the mutual orientation of three13C CSA tensors in selectively labeled
28-deoxythymidine are determined from DQDRAWS data. The results of the DQDRAWS analysis
of CSA tensor orientation in 28-deoxythymidine 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 methods. ©1997 American Institute of Physics.
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I. INTRODUCTION

Multiple quantum NMR transitions are coherent sup
positions of Zeeman states that violate the dipolar selec
rule: uDmu51. Observed over forty years ago in the sa
rated, continuous wave, high-resolution NMR spectra
liquids,1–3 multiple quantum transitions are now most com
monly prepared and detected by multidimensional metho4

In high-resolution NMR, multiple quantum pulse sequenc
are familiar components of experiments intended to elucid
the solution structure of biological macromolecules.5

Multiple quantum spectroscopy has recently been inc
porated into magic angle spinning~MAS! experiments where
the preparation of multiple quantum coherence is com
cated by the fact that high speed spinning at the ‘‘ma
angle,’’ which removes the anisotropic chemical shift a
heteronuclear dipolar couplings, removes to lowest order
homonuclear dipolar interactions as well.6–8 Under MAS
conditions multiple quantum coherence may be prepared
placing the coupled spins in rotational resonance.9–14 Alter-
natively, multipulse dipolar recoupling techniques have be
used to prepare double quantum coherence with varying
grees of success. For example, Meier and Earl applied a
tiple quantum ‘‘time reversal’’ pulse sequence during MA
to prepare proton multiple quantum coherence
adamantane.15

In many cases, double quantum coherence has been
as a spectral filter, where only single quantum transitio
arising from coupled spins are detected once coherenc
28 J. Chem. Phys. 107 (1), 1 July 1997 0021-9606/97
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transferred through a double quantum stage.16 Such studies
have demonstrated that double quantum coherence ca
very efficiently prepared during MAS under certain circum
stances. For example, using first order rotational resona
Nielsenet al.17 demonstrated preparation of double quantu
coherence with 50% efficiency in doubly13C-labeled zinc
acetate. Tycko and co-workers used DRAMA18 and a
DRAMA19 supersequence to achieve double quantum
tered13C spectra in a number of oligopeptides. Other no
dipolar recoupling pulse sequences including C720 and
DRAWS21 have been used to produce double quantum
tered spectra.

Structural information may be obtained from an analy
of the sidebands intensities of a multiple quantum MA
spectrum. The intensities of the fundamental peak of
double quantum spectrum of two coupled spin-1/2 nuclei a
the attendant side bands, contain information on the inter
clear distance, as shown by the proton double quantum
periments of Spiess and co-workers.22,23 In addition, infor-
mation on the mutual orientation of the chemical sh
tensors and the orientation of the internuclear vector rela
to the principal axis systems of the CSA tensors of the t
spins can be obtained even in situations where neither si
crystals nor aligned samples of any kind are available. F
thermore, unlike rotational resonance which is spectrally
lective, multiple quantum techniques can determine C
tensor orientations over a broad spectral range.

The purpose of this paper is to provide a theoretical
/107(1)/28/15/$10.00 © 1997 American Institute of Physics
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29Gregory et al.: Local structure in solid nucleic acids
scription of the preparation and detection of multiple qua
tum coherence in systems of dipolar coupled spin-1/2 nu
in rotating solids using a windowless dipolar recoupli
pulse sequence~DRAWS!.24 Numerical calculations of and
analytical expressions for the intensities of the fundame
and the sideband transitions of the double quantum spec
of two coupled spin-1/2 nuclei will be presented and t
degree to which such spectra provide detailed structura
formation in nucleic acids will be considered. By way
example, the orientation of three13C CSA tensors in
28-deoxythymidine will be determined from double quantu
DRAWS ~DQDRAWS! data. It is then shown how thes
tensor orientations, together with an independent meas
ment of internuclear distance, can be used to determine
mutual orientation of pyrimidine base planes in
isotopically-labeled DNA dodecamer using DQDRAWS.

II. THEORY

Here we derive using Floquet theory25–29 and second
order perturbation theory, the theoretical basis for dipo
recoupling with the DRAWS pulse sequence. The degre
which DRAWS is useful for preparing and detecting doub
quantum coherence will then be described using numer
methods.

A. The DRAWS Floquet Hamiltonian

We are interested in calculating the degree to which
dipolar Hamiltonian is recoupled as a result of irradiating
ensemble of dipolar-coupled spin-1/2 pairs with the DRAW
pulse sequence shown in Fig. 1. The calculation begins w
the definition of the spin interaction MAS Hamiltonia
H(t)

H~ t !5H rf~ t !1H int~ t !, ~1a!

FIG. 1. Double quantum MAS pulse sequences using DRAWS in the pr
ration and the mixing periods~DQDRAWS!. Preparation of double quantum
coherence is performed with an initial stater(0)5I x1Sx .
J. Chem. Phys., Vol. 10
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where

H rf~ t !5v rf@2I x
122 cosw~ t !22I y

223 sin w~ t !# ~1b!

and

H int~ t !52vS~ t !I x
1232vD~ t !I x

224

1vD~ t !@ 3
2I z
1222 1

2~ I z
1231I z

223!#. ~1c!

The fictitious spin-1/2 angular momentum operators37,38

I k
i2 j are defined using a ‘‘strong coupling’’ basis set:

u1&5
i

&

~ uaa&1ubbu), u2&5
i

&

~ uab&1uba&),

~2!

u3&52
i

&

~ uaa&2ubb&), u4&52
i

&

~ uab&2uba&).

In Eq. ~1! the definitionsvS(t)5v I(t)1vS(t) and vD(t)
5v I(t)2vS(t) have been used. The time-dependent che
cal shifts for spinsI andS, v I(t) andvS(t), and the time-
dependent dipolar interactionvD(t) are expressed as Fourie
expansions invR , the spinning rate:

v I ,S~ t !5
v0

2p S s I ,S1A3

2 (
n522

12

vn
I ,Se2 invRtD

and

vD~ t !5 (
n522

12

vn
De2 invRt, ~3a!

where

v6n
I ,S5d6n,0

~2! ~u!e7 ing (
m522

12

@A2,2
I ,S$D22,m

~2! ~V I ,S!1D2,m
~2! ~V I ,S!#

1A2,0
I ,SD0,m

~2! ~V I ,S!%e
2 iamd22,6n

~2! ~b! ~3b!

and

v6n
D 5

m0

4p

g IgS\

r 3
d6n,0

~2! ~u!e7 ing

3 (
q522

12

D0,q
~2!~VD!dq,6n

~2! ~b!e2 iqa. ~3c!

In Eqs. ~3a!–~3c! all symbols have their usual definitions
The dipolar coupling constant is defined as

v IS5
m0

4p

\g IgS

r 3
,

where g I and gS are the magnetogyric ratios of spinsI
andS, respectively, andm0 is the free space permeability
The anisotropy of the chemical shift tensor isA2,0

I ,S

5A 3
2(s33

I ,S2s I ,S) and the asymmetry of the chemical sh

tensor is A2,2
I ,S5 1

2(s11
I ,S2s22

I ,S). The Euler anglesV I ,S

5(a I ,S ,b I ,S ,g I ,S) relate the principal axis frames of th
CSA tensors of spinsI andS to a crystal-fixed axis frame
and the Euler anglesVD5(0,bD ,gD) similarly relate the
principal axis frame of the dipolar tensor to a crystal-fix
axis frame. Finally, the angles~a,b,g! relate the crystal-fixed

a-
7, No. 1, 1 July 1997
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30 Gregory et al.: Local structure in solid nucleic acids
frame to the goniometer frame, and (vRt,u,0) relate the go-
niometer frame to the laboratory frame. In an MAS expe
ment it is assumed thatu5cos21(1/)).

The DRAWS Hamiltonian is calculated in an interactio
frame defined by the transformationU rf(t)5e2 iH rf(t). In
practice, the DRAWS pulse sequence shown in Fig. 1
used, but in the calculation that follows, a slightly simplifie
DRAWS sequence is assumed in which the phase-altern
360° pulses are replaced by continuous single phase irra
tion. Under these conditions, the interaction frame Ham
tonian H̃(t) has the form

H̃~ t !5vD~ t !@az
12~ t !I z

1221az
13123~ t !~ I z

1231I z
223!

1ax
23~ t !I x

2231ay
12~ t !I y

122#

1vD~ t !@ax
24~ t !I x

2241ax
34~ t !I x

3241ay
14~ t !I y

124#. ~4!

FIG. 2. Time-dependent coefficients for the operators in the interac
frame Hamiltonian corresponding to irradiation of two dipolar coupled sp
by the DRAWS pulse sequence in~a!. In all frames the horizontal axis is
time in units oftc , the DRAWS pulse cycle. The dipolar operatorsI z

123

1I z
223 andI z

122 have coefficients that have periodtc . Other operators have
period 4tc .
J. Chem. Phys., Vol. 10
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In Eq. ~4! it is assumed that the rf has been selected such
the offset of spin 1’s isotropic peak from resonanceDv1

52Dv2 , the offset of the isotropic peak of spin 2. Th
assumption results invS(t)50. The coefficientsap

i j (t) for
the dipolar terms in the DRAWS interaction frame Ham
tonian are shown in Fig. 2. Under DRAWS irradiation th
dipolar coefficientsaz

12, az
13123 have a period equal totR

5(2p)/vR , the period of the spinning. On the other ha
the dipolar coefficientsax

23, ay
12, and the chemical shift co

efficientsax
24, ax

34, and ay
14 have a period 4tR .

A time-independent form for the DRAWS Hamiltonia
may be obtained using Floquet theory. Floquet’s theorem25,26

asserts that for a periodic HamiltonianH̃(t) with period t,
the quantum mechanical time displacement operatorU(t)
has the form

U~ t !5P~ t !e2 iHFt, ~5!

where P(t) is periodic with periodt and HF is a time-
independent characteristic constant, the ‘‘Floquet Ham
tonian.’’ Given a time-dependent HamiltonianH̃(t) with pe-
riod t5(2p)/v the matrix elements of the Floque
HamiltonianHF are defined as27

^pnuHFuqm&5
1

t E
0

t52p/v

dt^puH̃~ t !uq&e2 i ~n2m!vt

1nvdnmdpq . ~6!

Therefore, in order to obtain an expression for the DRAW
Floquet Hamiltonian, the time-dependent coefficientsap

i j (t)
in Eq. ~4! must be expressed as Fourier expansions
vR/4. For DRAWS these Fourier expansions converge r
idly and in general less than 200 Fourier coefficients
required to accurately calculate the functionsaq

i j (t).
Given the interaction frame Hamiltonian in Eq.~4!, us-

ing Eq. ~6! and the Fourier expansion coefficients f
vD(t), vD(t), and theap

i j (t)’s, the DRAWS Floquet Hamil-
tonian has the form

HF5
vR

4 (
k51

4

Nkk1 (
n52`

1`

(
m522

12

v4m
D @az,n24m

12 Zn
12

1az,n24m
13123 ~Zn

131Zn
23!1ax,n24m

23 Xn
231ay,n24m

12 Yn
12#

1 (
n52`

1`

(
m522

12

v4m
D ~ax,n24m

24 Xn
241ax,n24m

34 Xn
34

1ay,n24m
14 Yn

14!, ~7!

where the pseudo-spin-1/2 Floquet operators introduced
Schmidt and Vega30 have been used. The index shift in th
Fourier coefficients of the dipolar coupling constant and
chemical shielding is necessitated by the supercycle wh
has a period of 4tR , as mentioned above and in Weintrau
and Vega.29

Note the more complicated form of the DRAWS Floqu
Hamiltonian in comparison to the DRAMA Floquet Hami
tonian, which was calculated in Ref. 29 using a ‘‘de
pulse’’ approximation. The dipolar Floquet operatorXn

23 and
the more complicated time dependence ofZn

131Zn
23 in the

n
s

7, No. 1, 1 July 1997
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31Gregory et al.: Local structure in solid nucleic acids
DRAWS Floquet Hamiltonian results from the continuo
y irradiation, while the operatorYn

12 is a result of the finite
nature of thex pulses of the DRAWS sequence. Finite pul
effects also result in three chemical shift operators in
DRAWS Floquet Hamiltonian:Xn

24, Xn
34, Yn

14.

B. Effective DRAWS Hamiltonian: Perturbation theory

Perturbative methods may be used to obtain approxim
eigenvalues for the DRAWS Floquet Hamiltonian30–35 or
e

d
re
ti
en
f
th

J. Chem. Phys., Vol. 10
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eigenvalues can be obtained by numerical diagonalizat
We will use a perturbative approach first in order to obta
some physical intuition about the manner in which DRAW
recouples dipolar interactions and thus the efficiency w
which it effects preparation of double quantum coheren
Details are given in the Appendix. It can be shown that
perturbation expansions for the eigenvalues of the Floq
Hamiltonian converge rapidly whenvR.Dv, whereDv
5Dv12Dv2 .

29 In this limit to second order the DRAWS
Floquet Hamiltonian is
HF'
vR

4 (
k51

4

Nkk1Z0
12H z0122z0

131232S 4

vR
D 2(

k51

`
1

k2 Fz012uyk12u21~z0
1223z0

13123!uxk
23u22

~z0
122z0

13123!

2
uxk

24u2G J
1Z0

13H 2z0131232S 4

vR
D 2(

k51

`
1

k2
@z0

13123uxk
34u22~z0

1223z0
13123!uxk

23u2#J
1Z0

14S S 4

vR
D 2(

k51

` H 1k2 Fz013123uxk
34u21S z0122z0

13123

2 D uxk
24u21S z0121z0

13123

2 D uyk
14u2G J D , ~8!
a

ults
rved

S
in-
m-

s

where z0
12/25az,8

12 Re(v8
D)1az,4

12 Re(v4
D), z0

13123/2
5az,8

13123 Re(v8
D)1az,4

13123 Re(v4
D), and xk

23, xk
24, xk

34, yk
12,

yk
14 are products of Fourier coefficients as described in R
29.

Evaluating the series:

(
k51

` uyk
12u2

k2
,(
k51

` uxk
23u2

k2
,(
k51

` uyk
14u2

k2
,(
k51

` uxk
24u2

k2
,(
k51

` uxk
34u2

k2
,

and expressingz0
12 and z0

13123 in terms ofv8
D andv4

D , we
obtain in the limitvR.Dv.vD the effective Hamiltonian
for DRAWS:

H̄eff'@Re~v4
D!2 1

10 Re~v8
D!#F120.002S Dv

vR
D 2G Î Z122

1@Re~v4
D!1 1

10 Re~v8
D!#F120.010S Dv

vR
D 2G Î Z123

22 Re~v4
D!S Dv

vR
D 2Î Z124. ~9!

The recoupled dipolar interactionH̄eff
D is represented by

the first two terms in Eq.~9!. The scaling of the recouple
dipolar interaction is the ratio of the magnitude of the
coupled dipolar interaction to the magnitude of the sta
dipolar interaction. In general the recoupling is depend
upon orientation so to estimate the dipolar scaling it is use
to calculate the orientationally averaged matrix norm of
recoupled dipolar HamiltonianiH̄eff

D i which has the form
f.

-
c
t
ul
e

iH̄eff
D i25

1

4p E
0

2p

dgE
0

p

db sin b Tr@~H̄eff
D !2#

'
v IS
2

20 F120.012S Dv

vR
D 210.0001S Dv

vR
D 4G . ~10!

The matrix norm given in Eq.~10! can be used to calculate
dipolar scaling parameter for DRAWS:

SDRAWS5
iH̄eff

D i
iHstatic

D i
5

1

2&
F120.012S Dv

vR
D 2

10.0001S Dv

vR
D 4G1/2. ~11!

In the fast spinning limit, Eq.~11! indicates a dipolar scaling
of about 0.36, and a weak dependence on offset. Both res
have been predicted by numerical calculations and obse
experimentally.24

C. Preparation, evolution, and detection of multiple
quantum coherence using DRAWS

During the double quantum preparation period, DRAW
irradiation is applied synchronously with the sample sp
ning, and so the preparation time is equal to an integral nu
ber of rotational cycles, i.e.,t5NtC5N3M3tR5N3M
3(2p)/vR . Assuming that the initial density operator ha
the form r(0)5 Î Z1ŜZ52Î X

123, the efficiency of double
quantum preparation by DRAWS irradiation is given by
7, No. 1, 1 July 1997
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32 Gregory et al.: Local structure in solid nucleic acids
Tr@UF~t!I X
123UF

21~t!I Y
123#

5 (
mÞn

Im,n sin@~mm,02mn,0!NtC#

5 (
mÞn

Im,n sin~DmmnNtC!, ~12!

wheremm,k is the eigenvalue of the DRAWS Floquet Ham
tonian corresponding to themth Zeeman state and thekth
Floquet state.

Specific structural information is obtained from ind
vidual double quantum sideband intensities, which in tu
requires an expression for the evolution of double quan
coherence. Double quantum coherence, prepared
DRAWS irradiation, evolves duringt1 under the Hamil-
tonian

H~ t1!5vS~ t1!I X
123

5v0I X
123FA3

2 (
n522

12

~vn
I 1vn

S!e2 in~vRr11g!G .
~13!

It is easy to show that the Floquet Hamiltonian relevant
the evolution of double quantum coherence is

HF5vR~N111N33!1 (
n522

12

xn
123Xn

13, ~14!

where x6n
1235(v6n

I 1v6n
S )e7 ing. The evolution of double

quantum coherence under the Floquet Hamiltonian in
~14! is mathematically equivalent to the evolution of an is
lated spin-1/2 nucleus subjected to a shaped irradiation,
scribed by Goelmanet al.35 As in the shaped irradiation
problem, the Floquet Hamiltonian in Eq.~14! can be diago-
nalized analytically

DHFD
215vR~N111N33!1x0

123Z0
13, ~15!

where

D5expS (
nÞ0

xn
123u
nvR

Zn
13D expS 2 i

p

2
Y0
13D .

The evolution of multiple quantum coherence is calcula
by evaluation of the trace Tr@U(t1)I Y

123U21(t1)I Y
123#,

which proceeds in a manner analogous to the calculatio
the MAS spectrum of an isolated spin-1/2 nucleus

Tr@U~ t1!I Y
123U21~ t1!I Y

123#

52 1
4 (
m,n

dn
123~dm

123!* cos@~m2n!vRt1#, ~16!

where

dm
1235(

k
JkS 2ux1

123u
vR

D Jm22kS 2ux2
123u

2vR
D

3ei ~kw11~m22k!w2!, xn
1235uxn

123ueiwn,

and
J. Chem. Phys., Vol. 10
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Jn~x!5 (
k.0

~2 !k

k! ~k1n!! S x2D
2k1n

is an integral Bessel function of ordern.
Becauset1 is not generally incremented in integral mu

tiples of the rotor period, the Euler angleg is a function of
t1 i.e., g(t1)5g01vRt1 and the Fourier components in th
expansion ofvD(t) during the mixing period become func
tions of t1 as well

v6n
D ~ t1!5

m0

4p

g1gS\

2pr 3
d6n,0

~2! ~u!e7 ing~ t1!

3 (
q522

12

D0,q
~2!~VD!dq,6n

~2! ~b!e2 iqa. ~17!

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

Tr@U~NtC!I Y
123U21~NtC!I X

123#

5
i

4
~2U11U33

212U13U13
211U31U31

211U33U11
21!

5 (
uÞn

I u,n sin$@mu,0~ t1!2mn,0~ t1!#NtC%, ~18!

which in the limitDv!vR reduces to

Tr@U~NtC!I Y
123U21~NtC!I X

123#

}sin@ 3
2 Re~v4

D!NtC cosvRt1#

or

Tr@U~NtC!I Y
123U21~NtC!I X

123#

}(
k50

`

~2 !kJ2k11@
3
2 Re~v4

D!NtC#cos@~2k11!vRt1#.

~19!

Therefore, DRAWS irradiation during the mixing period r
couples the dipolar interaction, but this interaction is now
function of t1 so long as the length of the evolution period
not an integral multiple of the spinning period.

D. Dependence of the DQDRAWS spectrum on
structure: Numerical simulations

Equation~18! means that the recoupled dipolar intera
tion is introduced directly into the double quantum spinni
side band intensities as a result of DRAWS irradiation dur
the mixing period as opposed to the preparation Hamilton
which affects only the intensity of the overall spectrum
Therefore, the individual side band intensities in the dou
quantum DRAWS~DQDRAWS! spectrum, as well as the
integrated intensity of the DQDRAWS spectrum are affec
by the details of the dipolar recoupling sequence. Even
negligible chemical shift evolution occurs duringt1 , side-
bands will be observed in the double quantum spectrum
result of the dipolar modulation predicted by Eq.~19!, al-
though no isotropic peak would be observed and only e
7, No. 1, 1 July 1997
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33Gregory et al.: Local structure in solid nucleic acids
order side bands would have nonzero intensity. This ef
has been reported and exploited by Spiess and co-work38

who have observed at high spinning rates side-ban
double quantum spectra for systems of coupled proton p
In addition to being sensitive to the principal values of t
two chemical shift tensors and the internuclear distance
of which can be measured by independent metho
DQDRAWS side band intensities are sensitive to five Eu
angles: The three components of the solid Euler angle re
ing the principal axis frames of the two chemical shift te
sors, and the two angles orienting the internuclear vector
reference frame common to the two chemical shift tenso

As an example of the degree to which DQDRAWS da
elucidates local structure, consider two dipolar-coupled13C
spins with shift tensors~in units of ppm!: C1(s11,s22,s33)
5(242,168,91) and C2(s11,s22,s33)5(44,130,238). As-
sume the two spins are separated by 2.5 Å. Figure 3 il
trates the effect on the double quantum spectrum of vary
the mutual orientation of the CSA tensors of the two13C
spins. In Fig. 3~a!, the two CSA tensors begin in a collater
arrangement for which (a,b,g)5(0,0,0), represented by th
spectrum in the top lane, andb is incremented by 30° in the

FIG. 3. Calculated DQDRAWS spectra showing the effect of differ
chemical shift tensor and dipolar tensor orientations. The principal va
for the CSA tensors for C4 and C6 in 28-deoxythymidine-4,6-13C2 have been
used~see Table I! andnR54525 Hz.~a! In the top spectrum the PAS frame
for C4 and C6 are coincident so the double quantum tensor element
s11
DQ5s11

C41s11
C65286 ppm, s22

DQ5s22
C41s22

C65289 ppm, ands33
DQ5s33

C41s33
C6

5329ppm. In the spectra below theb angle of the C4 carbon has bee
incremented in 30° steps. In the bottom spectrum the double quantum te
elements ares11

DQ5s33
C41s11

C65135 ppm, s22
DQ5s22

C41s22
C65298 ppm, and

s33
DQ5s11

C4 1 s33
C6 5 480ppm. The larger anisotropy results in a greater nu

ber of sidebands in the DQDRAWS spectrum.~b! In the top spectrum Euler
angles appropriate for 28-deoxythymidine-4,6-13C2 have been used~see Fig.
7!. These are, for C4,a584°, b590°, andg5180° and for C6,a590°,
b554°, andg590°. In the spectra below theb angle of the C4 carbon ha
been incremented in 30° steps.~c! Same as~b! but the Euler anglea is
incremented in 30° steps.
J. Chem. Phys., Vol. 10
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lower lanes. The trend in Fig. 3~a! can be easily explained i
we realize that forb50, the effective double quantum
chemical shift tensor has elements (s11

DQ ,s22
DQ ,s33

DQ)
5(286,289,329), and so the top trace corresponds t
double quantum spectrum dominated by the anisotropy
the dipolar interaction@see Eq.~19!#. As b is incremented
from 0° the influence of the chemical shift anisotropy b
comes more pronounced in the double quantum spectrum
the even order side bands and fundamental peak gradu
increase in intensity. Figures 3~b! and 3~c! show the same
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
rigid bodies within macromolecules from DQDRAWS dat
For the purposes of this discussion, a rigid structure is
fined as a network of covalently bonded atoms that are c
strained on average, to lie at fixed coordinates relative to
another. Purine and pyrimidine bases in polynucleotides
peptide planes in polypeptides are rigid bodies in the ab
sense. Consider a biopolymer containing two rigid bod
that are at close proximity. Assume that located within ea
rigid body is a spin-1/2 nucleus with an associated C
tensor. If each CSA tensor can be oriented relative to a fra
fixed to each rigid body by a DQDRAWS experiment, whic
detects the mutual orientation of the two CSA tens
through the evolution of the double quantum coherent st
the mutual orientation of the two rigid bodies is also det
mined. This strategy will be used, in the following sectio
to determine the mutual orientation of pyrimidine bases i
DNA oligomer.

III. EXPERIMENTAL METHODS

A. NMR spectroscopy

All MAS experiments were performed on a home-bu
NMR spectrometer operating at a13C NMR frequency of
100.53 MHz. A 5 mmDoty Scientific MAS probe was use
for room temperature experiments and a Chemagnetics 5
MAS probe was used for low temperature experimen
Sample spinning rate was stabilized to within62 Hz with a
home-built spin rate controller. During cross polarization, t
13C rf level was set to 60–62.5 kHz. and the proton pow
level was set to achieve a Hartmann–Hahn match.39 During
the application of the DRAWS sequence the13C rf power
was decreased to 38.5 kHz, and during thet1 and t2 periods
the proton decoupling level was set to 100–120 kHz.13C
pulses were delivered by a Kalmus LP1000 amplifier. Pro
pulses were delivered by a Henry Radio 2004-A amplifier
standard tune-up sequence was used to minimize p
errors.40 Phase cycling was used to eliminate signal wh
did not pass through a double quantum state during the e
lution period. Two dimensional spectra were acquired in h
percomplex mode41 and the DQDRAWS spectrum was ob
tained by selective projection ofv2 columns.

Powder patterns were acquired on a home-built NM
spectrometer operating at a13C Larmor frequency of 50.3
MHz. Cross polarization fields were set to 62 kHz for bo
13C and1H channels. The proton decoupling field was set

t
s
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7, No. 1, 1 July 1997
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34 Gregory et al.: Local structure in solid nucleic acids
125 kHz and the15N decoupling field was set to 20 kHz. A
MREV-842 sequence was used for the dipolar modulat
experiment. During the MREV-8 sequence, the proton
pulse time was 1.6ms and a complete MREV-8 cycle wa
24.7ms long.

In all rotational resonance experiments the initial st
I z2Sz was prepared by selective inversion accomplish
with the four 180°-pulse sequence of Geen, Levitt, a
Bodenhausen43 and a 90° pulse. A second 90° read out pu
terminated the mixing period. A 16-step phase cycle w
used to eliminate signal which did not go though a ze
quantum state during the mixing period. Chemical sh
scaling44 was used during acquisition to eliminate spect
overlap.

B. Sample preparation

Methods used to make: 28-deoxythymidine-
2-13C-1,3-15N2, 28-deoxythymidine-4-13C-1,3-15N2,
28-deoxythymidine-6-13C-1,3-15N2, 28-deoxythymidine-
4,6-13C2-1,3-

15N2, and 28-deoxythymidine-2,4-13C2-1,3-
15N2

were adapted from the procedures of Redwine and Whal45

and Williamson and Boxer.46 Condensation of the silate
base with the 38,58-ditoluyl chlorodeoxyribose followed by
crystallization and deprotection results in theb-anomer of
28-deoxythymidine.47

13C and15N-labeledb-cyanoethylphosphoramidites we
prepared using methods described previously.48 Singly la-
beled thymidine phosphoramidites were incorporated i
nucleotide positions T7 and T8 in the DNA dodecam
@d(CGCGAAT*T*CGCG)#2 with an Applied Biosystems
392 DNA synthesizer in two 10mmol batches, and were
purified by methods described in a previous publication49

DNA samples were dissolved in a buffered, aqueous s
tion, and for solid-state NMR studies were cooled
2120 °C in an Chemagnetics CPMAS probe using liqu
nitrogen boil-off.

IV. RESULTS

A two-step strategy was used to determine the mu
orientation of pyrimidine bases in DNA from DQDRAWS
First, the 13C2, 13C4, and 13C6 CSA tensors in
28-deoxythymidine were oriented in a frame fixed to the p
rimidine ring. Then, from the DQDRAWS spectrum of
coupled13C spin pair in DNA, the mutual orientation of th
CSA tensors of13C spins on separate pyrimidine bases a
thus the mutual orientation of the pyrimidine bases was
termined.

Single crystals of 28-deoxythymidine could not be pre
pared in sufficient size for NMR study. Therefore, the orie
tation of the CSA tensors for the13C-2, 13C-4, and13C-6 in
polycrystalline 28-deoxythymidine were obtained using
combination of static powder pattern analysis, separated
cal field spectroscopy and DQDRAWS. The results of
DQDRAWS analysis were checked using a combination
static powder pattern analysis, first- and second-order r
tional resonance.
J. Chem. Phys., Vol. 10
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A. Determination of 13C chemical shielding tensor
orientations in 2 8-deoxythymidine by powder
pattern analysis, dipolar modulation, and rotational
resonance

To determine the orientation of the13C CSA tensors of
C2, C4, and C6 with respect to the local molecular fra
fixed to the thymine ring, it is convenient to begin with
13C spin that is directly-bonded to two heterospins. The C
tensor of that spin is then oriented relative to the two bo
axes. Because the C-6 carbon in thymidine is protonated
is directly bonded to15N1, it was possible to perform a di
polar modulation experiment to orient the C6–H and C6–
bonds in the PAS of C-6’s CSA tensor.50 For the olefininc
13C-6 carbon it is assumed that the most shielded tenso
ements11 is perpendicular to the plane of the ring.51 This
assumption and the15N coupled data indicate that thes33

element of C6’s CSA tensor makes an angle of 36° to
C6-–N1 bond withs22 almost parallel to the C5–C6 bond
Figure 4 shows the data on the right and the best fit sim
tion on the left.

A rotational resonance experiment was then used to
termine the orientation of13C-4’s CSA tensor relative to
C-6’s CSA tensor. Rotational resonance is insensitive
CSA tensor orientations if the chemical shift anisotropies
the labeled spins are small compared to the rotor spee52

However, this is not the case for 28-deoxythymidine-
4,6-13C2 even at first-order rotational resonance,Ds ISO5nR
because for13C4 and13C6 the isotropic chemical shift dif-
ferenceDs ISO529 ppm and the anisotropies for both CS
tensors exceed 75 ppm. We were able to use this fact to
advantage since the distance, and hence the dipolar cou
strength between the two13C labels, is known from x-ray

FIG. 4. Dipolar modulation experiment performed on 28-deoxythymidine-
6-13C. Duration of the MREV-8 irradiation ist1 . ~a! The best fit calculated
spectrum and the corresponding C6 CSA tensor orientation;~b! Experimen-
tal dipolar modulation data;~c! An alternative model for the C6 CSA tenso
orientation.
7, No. 1, 1 July 1997
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35Gregory et al.: Local structure in solid nucleic acids
data. Because C-4 is a carbonyl carbon and is a member
heterocyclic ring, its most shielded CSA tensor elements33

is assumed to be approximately perpendicular to the plan
the thymine ring.51 The only unknown quantity was the ang
g which rotates the CSA tensor of C4 about the C4–
bond.

From the13C4–15N3 coupled powder pattern experime
the angle between thes11 element of C4’s CSA tensor an
the C4–N3 bond was found to be 14°~data not shown!.
Assumings33 is orthogonal to the plane of the thymine rin
two possible orientations of C4’s CSA tensor exist, cor
sponding to two values of the angleg. Figures 5~a! and 5~b!
show the orientation of the13C-4 CSA tensor forg590° and
g5290°, respectively. To determine the correct value ofg,
rotational resonance data were acquired. Figure 5~c! shows a
x2 surface for a first-order rotational resonance experim
performed on thymidine-4,6-13C2. To calculatex

2, data was
compared to calculated exchange curves in which the angg
and the dipolar coupling constant have been varied. The g
areas indicate the best fit between calculated data and ex
ment. Since the dipolar coupling constant is known to be 5
Hz, g must be approximately equal to 90°. Figures 5~d! and
5~e! show first-and second-order rotational resonance

FIG. 5. Results of rotational resonance experiments performed
28-deoxythymidine-4,6-13C2. ~a! 13C-4 chemical shift tensor orientation fo
g5190°. ~b! 13C-4 chemical shift tensor orientation forg590°. ~c! Con-
tour plot showingx2 values determined by comparing the results of a fir
order rotational resonance experiment and calculated results. The ang
and the dipolar coupling strength were varied in the calculations. The
areas indicate the best fit areas wherex2,0.04. Other contour lines repre
sentx2 values of 0.08, 0.2, 0.3, 0.4, and 0.5, respectively.~d! Results of the
first-order rotational resonance experiment. Squares indicate experim
data. The rotor speed wasnR52915 Hz. The solid and dashed lines a
simulated exchange curves for theg5190° andg5290° tensor orienta-
tions, respectively.~e! Results of a second-order rotational resonance exp
ment. The rotor speed wasnR51458 Hz.
J. Chem. Phys., Vol. 10
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change curves for thymidine-4,6-13C2. Calculated curves for
g5690° are shown for comparison.

The 13C label in the thymidine-2-13C sample is adjacen
to two 15N labels. This fact allowed the13C-2 CSA tensor
orientation to be completely determined from the15N
coupled spectrum. Figure 6 shows15N coupled and un-
coupled spectra with simulations. The orientation determin
from these spectra was in agreement with the results o
rotational resonance experiment performed on thymidi
2,4-13C2 ~data not shown!. The orientations for all three13C
tensors are shown in Fig. 7.

B. Determination of 13C chemical shielding tensor
orientation in 2 8-deoxythymidine by DQDRAWS
spectroscopy

The determination of CSA tensor orientation
28-deoxythymidine using DQDRAWS is straightforward an
begins in the same way as the process described in
IV A. The orientation of C6’s CSA tensor is determined rel
tive to a frame fixed to the thymine ring by a dipolar mod
lation experiment. Then the relative orientation of the CS
tensors of C4 and C2 are determined from DQDRAWS da
first using a DQDRAWS experiment applied t
28-deoxythymidine-4,6-13C2 to determine the orientation o
C4’s CSA tensor to C6’s CSA tensor, then applyin
DQDRAWS to 28-deoxythymidine-2,4-13C2 to determine the
mutual orientation of the C2 and C4 CSA tensors.

In Fig. 8 experimental DQDRAWS spectra fo
28-deoxythymidine-2,4-13C2 and 28-deoxythymidine-

n

y

tal

i-

FIG. 6. Static spectra of 28-deoxythymidine-2-13C-1,3-15N2. ~a!
15N-coupled spectrum.~b! Best fit calculated15N-coupled spectrum.~c!
15N-decoupled spectrum.~d! Best fit calculated15N-decoupled spectrum.
7, No. 1, 1 July 1997
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36 Gregory et al.: Local structure in solid nucleic acids
4,6-13C2 are shown along with calculated double quantu
spectra. Double quantum spectra were calculated using
tensor orientations displayed in Fig. 7. Agreement betw
theory and experiment is excellent.

To further check the consistency of the tensor orien
tions, the orientation of the CSA tensor of13C2, determined
from the data in Fig. 6, was assumed as a starting point
the orientation of the13C4 CSA tensor relative to the mo
lecular frame was derived from the DQDRAWS spectrum
28-deoxythymidine-2,4-13C2 shown in Fig. 8. Now the orien
tation of the CSA tensor of13C6 was determined by calcu
lating the DQDRAWS spectrum for 28-deoxythymidine-
4,6-13C2 as a function ofj, the angle between thes33 axis of
C-6’s CSA tensor and the C6–N1 bond@Fig. 9~a!#. To quan-
tify the goodness of fit between simulation and experimen
residual functionx2 was defined as the sum of the square
the differences between all pairwise ratios of intensities
the experimental (I i

expt) and simulated (I i
sim) spectra

x25
1

2~2m11! (
i52m

1m

(
j. i

~ I j
expt/I i

expt2I j
sim/I i

sim!2

I j
sim/I i

sim . ~20!

Figure 9~b! is the plot of x2 as a function ofj for the
DQDRAWS series shown in Fig. 9~a! compared to the
DQDRAWS data in Fig. 8. The angle ofj536° is at a
minimum in thex2 plot, which is consistent with the result
of 1H6–13C6–15N1 dipolar modulation experiment.

FIG. 7. Diagram showing the chemical shift tensor orientations for
13C-2, 13C-4, and13C-6 carbons in 28-deoxythymidine. Angles are accurat
to within five degrees. The principal tensor values are, for13C-2, s11

5227 ppm, s225122 ppm, s33596 ppm; for 13C-4, s115242 ppm, s22

5168 ppm, s33589 ppm; and for13C56, s11549 ppm, s225130 ppm,
s335238 ppm. The conventionus332s ISOu.us112s ISOu.us222s ISOu has
been followed. Tensor values are referenced to TMS and are accura
within two ppm.
J. Chem. Phys., Vol. 10

Downloaded¬04¬Oct¬2002¬to¬128.95.64.27.¬Redistribution¬subject¬
he
n

-

nd

f

a
f
r

C. Determination of the mutual orientation of two
thymine rings in @d (CGCGAAT*T*CGCG)#2 by
DQDRAWS spectroscopy

The nature of pyrimidine base stacking in a DN
dodecamer was determined from DQDRAWS data in the
lowing manner. Forty milligrams of the DNA oligome
@d(CGCGAAT*T*CGCG)#2 were synthesized as describe
in Sec. IV, with 28-deoxythymidine-6-13C-1,3-15N2 incorpo-
rated into position T7 and 28-deoxythymidine-
4-13C-1,3-15N2 incorporated into position T8. The
13C6–13C4 internuclear distance, and the mutual orientat
of the T7 and T8 pyrimidine rings, is dependent upon t
hydration state of the DNA.53 Therefore, the labeled DNA
dodecamer was hydrated to a level corresponding to gre
than 64 molecules of water per nucleotide, which is su
cient to produce aB-form DNA structure. To attenuate dy
namic averaging of the dipolar interaction, the hydrat
DNA sample was cooled to2120 °C.

The13C6–13C4 internuclear distance was determined u
ing the DRAWS pulse sequence. The TOSS-t-deTOSS
method of Greenet al. was used to prepare an initial sta
I y2Sy .

54 These data were used as a control to correct
I y1Sy DRAWS data for relaxation effects and coupling
13C spins at natural abundance.I y2Sy and I y1Sy DRAWS
decay data for the doubly labeled DNA dodecamer
shown in Fig. 10 and indicate a C6–C4 distance of

e

to
FIG. 8. Double quantum projections. In all projections given in this figu
the preparation time was 1.768 ms and the rotor speed was set tnR

54525 Hz. ~a! Experimental double quantum projection of 28-deoxythy-
midine-2,4,-13C2. ~b! Calculated double quantum projection o
28-deoxythymidine-2,4,-13C2. ~c! Experimental double quantum projectio
of 28-deoxythymidine-4,6,-13C2. ~d! Calculated double quantum projectio
of 28-deoxythymidine-4,6,-13C2.
7, No. 1, 1 July 1997
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37Gregory et al.: Local structure in solid nucleic acids
60.20 Å, in excellent agreement with the distance of 4.20
obtained from the solution NMR structure55 and the canoni-
cal B-form distance of 4.26 Å.

The experimental DQDRAWS spectrum of the tw
coupled 13C spins labels attached to T7 and T8
@d(CGCGAAT*T*CGCG)#2 is shown in Fig. 11~b!. A
simulation of the DQDRAWS spectrum uses: The princip
values for the CSA tensors of13C6 and13C4 ~Table I!, the
CSA tensor orientations, and the13C6–13C4 distance of 4.0
Å, derived from the DRAWS experiment described abo
As an initial guess for the orientation of the thymine rings
T7 and T8, it was assumed that the DNA structure in
AATT segement is close to canonicalB form.56 The orien-

FIG. 9. Sensitivity of the double quantum spectrum of 28-deoxythymidine-
4,6-13C2 to a change in the mutual orientation of the shift tensors and
uniqueness of the best fit spectrum:~a! double quantum spectrum o
28-deoxythymidine-4,6-13C2 as a function of the anglej between thes33

axis of the CSA tensor of13C-6 and the C6–N1 bond;~b! x2 plot for best fit
spectrum to the experimental data wherex2 is given by Eq.~20!.
J. Chem. Phys., Vol. 10
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tation of each CSA tensor relative to a frame fixed to
thymine ring was derived from the data in Fig. 7. To calc
late the Euler angles relating the two CSA tensors, an in
mediate frame was defined with thez axis parallel to the
C4–C6 internuclear vector. The direction of thex or y axis
can be selected arbitrarily and for convenience was orien
such thatg50° for the CSA tensor of the C4 carbon on th
T8 nucleotide. Using this convention the Euler angles cor
sponding to aB-form structure are

T7:C6 a58°, b552°, g5162°

and

e

FIG. 10. I y1Sy and I y2Sy DRAWS decay curves for
@d(CGCGAAT*T*CGCG)#2 , hydrated to a level of 64 water molecules p
nucleotide and cooled to2120 °C. The DRAWS data best match the 4
60.2 Å curve, in excellent agreement with the distance of 4.20 Å, obtai
from the high-resolution NMR structure, and the canonicalB-form distance
of 4.26 Å.

FIG. 11. Calculated and experimental DQDRAWS spectra
@d(CGCGAAT*T*CGCG)#2 , obtained under the same experimental con
tions as described in Fig. 10.~a! DQDRAWS simulation assuming an ori
entation of theT7 and T8 bases found in canonicalB-form DNA. ~b!
Experimental DQDRAWS spectrum obtained from the doubly labeled D
dodecamer;~c! DQDRAWS simulation assuming an orientation of theT7
andT8 bases found in canonicalA-form DNA. See text for details.
7, No. 1, 1 July 1997
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38 Gregory et al.: Local structure in solid nucleic acids
T8:C4 a5355°, b537°, g50°.

The simulated DQDRAWS spectrum is shown in Fig. 11~a!.
Using Eq.~20! and the five most intense sidebands in Fi
11~a! and 11~b!, it was found thatx250.017. For compari-
son, anA-form structure corresponds to

T7:C6 a528°, b548°, g50°

and

T8:C4 a5344°, b556°, g5208°.

The simulation for theA-form structure is shown in Fig
11~c! and for this case the fit is poorer, withx250.054.

Although the agreement between the experimen
DQDRAWS spectrum andB-form simulation is very good,
x-ray56 and solution NMR55 studies indicate that sequenc
specific deviations from the canonicalB-form structure occur
in this DNA sequence. An exhaustive search over all p
sible orientations and translations of these two bases is
yond the scope of this paper. However, it is possible to de
onstrate that the base orientation specified by the canon
B-form structure is indeed at a local minimum inx2 space.
To explore the form of the DQDRAWS spectrum as a fun
tion of local structure, the DQDRAWS spectrum of the do
bly labeled DNA dodecamer was simulated as a function
the rotation of T8’s base about its glycosidic bond, beginn
with canonicalB form and incrementing the rotation angle
a maximum of 60°. The position of T7’s base is unchang
throughout the rotation series. This simple structural dev
tion from B form preserves the C4–C6 distance because
position of C4 on T8 is unchanged when T8 is rotated ab
its glycosidic bond. Althoughx2 increases slightly for smal
deviations fromB form (,10°), x2 reaches a minimum
value of 0.011 for glycosidic bond rotations of 20°–30° fro
B-form before increasing to 0.2181 for a rotation of 60°.
more thorough structural search based on DQDRAWS d
will be published elsewhere.

V. DISCUSSION

The experimental results and data analysis in Sec.
illustrate the degree to which local structure, i.e., base sta
ing, in DNA can be determined from DQDRAWS data usi
only two 13C labels per pair of bases. It is interesting

TABLE I. Tensor values for three carbon nuclei in thymidine. The conv
tion us332s isou>us112s isou>us222s isou has been assumed. The princip
tensor values are accurate to62 ppm.u andf are the polar and azimutha
angles for the13C–15N dipole vector. Start with the coupled15N nucleus
placed so the13C–15N bond vector is parallel to thes33 axis. First, the angle
u rotates the13C–15N vector toward thes11 axis. Then, the anglef rotates
the13C–15N vector around thes33 axis toward the positives22 axis. For the
C-2 carbon the polar angles relative to N-1 areu and f the polar angle
relative to N-3 arej andz. Angles are accurate to65°.

Carbon s11 s22 s33 u f j z

13C-2 227 ppm 122 ppm 96 ppm 90° 36°
13C-4 242 ppm 168 ppm 91 ppm214° 90°
13C-6 44 ppm 130 ppm 238 ppm234° 90° 214° 90°
J. Chem. Phys., Vol. 10
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compare and contrast the DQDRAWS-based strategy for
termining structure in a biopolymer, and a nucleic acid
particular, with structural methods based solely upon d
tance information. To uniquely define the positions of tw
rigid bodies the coordinates of three atoms in each b
must be defined. In principle, the set of distances$di j % be-
tween all spinsi and j in a system can be converted
coordinates$n i5(xi ,yi ,zi)% by the analytical expressions

v15~0,0,0!; v25~d12,0,0!;

v35Fd132 2d23
2 1d12

2

2d12
,~d13

2 2x3
2!1/2,0G

and for i54•••n,

v i5Fd1i2 2d24
2 1d12

2

2d12
,
d2i
2 2d3i

2 2d12
2 1d13

2 12xi~d122x3!

2y3
,

6~d1i
2 2xi

22yi
2!1/2G . ~21!

However, the expressions in Eq.~21! are ill-conditioned in
the sense that small changes in the distances can pro
large changes in the coordinates,57 so in practice, more stable
algorithms are used to derive coordinates from dista
information.58 Nevertheless Eq.~21! can be used to estimat
the number of distances required to solve the structural p
lem described in Sec. IV.

Supposen1 , n2 , andn3 are the coordinates of C2, C4
and C6, respectively, in nucleotide T7, andn4 , n5 , andv6
are the coordinates of C2, C4, and C6 in T8. From Eq.~21!,
12 distances would be required to define the six atomic
ordinates. However, assumingd12, d13, d23, d45, d46, and
d56 are known, the number of distances required to de
mine the relative locations of the bases of T7 and T8
reduced to six. Therefore, six13C labels attached to T7 an
T8 and six dipolar recoupling measurements would be
quired to derive the structural information that th
DQDRAWS/DRAWS experiments obtained from just tw
13C labels.

Other methods exist that determine structure from di
dral angle information. For example, Brenneman and Cr
have described a metric method for determining the struc
of polypeptides using dipolar couplings derived by so
state NMR.59 The metric method is analogous to the distan
geometry method57,58 in that the former method exploits th
general relationships that angles between vectors must
isfy, while the latter method exploits the general relatio
ships that distances between points must satisfy. In prac
the metric method requires oriented samples of isotopic
labeled polypeptides. A manageable number of solutions
the dihedral angles describing the polypeptide second
structure is obtained by measuring the CaH, NH, and NC1
dipolar couplings.

The fact that the metric method of Cross and Brennem
requires oriented samples restricts at present the applica
of this method to high molecular weight DNA, which can b
drawn into fibers.60 DNA oligomers can be magneticall
oriented,61 but a cholestric phase results which is not use

-
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39Gregory et al.: Local structure in solid nucleic acids
for the metric approach. We have recently shown that Ra
achandran angles may be derived from the DQDRAW
spectra of polypeptides in which adjacent carbonyl C1 car-
bons have been labeled with13C.62 A similar experiment has
been reported by Tycko and co-workers63 who rely on spin
diffusion to prepare two spin correlations. Schmidt–Roh64

reported recently the determination of polymer second
structure using double quantum powder patterns. Clea
DQDRAWS and the methods described by Tyckoet al. and
Schmidt–Rohr have the potential to extract six times
structural information from a given spin pair~i.e., one dis-
tance and five Euler angles! than can be obtained by NMR
techniques that only measure internuclear distance.

With regard to the view of the detailed structure of t
TT segment of the DNA dodecamer, it is clear th
DQDRAWS data can distinguish differences in base orien
tion that occur between canonicalB-form DNA where the
glycosidic bond anglex is about2102°, andA-form DNA
wherex is about equal to2155°. Crystal structures of DNA
oligomers inB-form indicate however thatx can deviate
markedly from2102°. In@d(CGCGAATTCGCG)#2 for ex-
ample,x is observed to vary between290° and2140°,
with both T7 and T8 havingx values of about2128°, or
just over a225° deviation from canonicalB-form.65 Al-
though small improvements inx2 occur for 20°–30° rota-
tions of T8’s glycosidic bond away from 102°, these sm
decreases are probably not significant at the signal-to-n
level that is observed in Fig. 11.

It is reasonable to consider what errors might exist t
compromise the structural interpretation of the DQDRAW
spectrum. Dipolar couplings to adjacent14N and/or15N spins
may contribute to the double quantum side band intens
in DQDRAWS spectra of13C spins in heterocyclic rings. In
the present study all nitrogen sites adjacent to13C spin labels
were enriched with15N as described above. The dipolar co
pling between directly bonded13C and 15N spins is about
1200 Hz. In general this small dipolar interaction can
easily removed by applying a modest decoupling field to
15N spins. We found that in practice even if the15N decou-
pling field was not applied the DQDRAWS data still furnis
mutual orientations of tensors in good agreement with c
trol experiments. For example, both the13C6 and13C2 ten-
sors on thymidine were oriented relative to molecule-fix
frames using, as described above, a combination of s
powder pattern analysis and local field spectroscopy.
orientation of the13C4 tensor was derived using static pow
der pattern analysis and rotational resonance, as desc
above. The orientations of the C2, C4, and C6 tensors
rived by these independent methods produced simul
13C4–13C6 and13C4–13C2 DQDRAWS spectra in excellen
agreement with experimental DQDRAWS data.

Another source of concern is that the orientations of
CSA tensors of C4 and C6 relative to a frame fixed to
thymine ring in DNA and in thymidine monomer may diffe
to some degree. The properties of the C2 and C4 CSA
sors are of particular interest because variations of the or
tations and principal values of carbonyl CSA tensors are w
documented. For example, in a systematic study of carbo
J. Chem. Phys., Vol. 10
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13C CSA tensors in a series of five glycyl-X dipeptides, the
angle between thes11 element and the

13C–15N peptide bond
axis was observed to vary from 34.5° to 46.6°,66 or a total
range of about 12°. A study by Takegoshiet al.67 of the
effect of intermolecular hydrogen bonding on the CSA te
sors of carbonyl13C spins showed that downfield shifts o
the s22 element by as much as 50 ppm may occur. T
element was in fact observed to vary by almost 20 ppm
the glycyl-X series.66 However, thes22 element of C4’s CSA
tensor, the value of which is known to be sensitive to lo
environment and hydrogen-bonding in particular, is virtua
identical in DNA and thymidine monomer~data not shown!,
and thes11 ands33 elements appear to be virtually identic
as well.

VI. CONCLUSIONS

In this paper we have used Floquet theory to describe
recoupling of the dipolar interaction of two spin-1/2 nuclei
an MAS experiment using the DRAWS pulse sequence
particular, this analytical theory predicts the dipolar scali
of 0.36 and the relative insensitivity of the dipolar recoupli
of DRAWS to offset. We have also shown that the com
nation of DQDRAWS and DRAWS can be used to det
mine the distance between two13C spins, the three Eule
angles relating the two CSA tensors, and the two Eu
angles orienting the internuclear vector in the PAS of eit
CSA tensor. Thus trigonometric functions of the Euler ang
which specify the mutual orientation of two rigid bodies in
noncrystalline, unoriented polymer can be determined us
only two spin labels.

We have considered in detail the manner in which
DQDRAWS spectrum can be interpreted to yield inform
tion on the local structure of unoriented, noncrystalli
nucleic acids. In particular, three13C CSA tensors in
28-deoxythymidine have been characterized and their mu
orientation determined using dipolar modulation a
DQDRAWS. The results of this study are in agreement w
the orientations determined using dipolar modulation, sta
powder pattern analysis, and rotational resonance, thus p
ing the validity of the DRAWS/DQDRAWS method.

At present the Euler angles which determine the mut
orientation of chemical shift tensors can be determined
about65° from the spectra of small model compounds su
as 28-deoxythymidine. In larger macromolecules angu
resolution is somewhat more limited, at least for the s
pairs studied to date in labeled DNA dodecame
DQDRAWS data can distinguish differences in base stack
between the major structural forms of DNA, but small dev
tions fromB-form, such as rotations of the glycosidic bon
by less than 30°, cannot at present be determined with c
fidence in the DQDRAWS data of the13C4 and13C6 spins
on adjacent pyrimidine rings in nucleic acid oligomers
magnetic fields of 9.4 T. Independent DRAWS measu
ments of the C2–C2, C5M–C5M, and C6–C18 distances
between T7 and T8 in this same DNA dodecamer sugges
occurrence of deviations fromB-form in this region.68 We
therefore anticipate that improvements in the sensitivity
7, No. 1, 1 July 1997
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40 Gregory et al.: Local structure in solid nucleic acids
the 13C4/13C6 DQDRAWS experiments, possibly achiev
by repeating DQDRAWS experiments at higher magne
field, and/or the acquisition of DQDRAWS data from oth
13C spins on the pyrimidine rings~i.e., 13C2! will enable
these small sequence-specific effects to be determined
confidence.

In principle, information on the stacking ofn singly la-
beled pyrimidine and/or purine rings can be obtained fr
(n21) DQDRAWS/DRAWS experiments. Although th
DQDRAWS experiment described in this paper used p
wise labeling, the method can be generalized to a mult
labeled sample. Other possible applications of DQDRAW
include the determination of dihedral angles between13C
CSA tensors in furanose rings in nucleic acids, and the
termination of Ramachandran angles in polypeptides. T
work is in progress.
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APPENDIX: PERTURBATION THEORY CALCULATION
OF THE EIGENVALUES OF THE DRAWS
FLOQUET HAMILTONIAN

To derive the DRAWS Floquet Hamiltonian we use t
ficticious spin-1/2 operator notation introduced by Vega a
co-workers.30 We require an convenient expression for t
Fourier expansion of the products. Using the functi
vD(t)az

12(t) as an example and using the notation of We
traub and Vega29 we obtain for instance

vD~ t !az
13123~ t !5 (

n52`

1`

zn
13123e2 int~vR/4! ~A1!

where

zn
131235 (

m522

12

v4m
D az,n24m

13123 .

Approximate expression for the eigenvalues of t
DRAWS Floquet Hamiltonian can be obtained using st
dard perturbation theory. The Floquet Hamiltonian is
sumed to have the form

HF5HF
~0!1lVF , ~A2!

whereVF is the perturbation Floquet Hamiltonian.VF in-
cludes all Floquet operatorsXn

pq , Yn
pq , andZn

pq for nÞ0 in
Eq. ~7!. HF

(0) includesNkk and all operators of the form
Z0
pq in Eq. ~7!. Then we assume the eigenvaluemp,k corre-

sponding to thekth Floquet mode and thepth Zeeman state
and the corresponding eigenvectorump,k& can be expresse
as perturbation expansions

mp,k5 (
n50

`

lnmp,k
~n! and ump,k&5 (

nnÞ0

`

lnump,k
~n!&. ~A3!

Using the expression
J. Chem. Phys., Vol. 10
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ump,k
~n!&5R̂p,kF V̂Fump,k

~n!&2 (
s51

nnÞ0

mp,k
~s! ump,k

~n2s!&G
to calculate the (n21) order correction to the eigenfunction
andmp,k

(n)5^p,kuVFump,k
(n21)& to obtain then-order correction

to the eigenvalue, where the zeroth-order eigenfunct
ump,k

(0)& is simply represented asup,k& and the resolvent op
eratorsRi ,k have the form32

Ri ,k5(
jÞ i

F u j ,k&^ j ,ku
m i ,k

~0!2m j ,k
~0! 1(

lÞk
S u i ,l &^ i ,l u

m i ,k
~0!2m i ,l

~0! 1
u j ,l ^ j ,l u

m i ,k
~0!2m j ,l

~0!D G ,
~A4!

we obtain the following expression for the second order c
rection to the eigenvalue corresponding to Zeeman statp
and Floquet modek:

mp,k
~2!5^p,kuV̂FH(

jÞ i
F u j ,k&^ j ,ku
m i ,k

~0!2m j ,k
~0!

1 (
pÞk

S u i ,p&^ i ,pu
m i ,k

~0!2m i ,p
~0! 1

u j ,p^ j ,pu
m i ,k

~0!2m j ,p
~0!D G J V̂Fup,k&, ~A5!

which simplifies to Eq.~7!. Using Eq.~7! the following ex-
pressions for the eigenvaluesm i ,05m i ,0

(0)1m i ,0
(2) for the four

Zeeman blocks of the Floquet Hamiltonian are obtained:

m1,05m1,0
~0!1m1,0

~2!

'
1

2
~z0

121z0
13123!1

1

4 S uy0
12u2

z0
12 1

2uy0
14u2

z0
121z0

13123D 2S 2

vR
D 2

3 (
k51

`
1

k2
@~z0

121z0
13123!uyk

14u212z0
12uyk

12u2#, ~A6a!

m2,05m2,0
~0!1m2,0

~2!

'
1

2
~2z0

121z0
13123!

2
1

4 S uy0
12u2

z0
12 1

2ux0
23u2

z0
1223z0

131231
2ux0

24u2

z0
122z0

13123D 1S 2

vR
D 2

3 (
k51

`
2

k2
@z0

12uyk
12u22~3z0

131232z0
12!uxk

23u2

2~z0
131232z0

12!uxk
24u2#, ~A6b!

m3,05m3,0
~0!1m3,0

~2!

'2z0
131231

1

4 S 2ux0
23u2

z0
1223z0

131232
ux0

34u2

z0
13123D 2S 2

vR
D 2

3 (
k51

`
2

k2
@~z0

1223z0
13123!uxk

23u22z0
13123uxk

34u2#,

~A6c!
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m4,05m4,0
~0!1m4,0

~2!'
1

4 S 2
2uy0

14u2

z0
121z0

131231
2ux0

24u2

z0
122z0

131231
ux0

34u2

z0
13123D 1S 2

vR
D 2(

k51

`
1

k2
@ uyk

14u2~z0
121z0

13123!

2uxk
24u2~z0

122z0
13123!22uxk

34u2z0
13123#. ~A6d!

Using the fact thatm i ,k5m i ,01kvR we obtain the following expression for the Floquet Hamiltonian:

HF'
vR

4 (
k51

4

N̂kk1Ẑ0
12H z0121 1

2

uy0
12u2

z0
12 1

ux0
24u2

z0
122z0

131232S 4

vR
D 2(

k51

`
1

k2 Fz012uyk12u22 ~z0
122z0

13123!

2
uxk

24u2G J
1Ẑ0

13Fz0131231
1

2

ux0
34u2

z0
131232z0

13123S 4

vR
D 2(

k51

` uxk
34u2

k2 G1Ẑ0
23Fz0131232

ux0
23u2

z0
1223z0

131231~z0
1223z0

13123!S 4

vR
D 2(

k51

` uxk
23u2

k2 G
1Ẑ0

14H 2
ux0

24u2

z0
122z0

131232
1

2

ux0
34u2

z0
131231

uy0
14u2

z0
121z0

131231S 4

vR
D 2(

k51

`
1

k2 Fz013123uxk
34u21S z0122z0

13123

2 D uxk
24u2

1S z0121z0
13123

2 D uyk
14u2G J . ~A7!

For the DRAWS pulse sequence the dipolar termsy0
125x0

2350. In addition, if the CSA is zero the chemical shift termsy0
14

5x0
245x0

3450. Thus we obtain a simplified form for the DRAWS Floquet Hamiltonian

HF'
vR

4 (
k51

4

Nkk1Z0
12H z0122S 4

vR
D 2(

k51

`
1

k2 Fz012uyk12u22 ~z0
122z0

13123!

2
uxk

24u2G J 1Z0
13Fz0131232z0

13123S 4

vR
D 2(

k51

` uxk
34u2

k2 G
1Z0

14S S 4

vR
D 2(

k51

` H 1k2 Fz013123uxk
34u21S z0122z0

13123

2 D uxk
24u21S z0121z0

13123

2 D uyk
14u2G J D

3Z0
23Fz0131231~z0

1223z0
13123!S 4

vR
D 2(

k51

` uxk
23u2

k2 G . ~A8!

Finally, using the relationshipẐ0
2235Ẑ0

2211Ẑ0
12352Ẑ0

1221Ẑ0
123 we obtain Eq.~8!

HF'
vR

4 (
k51

4

Nkk1Z0
12H z0122z0

131232S 4

vR
D 2(

k51

`
1

k2 Fz012uyk12u21~z0
1223z0

13123!uxk
23u22

~z0
122z0

13123!

2
uxk

24u2G J
1Z0

13H 2z0131232S 4

vR
D 2(

k51

`
1

k2
@z0

13123uxk
34u22~z0

1223z0
13123!uxk

23u2#J
1Z0

14S S 4

vR
D 2(

k51

` H 1k2 Fz013123uxk
34u21S z0122z0

13123

2 D uxk
24u21S z0121z0

13123

2 D uyk
14u2G J D . ~A9!
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