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Stereo-selective deuteration has been explored as an approach
for improving the accuracy of NMR-derived, three-bond vicinal
proton–proton coupling constants in the 12-base-pair DNA Dick-
erson sequence [d(CGCGAATTCGCG)2]. The coupling constants
are useful for DNA structure determination in restrained molec-
ular dynamics calculations. Specifically, the A5 and A6 residues
were prepared with the H2( proton stereo-selectively replaced with
a deuteron. Deuteration of the H2( leads to a 42-fold reduction in
he transverse cross-relaxation rate of the H2* spin, effectively
egating the contribution of transverse cross relaxation to the
ross peak frequencies and phases. Calculated linewidth and po-
arization transfer functions indicated that the reduced dipolar
nteraction is also expected to result in a significant increase in
ntensity for all cross peaks involving the H1*, H2*, or H3* spin.
he spectral complexity is also reduced by selective deuteration.
ime-shared homonuclear decoupling of passive spins during ac-
uisition was implemented, reducing the spin system, in some
ases, to an effectively isolated two-spin system. This enables the
se of a 90° mixing pulse instead of the 35° pulse commonly used

n standard P.E.COSY experiments, leading to an additional 75%
ncrease in signal intensity. Selective excitation pulses were used to
educe the number of increments required in the indirect dimen-
ion by as much as a factor of 4. The cumulative improvement in
ensitivity is striking, approaching three orders of magnitude per
nit time. Separate experiments, referred to as Stripe-COSY and
uperstripe-COSY, were optimized for each coupling constant
easured. Finally, J-doubling was used to obtain the most accu-

ate peak separations. This comprehensive approach shows prom-
se as an effective method for extracting highly accurate homo-
uclear vicinal coupling constants in DNA. © 2000 Academic Press

Key Words: coupling constants; DNA; J doubling; selective
deuteration; Stripe-COSY.

INTRODUCTION

Three-bond homonuclear and heteronuclear vicinal cou
constants have been widely used for the conformational
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g
al-

ysis of biomacromolecules since their values can be relat
three-bond torsion angles via Karplus relationships (1). The
application of such relationships to biomacromolecules is c
plicated because these molecules typically tumble in sol
with autocorrelation times in the spin-diffusion limit (vtc @ 1).
The correspondingly short transverse relaxation times pro
resonance linewidths that frequently approach or excee
size of the coupling constant of interest. Furthermore, bio
romolecules typically have high local proton densities so
1H relaxation is dominated by dipolar interactions with o
protons (within approximately 5 Å), which leads to effici
dipolar relaxation and corresponding broad resonance line2).

onsequently, broad lines, spectral overlap, weak signals
ransverse cross-relaxation effects complicate the proce
xtracting meaningful values for coupling constants der

rom NMR spectra. Drobny and co-workers have highligh
he conditions for extracting accurate coupling constants
NA duplexes with longer correlation times from P.E.CO

ype data (3). It has also been demonstrated theoretically
elaxation effects can preclude the accurate measurem
oupling constants from E.COSY spectra due to differe
elaxation of double- and triple-quantum coherences (4, 5).

The problem associated with overlapped cross peaks c
overcome to a certain extent by E.COSY (6) or P.E.COSY
(7)-type experiments in which the number of multiplet co
ponents in each cross peak is reduced to the number o
nected transitions. For a three-spin system, the numb
cross-peak multiplets is reduced from 16 to 8 in the form
two quartets displaced by the passive coupling constants.
active and passive coupling constants can be measured d
from the E.COSY or the P.E.COSY spectrum. The disad
tage of E.COSY lies in its complicated data acquisition
cess, which requires the linear combination of multiple ph
shifted data sets. This increases both the minimum acqui
time and susceptibility to spectrometer instabilities.
P.E.COSY is much easier to run experimentally since i
quires only two pulses. However, the 35° mixing pulse (w
intrinsically produces less signal than a 90° pulse) and th

.O.

03.

of two alternating phase cycling schemes to remove the dis-
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261PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
persive character of the diagonal autopeaks make the P.E.
experiment lengthy, especially when significant signal ave
ing is required to produce a spectrum with a good signa
noise ratio. In order to reduce the total acquisition time
have recently reported the use of the Stripe-COSY experi
(8), which is a P.E.COSY experiment utilizing selective e
tation to the particular region of the spectrum of interest. U
a fourfold savings in time has been demonstrated for mea
ment of the H19–H29 three-bond coupling constants for
12-base-pair [d(CGCGAATTCGCG)2] Dickerson DNA se-

uence. We have also introduced the Superstripe-COS
eriment (8), which is a general name for a P.E.COSY ex

ment employing both selective excitation of active spins
elective decoupling to collapse key passive couplings.
esult leads to enhanced signal-to-noise and decreased o
f intracross-peak multiplet components.
Transverse cross relaxation has been shown to mod

oth the frequency and phase of cross peak components (9) and
can be significant when one of the active spins is one of a
of geminal protons on a methylene carbon, such as the ge
H29–H20 pair at the C29 carbon in the deoxyribose sugar
DNA, or at a methylene carbon in a protein side chain
DNA, three out of the four three-bond coupling consta
related to the sugar conformation involve either the gem
H29 or H20 proton. Therefore, neglect of transverse cr
relaxation effects, either in spectral simulations or when in
preting peak separations, can potentially lead to misinterp
tion of DNA sugar conformation analyses. We have rece
proposed an approach for directly probing the effect of tr
verse cross relaxation on coupling constants involving e
the H29 or H20 proton in DNA and for eliminating the effec
of transverse cross relaxation. The approach involves
reospecific deuteration of one of the geminal protons, the
reducing the cross-relaxation rate by the square of the ra
the gyromagnetic ratios, i.e., (gD/gH)2 or about 42-fold. Th
effect of deuteration on the resonance linewidths was dram
producing an 8–9-fold increase in signal-to-noise for the H9–
H29 cross peak. In fact, the resonance lines sharpened
ciently so that a discontinuity between antiphase compo
was observed, indicating that frequency shifts of compo
minima and maxima due to the effects of self-cancelation c
be ignored and the value of the coupling constant mea
directly from the splitting of the antiphase components.
use of nonstereospecific, partially deuterated nucleotide
dues in DNA to obtain accurate and unambiguous3JH19–H29 and
3JH19–H20 coupling constant information for DNA as large as
base pairs has been demonstrated elsewhere (10).

There are several post-acquisition processing methods
ble for separation of unresolved splitting, including maxim
ntropy reconstruction (11, 12), J deconvolution (13, 14), and

J doubling (15, 16). Among them, theJ doubling is a relativel
straightforward and reliable method. However, since
stage of theJ doubling reduces the signal-to-noise ratio b

factor of 2, a favorable starting signal-to-noise ratio is require
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Fortunately, the improvements in signal to noise ratio rea
when Superstripe-COSY is used together with selective
teration can lead to 2–3 orders of magnitude increase in s
to-noise per unit time. Therefore,J doubling may be quit
useful in these circumstances.

In our previous Communication (8), we demonstrated th
improvement in sensitivity for measuring three-bond pro
proton coupling constants due to the combined use of st
selective deuterium labeling, time-shared homonuclear de
pling, and selective excitation schemes. In this pape
comprehensive approach for measuring3JHH extracted from
NMR data with the highest possible accuracy and sensitiv
outlined. Various stereo-selective deuterium-labeling sch
are considered, and spin–spin relaxation times and polariz
transfer functions are calculated for each labeling pat
Implementation ofJ doubling in crowded regions is illustrat
using trapezoid apodization to simplify and improve theJ-
doubling analysis. Finally,3JH19–H29,

3JH29–H39, and 3JH39–H49 cou-
pling constants were measured employing selective deu
tion, Superstripe-COSY, andJ doubling and the resul
compared with the coupling constant measurements and
yses of the sugar conformations reported elsewhere.

RESULTS

Selection of Coupling Constants for Measurement

There are five protons on the furanose sugar ring of D
(Fig. 1). Two protons occur as a geminal pair at the C29 carbon
Stereo-selective replacement of one geminal proton by d
rium at the C29 carbon eliminates the strong geminal pro
coupling, leaving three vicinal couplings to determine
sugar conformation. At the C29 carbon, either the H29 or the
H20 proton is a candidate for replacement by deuterium. Th
fore it is worthwhile to consider which combinations of c
pling constants are most sensitive to the sugar conforma
Figure 2 shows how the three-bond coupling constants de
on the pseudorotation phase angle (P). The curves were ca
culated using the most recently optimized Karplus coeffic
taken from PSEUROT v6.2 (J. Van Wijk and C. Alto
Leiden Institute of Chemistry, Leiden University). If the H0
proton is replaced by a deuteron, three measurable pr
proton vicinal couplings remain:3JH19–H29,

3JH29–H39, and3JH39–H49.
Inspection of the Karplus curves shows that the3JH19–H29 con-
stant is only weakly dependent onP in the range of pseud
rotation phase angles normally found in the south conform
from P 5 1308 to 180°. However, since3JH19–H29 differs by
nearly 10 Hz between north (P ; 08) and south (P ; 1628)
sugar conformations, it should be sensitive to relative pop
tions of north and south conformers. In contrast, if the9
proton is replaced by a deuteron, only the vicinal coup
involving the H19 proton corresponding to the3JH19–H20 coupling
constant (correlated with then1 torsion angle) would remai

d.which gives little difference (1–2 Hz) between north and south
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262 YANG ET AL.
conformers with values of;7 Hz (north) and 5–6 Hz (south
espectively, and is therefore less sensitive. The3JH29–H39 cou-
ling varies from;5.5 to 7.5 Hz overP 5 1308 to 180°.
owever, the magnitude of3JH20–H39 (the remaining vicina

coupling if the H29 proton were replaced by a deuteron) diff
by nearly 10 Hz between north (;10 Hz) and south (;1 Hz)
conformers. Finally, the3JH39–H49 coupling constant, like th
3JH19–H29 coupling constant, is very sensitive toP with values o
;9 Hz for north and 1–3.5 Hz (south).

Replacing the H20 with a deuteron is therefore the m
effective choice to derive structural information on the su
conformation in DNA since: (1) the sugar conformations
predominantly south in DNA; (2) the3JH19–H29 is more sensitiv
to differences between north and south conformers; and (3
magnitude of the3JH29–H39 is measurable in the south ran
whereas the3JH20–H39 would not be of sufficient magnitude
measure.

Experimental Strategy for Measuring Three-Bond
Proton–Proton Coupling Constants in DNA

As mentioned above, cross-peak overlap, broad lines

FIG. 1. Schematic representation of the topo
transverse cross relaxation between geminal protons posed
r
e

he
,

nd

most serious problems for accurate determination of3JHH in
DNA. We outline a strategy that combines three diffe
approaches for minimizing the impact of these factors:
selective deuteration/exchange, (2) selective excitation/d
pling, and (3) deconvolution viaJ doubling.

(1) Selective deuteration/exchange.The first approach
imed at minimizing dipolar interactions that cause signifi

ine broadening by stereo-selective deuteration and sele
euterium exchange. Table 1 summarizes all interproton

ances less than 5 Å in canonical B-DNA. Figure 3 shows ho
he linewidth for the H19 (Fig. 3A), H29 (Fig. 3C), H39 (Fig.
E), and H49 (Fig. 3G) protons depends on the correla

ime, taking into account all spins closer than 2, 3,,4, and,5
, respectively. From Fig. 3, it is apparent that the pro

inewidths are dominated by dipolar interactions with o
rotons that are closer than 2 Å. For the most part, t

nteractions are limited to geminal pairs of protons and s
8/H6 to H29 distances (See Table 1). Therefore, selec
euteration at geminal proton pairs occurring at the C29 and
59 carbons can be very effective in reducing proton–pr

inewidths in DNA (8). Replacing the adenine H8 with

of protons in a deoxyribose sugar fragment in DNA.
theeuteron also has potential beneficial applications and can be
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263PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
easily accomplished since the H8 proton of purines is re
exchangeable at raised temperatures. Proton linewidths (F
were calculated assuming either selective deuteration o
H20 proton or deuteration at the H8 position. The magnitud
he linewidth reduction depends on the proximity of o
rotons for each proton type considered. For example, the9
roton, with its nearest neighbor proton H20 only 1.76 Å away
enefits the most by replacement of the H20 proton by a
euteron, which results in a linewidth reduction of nearly 7
from ;45 to ;10 Hz at tc 5 10 ns). In contrast, the H9

proton experiences only a relatively modest (;33%) reduction
in linewidth from;12 to;8 Hz for an H20 to D0 replacemen

he reduction of the H19 and H49 linewidths falls in betwee
he predicted values for the H29 and H39 protons.

The impact of the effective spin–spin relaxation of
olarization transfer efficiencies is illustrated in Fig. 4. Str
OSY cross peaks, such as the H19–H29 cross-peak, origina

rom the evolution of antiphase magnetization, which cont
transverse component of magnetization for the selec

xcited region, e.g.,H19I x,y, before the mixing pulse. The re-
ant coherence transfer function is an exponentially deca
unction of theT2 of the transverse component of the mag-
tization before the mixing pulse. Therefore, using the pr
linewidths calculated above, it is possible to calculate
coherence transfer functions under a variety of theore
labeling patterns, as summarized in Fig. 4. For example, b
on the relative intensity of the transfer functions (see Figs
and 4B) a signal enhancement of;50% is predicted for th
H19–H29 cross peak in a sample where the H20 and H8 proton
are replaced with deuterons in comparison to a sample in w

FIG. 2. Calculated vicinal three-bond proton–proto
all protons within 5 Å are considered. An even greater effect
ly
. 3)
he
f

r
2

-

s
ly

g

n
e
al
ed
A

ch

predicted for cross peaks involving transverse magnetizati
the H29 spin, where the intensity of the transfer function
enhanced by.100% (see Figs. 4C and 4D) from a maxim
value of 0.4 to 1.4 with stereo-selective deuteration at the0
site. A further 57% increase is obtained if the H8 proto
exchanged with a deuteron. A cumulative enhanceme
;62% is predicted for cross peaks involving transverse9
proton magnetization.

Therefore, the most general strategy for minimizing dip
interactions in DNA, while leaving key protons required
analysis of sugar conformations, is to prepare oligonucleo
in which all base protons are replaced by deuterons, and w
the C29 and C59 carbons are prepared stereo-selectively
deuterium, eliminating strongly coupled geminal pairs of
tons. Using this strategy, two samples would be require
complete structure analysis: one sample with stereo-sele
deuteration limited to the sugar ring for NOESY data sets,
a second sample deuterated both in the sugar and bas
optimal measurement of sugar conformations.

(2) Selective excitiation/decoupling.The second approa
employs band-selective excitation and band-selective h
nuclear and/or heteronuclear decoupling during the acquis
Since the direct detection dimension, F2, has higher intr
digital resolution than the indirect F1 dimension, it is pref
ble to measure coupling constants in F2. This is an impo
consideration when designing a Stripe-COSY- or Supers
COSY-type experiment, since it is desirable to measure
relevant splitting in the highest resolution dimension. Tab
summarizes this approach for measurement of the3JH19–H29,
3 3

upling constants as a function of pseudorotation angle (P).
isJH29–H39, and JH39–H49 coupling constants. Figure 5illustrates the



rum
ou
Th
pli
ws
the
n

s th
H -

s
e-

m on
i se
b u
o be

se

ui-
re
ea
a-

para-

sep-
t to

e
ve

c
i
o
s nal in
b met
f eled
s m
9 ize,
J cy of
0

M

x

es
m
ken
oli-
y A5
ment

e A5
sis-

on

q ther
i Fur-
t pling
t SY
e f the
v be-
t e-

-
1
on-
low-
ype
ignal
ulse.
ese
hown

by

0
4
3
9
8

34

H

r th

nati
enc

264 YANG ET AL.
quality of selective excitation for each region of the spect
as described in Table 2 that can be achieved using a d
pulsed field gradient spin echo (DPFGSE) technique.
performance of selective time-shared homonuclear decou
during acquisition is illustrated in Fig. 6. Figure 6A sho
decoupling of the H39 region as required for observation of
H29/H20 region when measuring3JH19–H29. The expanded regio
hows the effect of decoupling on the 1D spectrum in
29/H20 region. Figure 6B illustrates the effect of H19 decou

pling required for measurement of3JH29–H39, and Fig. 6C show
the effect of decoupling the H29/H20 region used for measur

ent of the 3JH39–H49. The effect of selective decoupling
ndividual cross peaks in two-dimensional spectra can be
y inspection of Figs. 8–11 and will be discussed later. The
f heteronuclear31P decoupling during acquisition can also

used to eliminate the passive coupling between the H39 proton
and the phosphorous atom, which leads to a further increa
the signal intensity as shown in Fig. 11.

(3) J doubling. The third approach is to apply post-acq
sition data processing using theJ-doubling method to measu
antiphase peak separations in poorly resolved cross p
McIntyre and Freeman (15) have shown that the directly me

TABLE 1
Proton–Proton Distances Taken from a Canonical Model

of a d(GAA) Segment

H19 H29 H20 H39 H49 H59 H50

H19(i 2 1) 4.92 4.14 . 4.96 4.24 1.81a 3.36
H29(i 2 1) . . . . . 4.49 .
H20(i 2 1) . 3.84 . . . 3.41 4.09
H39(i 2 1) . . . . . 4.59 4.77
H49(i 2 1) . . . . . 3.84 4.19
H19 X 3.03 2.37 3.93 3.65 4.46 .
H29 3.03 X 1.76 2.40 3.86 3.82 3.9
H20 2.37 1.76 X 2.70 4.09 4.96 4.9
H39 3.93 2.40 2.70 X 2.65 3.75 2.8
H49 3.65 3.86 4.09 2.65 X 2.60 2.2
H59 4.46 3.82 4.96 3.75 2.60 X 1.7
H50 . 3.90 4.94 2.83 2.29 1.78 X
H8 3.88 2.16 3.67 4.18 4.82 3.52 4.
H8(i 1 1) 2.83 3.70 2.29 4.95 . . .
H59(i 1 1) 1.81a 4.49 3.41 4.59 3.84 . .

50(i 1 1) 3.36 . 4.09 4.77 4.19 . .
H49(i 1 1) 4.24
H39(i 1 1) 4.96
H29(i 1 1) 4.14
H20(i 1 1) .
H19(i 1 1) 4.92

Note.. represents that the distance between the two protons is large
5 Å. X indicates the same proton in the table.

a For linewidth calculations, a 4-Å distance was used based on exami
of the H19-to-H59 region of NOESY spectra that do not support the exist
of a 1.8-Å distance.
sured peak separation in either inphase or antiphase cross pe
ble
e

ng

e

en
se

in

ks.

is dependent on the ratio of the linewidth to the peak se
tion. However, peak separations measured by theJ doubling
method are relatively insensitive to the linewidth-to-peak
aration, as long as the intrinsic resolution is sufficien
distinguish two peaks. Figure 7 illustrates howJ-doubling can
be used to measure the3JH19–H29 directly from the splitting of th
antiphase quartet H19-to-H29 cross peak of A5 after all passi
ouplings have been collapsed. As illustrated here,J doubling

s sensitive down to 0.1-Hz variations in the trialJ value. The
ptimal J value is selected by determining whichJ-doubled
pectrum contains the smallest residual, uncanceled sig
etween the outer components. In Fig. 7, this condition is

or a trial J value of 9.6 Hz, whereas the residual uncanc
ignal increases noticeably as the trialJ values deviates fro
.6 Hz. This indicates that for macromolecules of this s
values can be determined and reported with an accura

.1 Hz.

easurement of3JH19–H29

Optimal measurement of the3JH19–H29 required selective e-
citation of the H19 region and detection of the H29 region while
selectively decoupling the H39 region. Figure 8 compar
traces taken from the H19–H29 cross peak of A5 taken fro
four different experiments. Figure 8A shows a section ta
from a Stripe-COSY collected using the fully protonated
gonucleotide. A trace taken through the lowest frequenc
cross-peak component is shown in Fig. 8E. Upon replace
of the A5 H20 proton with a deuteron, the A5 H19–H20 cross
peak (Figs. 8B and 8F) disappears as expected, and th
H19–H29 cross-peak intensity increases significantly, con
tent with the prediction of;50% increase in the polarizati
transfer (Figs. 4A and 4B) duringt 1 and a;75% reduction in
H29 linewidth (Figs. 3A and 3B) operative during thet 2 ac-

uisition period. From inspection of Figs. 3 and 4, no fur
mprovement is expected for exchange of the H8 proton.
her improvements can be realized by selectively decou
he H39 region during acquisition in the Superstripe-CO
xperiment shown in Figs. 8C and 8G. The collapse o
isually apparent splittings, due to the passive couplings
ween the H29 and H39 spins, leads to an additional improv
ment in signal intensity. Finally, due to the H20 to D20 replace
ment and selective H39 decoupling during acquisition, the H9
and H29 become effectively an isolated two-spin system. C
sequently, there is no longer a requirement to use the
sensitivity 35° pulse normally used in the P.E.COSY-t
experiments. Figures 8D and 8H illustrate the significant s
enhancement obtained by application of a 90° mixing p
The potential improvement by using the combination of th
techniques can be deduced by comparison of the traces s
in Fig. 8E to those in Fig. 8H.

The significance of this approach is further illustrated

an

on
e

aksconsidering the impact on the quality of spectra obtained at low



ing
d linewi

265PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
FIG. 3. Calculated proton linewidths for (A, B) H19, (C, D) H29, (E, F) H39, and (G, H) H49 spins. Plots on the left show linewidths calculated includ
all protons as a function of distance from the spin whose linewidth is considered as described in the legends. Plots on the right show calculatedths

considering various selective deuteration patterns.
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266 YANG ET AL.
temperatures. Figure 9 compares the signal intensity of th
H19–H29 cross peak for protonated and deuterated sam
both at 35 and at 15°C. While the signal intensity for
deuterated sample at 15°C (Fig. 9B) is only about 1/3
intensity observed at 35°C (Fig. 9A), it is equal to the inten
of the cross peak for the protonated sample at 35°C (Fig.

FIG. 4. Polarization transfer functions calculated for (A, B) H19, (C, D) H
are for t c 5 8 ns.
whereas no signal is observable for the protonated sample
5
es
e
e
y
),

15°C (Fig. 9D). Therefore, due to the effects of broadlines
self-cancelation alone, reliable coupling constant informa
cannot usually be obtained at low temperatures for proton
samples. Furthermore, at low temperatures, and correspo
larger correlation times, transverse cross-relaxation effec
come significant and probably can no longer be neglect

and (E, F) H39 spins. Curves on the left are fort c 5 6 ns. Curves on the rig
29,
atprotonated samples.
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267PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
Measurement of3JH29–H39

Optimal measurement of the3JH29–H39 coupling constant re-
quired selective excitation of the H39 region and selectiv
time-shared decoupling of the H19 region while observing th
H29 region. Figure 10 shows results of four different exp
ments used for measuring3JH29–H39, all of which were collecte
using a 90° mixing pulse. Figure 10A shows traces of the
and A6 cross peaks taken from the spectrum of the
protonated sequence. Figure 10B illustrates the improve
upon deuteration at the H20 site. The reduced linewidth of th
H39 due to H20-to-D20 replacement (Figs. 3E and 3F) lead

n enhanced polarization transfer of;30–40% duringt 1 (Figs.
4C and 4D), while the H29 linewidth sharpens by;50% (Figs

C and 3D). The H29 resonance experiences a large, reso
plitting due to passive coupling with the H19 proton. Figure
0C shows the significant improvement in signal inten
esulting from selective time-shared decoupling of the9
egion during acquisition resulting from the collapse of
9–10 Hz passive coupling between the H19 and H29 spins
inally, because of the proximity of the H29 spin to the H8 spi

(Table 1), selective exchange of the H8 proton leads

TABLE 2
Selective Excitation and Selective Decoupling Combinations

Used for Coupling Constant Measurements

Coupling constant Exc. regions Obs. regions Dec. reg

JH19–H29 H19 H29 H39
JH29–H39 H39 H29 H19
JH39–H49 H49 H39 H29

FIG. 5. One-dimensional 500-MHz spectra of the protonated Dicke
sample for (A) the entire proton spectrum, (B) selective excitation of the9
region, (C) selective excitation of the H29 region, (D) selective excitation

the H39/ H49region.
-

5
ly
nt

d

y

e

a

further reduction in the H29 linewidth of ;50% (Fig. 3D) and
a 10–20% improvement in polarization transfer (Figs. 4E
4F) due to a somewhat longerT2 of H39. Figure 10D shows th
effect of exchange of the H8 proton with a deuteron.
predicted, the enhancement of signal intensity in comparis
that shown in Fig. 10C approaches a factor of 2, an impr
ment due solely to the selective exchange of the H8 proto

s

n

FIG. 6. Illustration of the performance of selective time-shared de
pling of (A) the H39 region, (B) the H19 region, and (C) the H29 region. Spectr

n the left show the coupled (top) and decoupled (bottom) spectra. Scram
f the spectrum is observed in the decoupled region in the bottom spectr

nsets shown at the right allow comparison of the coupled (top) and deco
bottom) spectrum for each region being detected.
a deuteron.
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Measurement of3JH39–H49

The measurement of3JH39–H49 coupling constants remai
challenging because the cross peaks occur close to the dia
of the 2D spectrum and are often difficult to resolve. Furt
more, in B-form DNA the vicinal3JH39–H49 coupling constant
quite small at;3 Hz and, as shown in Figs. 4E and 4F, o

10–15% of the potential magnetization is expected to
onverted to observable antiphase magnetization at the ti
he mixing pulse. This results in inherently low-intensity cr
eaks. Unfortunately, the H49 proton is located;4 Å or greate

FIG. 7. Traces taken from the H19–H29 cross peak in the H20 deuterate
sample followingJ-doubling post-data acquisition processing. The trialJ value
is shown in the upper left-hand corner for each spectrum.
rom the H20 and H8 protons (Table 1). Consequently, no
nal
r-

e
of

s

ignificant effect on the H49 linewidth is observable with th
20-to-D0 or H8-to-D8 replacement. However, the H49 spin is
lose to the both the H59 and H50 spins. Therefore, replaceme
f one or both H59 protons with a deuteron should have
ignificant line-narrowing effect (as shown in Figs. 3G
H). To resolve the cross peaks close to the diagon
tripe-DQF-COSY was used instead of Stripe-COSY. S

ive excitation was applied to the narrow region shown in
D. There are two passive couplings,3JH29–H39 and3JH39–P, which

can potentially broaden the H39–H49 cross peaks along the
dimension due to unresolved splittings. Selective time-sh
homonuclear decoupling was applied to the H29/H20 region to
collapse the H29–H39 passive couplings during acquisition, a
the expected increase in signal intensity for the H39–H49 cross
peaks is illustrated in Figs. 11A and 11B. The signal enha
ment due to heteronuclear31P decoupling on a DQF-COSY
shown in Figs. 11C and 11D.

Summary of Coupling Constant Measurements

The coupling constants,3JH19–H29,
3JH29–H39, and3JH39–H49, were

determined by measuring the splitting of antiphase com
nents, byJ-doubling analysis, or by measurement of the
placement of cross peaks by passive couplings. A summa
all measurements is listed in Tables 3–5. The cross pea
the A5 and A6 residues enable evaluation of the effec
selective deuteration on each type of coupling constant. In
tion of the 3JH19–H29 values summarized in Table 3indicate tha

verall theJ values do not vary significantly; i.e., all agr
ithin 60.3 Hz, depending on what method of measurem
as used, and compare well with the values reported by
nd Lerner (17). A slightly smaller variation of60.2 Hz was

observed for the A5 and A6 residues. It is worthwhile to n
that the values obtained here required no special process
the data to compensate for linewidth-dependent splittings
cept for in the case ofJ doubling. The collection of high
sensitivity data combined with selective decoupling of
passive H19 appears sufficient to allow accurate measurem
of 3JH19–H29, even in the protonated samples. Since sele
deuteration reduces the magnitude of transverse cross
ation by about 42-fold, the observation of no significant cha
for 3JH19–H29 upon deuteration indicates that for DNA oligon-
cleotides of this length and at 35°C, the effects of transv
cross relaxation are negligible. Therefore, transverse c
relaxation effects cannot be used to explain deviations o
A5 and A6 sugar conformations by up to 7° from pure so

In Table 4, the same general observation derived fo
3JH19–H29 can be made about the3JH19–H20 values. Thymidin
residues seem to be an exception, as values taken fro
protonated sample or from direct measurement of the split
of the antiphase cross peaks are larger than the concensu
other methods, and appear to reflect the artifacts due to
cancelation. This probably stems from broader resonance

due to the high proton density involving the C5 methyl and H6
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269PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
proton. Finally, Table 5 summarizes the observed3JH29–H39 and
3JH39–H49 values. Overall, we find values for3JH29–H39 appea
ystematically smaller that those reported by Bax and Le
17). However, it is not possible to do a complete compar
ince 4 of the 12 cross peaks were overlapped in our sp
nd we report a comparable value for only the C9 residue

he most part, the values measured here agree with
eported by Bax and Lerner. One notable exception is the

FIG. 8. Illustration of progressive improvement in signal-to-noise ratio
plot of the Stripe-COSY spectrum for the protonated sample in the H19-to-H2
the A5, A6 dH20 sample in the H19-to-H29/H20 region of the spectrum. (C
H19-to-H29/H20 region of the spectrum collected using selective time-sha
for the A5, A6dH20 sample in the H19-to-H29/H20 region of the spectrum c
acquisition. (E) Trace taken through the A5 cross peak shown in (A). (F
cross peak shown in (C). (H) Trace taken through the A5 cross peak s
eported for the A5 where Bax and Lerner reported a value
er
n
tra
or
se

ue

2.5 Hz and we determined a value of 3.4 Hz. Based on
relative weak intensity of the G2, G4, and G10 cross p
compared to those observed for the A5 and A6 cross peak
might expect the couplings to be distinctly larger for the
and A6 residues. Using the J doubling technique, we d
mined a value of 3.4 Hz, more consistent with the patter
relative cross-peak intensities (Fig. 12). Here, the values r
selective decoupling of passive spins during the acquis

the A5 H19–H29 cross peak as strategic steps are applied sequentially. (A) Co
20 region of the spectrum. (B) Contour plot of the Stripe-COSY spectrum
ontour plot of the Stripe-COSY spectrum for the A5, A6dH20 sample in th
H3ecoupling during acquisition. (D) Contour plot of the Stripe-COSY spec
cted using a 90° mixing pulse and selective time-shared H39 decoupling durin
ace taken through the A5 cross peak shown in (B). (G) Trace taken thro
n in (D).
of
9/H
) C
red9 d
olle
) Tr
ofperiod, and no special data processing was applied in the
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analysis of the3JH39–H49 as used in the data analysis reported
Bax and Lerner (17).

CONCLUSIONS

The coupling constant data reported here, for the most
are consistent with those reported by Bax and Lerner (17) with
he largest deviations occurring in the case of very s
oupling constants such as the H39–H49 class. The H19–H29
ata support the prior conclusion concerning the popul
istribution of conformers at the A5 and A6 positions in
equence, i.e., 94% South with 6% North. Consequently
–7% deviation from S conformation cannot be due to
ffects of transverse cross relaxation. Other factors su
dditional motion and pucker angle variations should sti
onsidered. While no considerable change in the cou
onstants was observed for the A5 and A6 residues
tereo-selective deuteration, these results indicate that fo
ecamers at 35°C, the consequences of transverse cross
tion are negligible. However, for larger DNA fragments

or studies at lower temperatures, the consequences of
erse cross relaxation are predicted to be significant an
trategy of stereoselective deuteration appears to be the
tive solution for eliminating the effects of transverse cr

FIG. 9. Traces taken through the A6 H19–H29 cross peak for the deuter
and (D) at 15°C.
elation under those conditions. Furthermore, it will be inter
y

rt,

ll

n

he
e
as
e
g

on
o-
lax-

d
ns-
he
fin-
s

esting to examine if stereo-selective deuteration affects
measured values in other residues in the same sequence
cially those pyrimidines that have been interpreted as ha
large fractions of north population, such as T7 (15%N) an
(20%N).

The overall objective of improving the accuracy of vici
coupling constants in DNA is to enable a more meanin
analysis of sugar conformations. This is especially impo
since many structural studies, e.g., investigation of sequ
dependent structural features and structural perturbation
to damaging agents, focus on detecting subtle changes in
structure. The strategy outlined here provides a mean
improving the accuracy with which very small coupling c
stants can be measured by virtue of the increased sensitiv
the overall approach. For larger coupling constants, it ap
all methods provide precise and accurate measurements,
the approach outlined here enables the same quality data
obtained in a much shorter period of spectrometer time. G
accurate and precise coupling constant data, the usual pr
is to interpret the coupling constant data in terms of fitting
data to an optimized Karplus relationship, and the data
further fitted by allowing for the sugar ring to undergo
dynamic puckering between north and south conformat

d sample (A) at 35°C and (B) at 15°C and for the protonated sample at
ate
-The latter practice raises the question as to whether the inabil-
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271PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
ity to fit the data to a Karplus relationship in the absenc
dynamics is due to an imperfect optimization for the co
cients in the Karplus equation, e.g., for all sequence con
or whether the dynamics is actually occurring. It is somew
disconcerting that a dynamic model is widely, automatic
applied even in the absence of direct experimental eviden
sugar ring interconversion between north and south conf
ers. So, at this time, it would appear that the limiting facto
obtaining meaningful sugar conformation analysis in DNA
the precision, or lack thereof, with which the current genera
of optimized Karplus coefficients can predict the value of
vicinal coupling constants as a function of the pseudorot
angle.

In conclusion, a comprehensive approach is propose
collecting coupling constant data required for a complete
ysis of the sugar conformations in DNA. Striking impro
ments in both sensitivity and resolution can be obtaine
means of stereo-selective deuterium replacement, selecti
citation, and selective decoupling during acquisition. Th
methods do not rely on raising the temperature of the sam
which can lead to changes in the structure of the DNA. In
stereo-specific deuteration allows high-quality coupling
stant data to be collected even at very low temperatures#5°C,

FIG. 10. Illustration of progressive improvement in signal-to-noise
Contour plot of the Stripe-COSY spectrum for the protonated sample in
for the A5, A6 dH20 sample in the H29-to-H39 region of the spectrum. (C
H29-to-H39 region of the spectrum using selective time-shared H19 decouplin
A6 dH20 anddH8 samples in the H29-to-H39 region of the spectrum using se
from the A5 and A6 cross peaks, respectively.
ata that is virtually impossible to collect using nondeuterate
f
-
ts,
at
y
of
-

n
s
n
e
n

or
l-

y
ex-
e
le,
t,
-

amples. This approach is therefore powerful for characte
ion of very labile DNA molecules that contain structu
isrupting lesions that require spectroscopic studies at ver

emperatures in order to prevent DNA melting. Furtherm
ecause of the dramatic overall increase in sensitivity
esolution by the approaches outlined here, the strategy r
ents an enabling technique for characterizing the structu
arge nucleotide fragments and for DNA and RNA fragm
ound to proteins. The implementation of stereo-selective

erium replacement requires the synthesis of selectively la
hosphoramidites. We are currently developing the chem

o produce optimal labeling patterns for all nucleotides
nterest. Finally, the selective excitation and decoupling a
ations are relatively straightforward to implement with cur
enerations of NMR spectrometers.

EXPERIMENTAL

Synthesis of DNA oligonucleotides.Both the Dickerso
sequence (59-CGCGAATTCGCG-39) and the deuterated Dic

rson sequence (59-CGCGdAdATTCGCG-39) were prepare
on an Applied Biosystems DNA/RNA Synthesizer, Model 3
All reagents were obtained from Applied Biosystems, with

o of the A5 H29–H39 cross peak as strategic steps are applied sequentiall
H2o-H39 region of the spectrum. (B) Contour plot of the Stripe-COSY spec
ontour plot of the Stripe-COSY spectrum for the A5, A6dH20 sample in th
uring acquisition. (D) Contour plot of the Stripe-COSY spectrum for th

tive time-shared H19 decoupling during acquisition. Traces shown below are t
rati
the9-t
) C
g d
lec
dexception of Optima-grade acetonitrile and HPLC-grade di-
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272 YANG ET AL.
chloromethane, which were obtained from Fisher, and
deuterated adenine base was prepared as described els
(8). Each oligo synthesis was 10mM in scale, and detritylatio
was performed on the support column as a part of the syn
procedure. The crude oligo mixtures were then deprotect
ammonium hydroxide overnight (15 h) at 55°C. Subseque
deprotection, the samples were dried overnight in a Labc
Centrivap Concentrator, and stored frozen at220°C until

urification.

Sample purification. Crude oligo mixtures were purifie
n a Waters PrepLC 4000 system, using a reverse p
elta-Pak C18 15-mm column. Each sample was dissolved

1 mL of loading buffer (0.1 M triethylamine, 5% acetonitr

FIG. 11. Illustration of progressive improvement in signal-to-noise ra
protonated sample in the H39-to-H49 region of the spectrum. (B) Contour pl
of the spectrum using selective time-shared H29/H20 decoupling during acqui
respectively. (C) Contour plot of the DQF-COSY spectrum for the A5,d
DQF-COSY spectrum for the A5, A6dH20 sample in the H39-to-H49 region of
are taken from the C9 and A5 cross peaks, respectively.
adjusted to pH 6.5 with acetic acid) and vortexed to mix, the
e
here

sis
in
to
co

se

filtered through a 0.45mM syringe filter into a clean Eppendo
tube. Injection volumes were 250mL each. The eluting buffe
was pure acetonitrile. The method of elution employed a 0
gradient of eluting buffer, followed by a column-wash
gradient from 8–40% acetonitrile. Fractions were colle
using a Pharmacia LKB SuperFrac, and fractions conta
the desired oligomer were combined and dried on the
trivap concentrator.

Dried samples were redissolved in 600mL each of deionize
water (Millipore MilliQ system). One-dimensional NMR su
vey spectra showed the samples to be contaminated wi
sidual triethylamine believed to be bound to the phosp
groups of the DNA. The triethylamine was removed by fl

of the H39–H49 cross peaks (A) Contour plot of the DQF-COSY spectrum fo
f the DQF-COSY spectrum for the A5, A6dH20 sample in the H39-to-H49 region
n. Traces shown below spectra are taken from the C1, G12, and A6 cro
0 sample in the H39-to-H49 region of the spectrum. (D) Contour plot of t
spectrum heteronuclear31P decoupling during acquisition. Traces shown be
tio
ot o
sitio
A6H2
the
ndialysis overnight against against 100 mM phosphate buffer,
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273PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
pH 7, using a Rabbit peristaltic pump at 1 mL/min flow r
Subsequent NMR spectra showed this method succes
removed triethylamine. The samples were then dialyzed
cording to the same method against 20 mM phosphate
mM sodium chloride at pH 7. The dialyzed samples w
lyophilized overnight on a Flexidry MP lyophilizer, and red
solved in 600mL each of 99.96% deuterium oxide (Cambrid
Isotopes, Inc.) to give the final NMR samples.

Exchange of purine H8 protons.In order to allow ex
change of labile protons for deuterons, the sample pH of
the Dickerson sequence and the deuterated Dickerson seq
were adjusted to 8 using sodium deuteroxide. The sam
were then incubated for two days at 75°C, after which
exchange reaction was judged to be complete based on in
tion of one-dimensional NMR spectra. The pH of both sam
was then adjusted back to 7 using deuterium chloride.

NMR spectroscopy.All NMR experiments were pe
formed on Varian UNITYplus 500-MHz or 750-MHz spec
rometers equipped with a radiofrequency waveform gene
nit. All selective excitation pulses and selective decoup

FIG. 11—
ulses were generated using the Pbox program within tc
.
lly
c-
00
e

th
nce

les
e
ec-
s

or
g

VNMR 5.1 software. The homonuclear selective decoup
during the acquisition was implemented using a time-sh
decoupling pattern on the1H channel. All NMR spectra we
recorded in D2O at 35°C.

Time-shared homonuclear decoupling.The time-share
homonuclear decoupling scheme was executed in the V
pulse sequence by using a hard-loop coded into the
sequence so that during the dwell time between points
proton decoupler is turned on, using a shaped, selective d
pling sequence, for a fraction of the dwell time, and then
receiver is turned on for the remainder of the dwell period.
fraction of time the decoupler is turned on can be describ
a duty cycle. Duty cycles of 15–20% are usually sufficien
generate decoupling, with a corresponding 15–20% sacrifi
signal while the decoupler is turned on during the dwell pe

The DQF-COSY experiment was acquired as a 10243 512
omplex matrix with a spectral width of 4000 Hz in both
nd F1, corresponding to acquisition times of 0.256 and 0
, respectively. A total of 32 scans was acquired per FID
repetition delay of 2.0 s. The data were apodized in F2
1 using 75° and 65° shifted sine-bell with 0.1 and 0.0

ontinued
heonstants in Gaussian functions respectively, and were subse-
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274 YANG ET AL.
quently zero filled to twice the size, followed by a Fou
transformation.

The selective DQF-COSY experiment was acquired
10243 240 complex matrix with a spectral width of 3499
n F2 and 1900 Hz in F1, corresponding to acquisition time
.293 and 0.126 s, respectively. A total of 64 scans
cquired per FID, with a repetition delay of 2.0 s. A 3.2
-BURP pulse with a 722-Hz field was used to selecti
xcite the H39/H49/H59 region, and a e-BURP pulse with

1441-Hz field was used to selectively decouple the H29/H20
region. The data were apodized in F2 and F1 using 65° an
shifted sine-bell functions, respectively, and with 0.06 Ga
ian constants in both cases, and were subsequently zero
to 4096 points in F2 and 1024 points in F1, followed b
Fourier transformation.

The Stripe-COSY experiment for observing the H19–H29/
H20 region was acquired as a 10243 70 complex matrix with
a spectral width of 3000 Hz in F2 and 500 Hz in F1, co
sponding to acquisition times of 0.341 and 0.140 s, res
tively. A total of 96 scans were acquired per FID, with
repetition delay of 2.0 s. A 7.7-ms e-BURP pulse wit
322-Hz field was used to selectively excite the H19 region, and
a e-BURP pulse with a 1441-Hz field was used to select
decouple the H39 region. The data were apodized in F2 and
using 30° and 30° shifted sine-bell with 0.3 and 0.5 as

TABLE 3
Summary of 3JH1*–H2* Coupling Constant Measurements

A B C D E

C1 7.9 8.0 7.8 7.9 8.
G2 9.8 9.6 9.5 9.7 10.
C3 8.9 9.3 8.8 8.6 8.
G4 10.1 10.0 9.9 9.8 10
A5 9.8 9.7 9.6 10.0 9.
A6 9.7 9.4 9.4 9.5 9.
T7 8.7 8.9 8.2 8.5 8.
T8 10.0 9.3 10.2 9.8 9.
C9 8.9 8.9 8.8 9.0 8.
G10 10.2 10.1 9.8 9.5 9
C11 8.4 8.4 7.8 8.5 8.
G12 7.9 8.0 7.9 7.6 8.

Note. A: From fully protonated Dickerson sequence taken from d
easurement of separation of the minima and maxima of the antiphase d

omponents. The average standard deviation was 0.21 Hz. B: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken from direct
surement of separation of the minima and maxima of the antiphase d
components. The average standard deviation was 0.18 Hz. C: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken fromJ-doubling
analysis of separation of the minima and maxima of the antiphase d
components. The average standard deviation was 0.10 Hz. D: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken from measur
of displacement of peaks by passive couplings. The average standard de
was 0.21 Hz. E: From Table 1 of Bax and Lerner (17).
stants in Gaussian functions respectively, and were sub
r

a

f
re
s
y

0°
s-
led

-
c-

ly
1
-

quently zero filled to 4096 points in F2 and 512 points in
followed by Fourier transformation.

The Stripe-COSY experiment for observing the H39–H29/
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TABLE 4
Summary of 3JH1*–H2( Coupling Constant Measurements

A B C D E

C1 5.9 6.0 6.0 6.6 6.
G2 6.3 6.8 5.3 5.4 5.
C3 5.8 5.9 5.2 6.1 6.
G4 5.6 6.0 5.2 5.4 5.
A5 6.5 5.7
A6 6.2 6.0
T7 7.4 7.2 5.4 6.1 6.
T8 7.0 6.8 6.5 5.7 6.
C9 5.7 5.7 5.1 5.9 6.
G10 6.4 6.6 5.2 5.6 5.
C11 6.4 6.0 6.1 6.9 6.
G12 6.4 6.3 6.2 6.2 6.

Note. A: From fully protonated Dickerson sequence taken from d
easurement of separation of the minima and maxima of the antiphase d

omponents. The average standard deviation was 0.19 Hz. B: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken from direct
surement of separation of the minima and maxima of the antiphase d
components. The average standard deviation was 0.31 Hz. C: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken fromJ-doubling
analysis of separation of the minima and maxima of the antiphase d
components. The average standard deviation was 0.10 Hz. D: From A5–dH20,
A6–dH20 selectively deuterated Dickerson sequence taken from measur
of displacement of peaks by passive couplings. The average standard de
was 0.34 Hz. E: From Table 1 of Bax and Lerner (17).

TABLE 5
Summary of 3JH2*–H3* and 3JH3*–H4* Coupling Constant Measurements

3JH29–H39
3JH39–H49

A B C D

C1 6.3 3.3
G2 4.5 2.6 2.9
C3 6.1 3.8 3.4
G4 2.9 2.3
A5 5.1 3.4 2.5
A6 5.1 3.5 3.0
T7 3.0 4.7
T8 5.7 3.0 3.1
C9 5.6 6.9 3.0 3.
G10 2.4 2.4
C11 6.6 2.5 4.0
G12 6.3 3.2

Note. A: From A5–dH20, A6–dH20 selectively deuterated Dickerson
quence determined byJ-doubling analysis of cross peaks taken from Str
COSY experiments. The average standard deviation was 0.19 Hz. B:
Table 1 in Lerner and Bax (17). C: From A5–dH20, A6–dH20 selectively
deuterated Dickerson sequence determined byJ-doubling analysis of antipha
cross peaks taken from Stripe-COSY experiments. The average st

se-deviation was 0.19 Hz. D: From Table 2 in Bax and Lerner (17).
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275PROTON–PROTON COUPLING CONSTANTS IN DNA SUGAR RING
H20 region was acquired as a 9603 47 complex matrix with
a spectral width of 2799 Hz in F2 and 300 Hz in F1, co
sponding to acquisition times of 0.343 and 0.156 s, res
tively. A total of 64 scans were acquired per FID, with
repetition delay of 2.0 s. A 13.4-ms e-BURP pulse wit
162-Hz field was used to selectively excite the H39/H49/H59
region, and a e-BURP pulse with a 2876-Hz field was use
selectively decouple the H19 region. The data were apodized
F2 and F1 using 20° and 45° shifted sine-bell with 0.2 and
as constants in Gaussian fuctions respectively, and were
sequently zero filled to 4096 points in F2 and 256 points in
followed by Fourier transformation.

J doubling. The time-domain NMR signalS(t) represent
ing an antiphase cross peak is represented by the expre

S~t! 5 ~1/ 2!exp~2i2pdt!exp~2lt!sin~pJat!, [1]

hered is the chemical shift,l 5 1/T*2 is the instrumenta
inewidth, andJa is the active coupling constant. TheJ dou-
bling method is based on a time-domain operation in which
signal is multiplied by cos(pJ* t), whereJ* is the trial cou-
pling constant:

S~t! 5 ~1/ 2!exp~2i2pdt!exp~2lt!sin~pJat!cos~pJ* t!.

FIG. 12. (A) Trace taken through the A5 cross peak in the H20deuterate
sample in the H39-to-H49 region of the spectrum. (B) Spectrum followingJ
doubling with no trapezoid apodization. (C) Trapezoid function applied t
trace through the A5 cross peak. (D) Second trapezoid function applied
trace through the A5 cross peak after reversing the spectrum in (C
Spectrum followingJ doubling of the spectrum in (D). (F) Spectra of the
cross peak with trialJ values shown to the right of each spectrum. The opt
value forJ in the A5 cross peak is 3.4 Hz.
[2]
-
c-

a

to

.3
ub-
1,

on

e

ased on a well-known trigonometrical identity, this may
ewritten as

S~t! 5 ~1/4!exp~2i2pdt!exp~2lt!

3 $sin@p~ J* 1 Ja!t 1 sin@p~ J* 2 Ja!t#%. [3]

he Fourier transformation ofS(t) produces a four-line spe
trum made up of two antiphase doublets. The inner antip
doublet with splittinguJ* 2 Jau vanishes whenJ* 5 Ja, and
the outer antiphase doublet with splittinguJ* 1 Jau that be-
comes 2Ja achieves a maximum intensity whenJ* 5 Ja. The
optimal value ofJ* occurs when the integral of the absol
magnitude of the inner doublet is a minimum. The traces
for theJ-doubling analysis normally are taken from the F2
since it usually has a digital resolution higher than that o
F1 axis.

Calculation of proton linewidths. The proton linewidth
were calculated according to LW5 1/(pT*2) where 1/T*2 5
1/T2 1 1/T2(inhom). If the T2(inhom) is ignored, the line-
width is equal to 1/T2 5 R2. For a pair of isolated proton spi
with intramolecular, dipole–dipole interactions, the transv
relaxation rate (R2) of the proton magnetization is expresse
(18)

R2 5 ~3/40!~2pD! 2@3J~0! 1 5J~v0! 1 2J~2v0!#, [4]

whereJ(v) 5 2t c/(1 1 v 2t c
2), D 5 (m 0/4p)hgH

2r AB
23. For a

ultiproton spin system, the above equation is modified
eplacingr AB

26 with the sum over all additional protons,¥B r AB
26

(assuming a single correlation time).

Calculations of polarization transfer during t1 evolution
In all correlation experiments described, e.g., the stripe-CO
the cross peak between spins is observable due to the ac
lation of antiphase magnetization during thet 1 evolution pe-
riod. The signal intensity is therefore proportional to a con
lution of the amplitude of the antiphase magnetization with
exponentialT2 decay of the transverse component of the-
iphase magnetization. Therefore, if one considers the H19–H29
ross peak where the H19 region is selectively excited, th
ntiphase magnetization duringt 1 is represented by 2I x,y

H19 I z
H29

with coefficients, sin (p 3JH19–H29t 1), for active coupling plu
additional terms for any passive couplings. The coher
transfer efficiency has the relationship

Coherence transfer} sin~p 3JH19–H29t1!exp~2t1/T2!. [5]
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