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A 1H–19F spin state selective excitation (S3E) pulse sequence el-
ement has been applied in combination with 1H homonuclear mix-
ing to create E.COSY-type experiments designed to measure scalar
JHF2′ and JHH2′ and residual dipolar DHF2′ and DHH2′ couplings in
2′-deoxy-2′-fluoro-sugars. The 1H–19F S3E pulse sequence element,
which resembles a simple INEPT sequence, achieves spin-state-
selective correlation between geminal 1H–19F spin pairs by linear
combination of in-phase 19F magnetization and anti-phase mag-
netization evolved from 1H. Since the S3E sequence converts both
19F and 1H steady-state polarization into observable coherences, an
approximately twofold signal increase is observed for fully relaxed
1H–19F spin pairs with respect to a standard 1H coupled 19F 1D ex-
periment. The improved sensitivity and resolution afforded by the
use of 1H–19F S3E E.COSY-type experiments for measuring cou-
plings is demonstrated on the nucleoside 9-(2′,3′-dideoxy-2′-fluoro-
β-D-threo-pentofuranosyl)adenine (β-FddA) and on a selectively
2′-fluorine labeled 21mer RNA oligonucleotide.

Key Words: S3E; E.COSY; fluorine; RNA; scalar couplings; resid-
ual dipolar couplings.
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INTRODUCTION

E.COSY-type (1–3) techniques provide a convenient way
measure scalar and dipolar couplings in macromolecules.
E.COSY method is based on the use of mixing sequences
specifically restrict the coherence transfer allowed to only co
lations between connected transitions. The restricted coher
transfer results in simplified cross peak multiplet compon
patterns from which the magnitude and sign of the coupling c
stant of interest can be measured. Recently, a spin-state sel
excitation (S3E) pulse sequence element (4–6) was introduced
which allows editing of a two-spin system into two separ
subspectra corresponding to the spin-coupled nucleus bei
either theα or β state. Methods that utilize the S3E pulse se-
quence element within the context of E.COSY-type experime
have been described for the measurement of homonucleaJHH

(4) and heteronuclearJHC andJHN (5) couplings.
1 To whom correspondence should be addressed. E-mail: marino@carb.
gov.

g

g

179
o
he

that
re-
nce
nt
n-

ctive

te
g in

nts

nist.

Here, a simple H– F spin-state selective excitation (SE)
pulse sequence element is applied in combination with homo
clear 1H mixing schemes to generate E.COSY-type spec
which allow for the sensitive measurement of scalarJHF2′

and JHH2′ and residual dipolarDHF2′ and DHH2′ couplings in
2′-deoxy-2′-fluoro-sugars (Scheme 1). The utility of1H–19F
S3E-E.COSY-type experiments in measuring these coup
constants is demonstrated on the nucleoside 9-(2′,3′-dideoxy-2′-
fluoro-β-D-threo-pentofuranosyl)adenine (β-FddA) (7) and on
a selectively 2′-fluorine labeled 21mer RNA oligonucleotide (8).
Using 1H–19F S3E-E.COSY-type experiments, the cross pe
components generated in the two subspectra are approxim
twice as sensitive as the components of the cross peak do
generated using conventionalt1-coupled E.COSY experiment
(9). In addition, as previously reported (4–6), the S3E-E.COSY-
type experiments are equivalent in resolution to standard de
pled1H–19F correlated spectra since two subspectra are ge
ated, each with only one of the two components of the E.CO
cross peak.

1H–19F SPIN STATE SELECTION

For the case of an isolated1H–19F coupled spin pair, spin
state-selective excitation (S3E) of exclusively either FyHβ or
FyHα coherence can be achieved using the simple INEPT-t
pulse sequence shown in Fig. 1A. In this19F-detected INEPT
experiment, proton steady-state magnetization Hz (at point a
in the sequence) is transferred into the observable anti-p
operator HzFy or−HzFy (at pointc in the sequence), dependin
on the phase ofφ1. During the same INEPT period, steady-sta
magnetization from the heteronucleus Fz (at point b in the
sequence) is also excited to the in-phase operator Fy, leading
to the overall observable operator ofr ∗Fy±HzFy (at point c
in the sequence), withr being equal to the ratioγF/γH. Since
19F has approximately the same gyromagnetic ratio as a pr
(γF/γH ∼ 0.94), the factorr can be estimated to be unity and th
observable magnetization corresponds to FyHβ or FyHα, respec-
tively. The19F-detected S3E experiment is demonstrated usin
diethyl-fluoromalonate [HFC(COOCH2CH3)2], a molecule that
contains an isolated1H–19F coupled spin system. Dependin
1090-7807/01
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SCHEME 1. (A) Chemical structure the nucleoside 9-(2′,3′-dideoxy-2′-
fluoro-β-D-threo-pentofuranosyl)adenine (β-FddA) and (B) 2′F-ribose. Fluo-
rine atoms are shown in bold.

FIG. 1. (A) General pulse sequence scheme for the1H and19F excited,19F
detected 1D experiment using spin-state-selective excitation (S3E) for selec-
tion of either theα-state (φ1=−x) or theβ-state (φ1= x). Spin-state-selective
magnetization Fy ±FyHz (c) is obtained by the simultaneous transformation
proton magnetization (a) Hz into antiphase and excitation of19F magnetization
(b) Fz. Narrow and wide vertical lines indicate 90◦ and 180◦ flip angle pulses,
respectively. All pulses are applied alongx unless otherwise indicated. Delay1
is set to the geminal HF coupling, 1/J(1H,19F). (B) Comparison of standard 1D
1H-coupled19F spectra of diethyl-fluoromalonate (1) with two 1D 19F spectra
of the same molecule acquired using the1H and19F excited,19F detected S3E
pulse scheme of Fig. 1A withφ1 set either tox or−x to select for theβ orα state,
respectively, of the proton magnetization on our Bruker DRX500 spectrom
All spectra were collected under identical conditions with a single scan.
fluorine transmitter was centered at−195.3 ppm. A dashed line is drawn to
indicate that the S3E experiments can achieve twice the magnitude, relativ

the1H-coupled19F spectra multiplet, due to equal contribution of the19F and
1H nuclei in the S3E element.
ND MARINO

of

ter.
he

to

on the phaseφ1, either theβ or theα spin state of the fluorine
signal is selected (Fig. 1B). Since the observable magne
tion originates equally from1H and19F, the observed multiple
component has approximately twice the intensity as in a pro
coupled19F-1D, as predicted based on theγF/γH ratio. It is also
clear from the spectra in Fig. 1B that the S3E element provides
a high degree of discrimination between the two doublet sta
with only very minor residual artifacts.

The extension of the S3E INEPT-type experiment to a 2D
experiment requires the addition of a back transfer of19F
magnetization into observable1H magnetization. In the back
transfer, special care must be taken so that the spin states are
served. As reported earlier (4–6), this can be achieved by a pla
nar mixing or sensitivity enhancement step (10, 11). The result-
ing 2D 1H–19F S3E correlated experiment is shown in Fig. 2A
Depending on the phase ofφ1 andφ2 (see Fig. 2 legend for

FIG. 2. (A) Pulse sequence of a1H and19F excited1H,19F- S3E HETCOR
2D experiment with19F evolution duringt1 and proton detection. After spin-stat
selection and19F evolution, the back transfer is achieved via a planar mix
or sensitivity enhancement building block. The (19F, 1H)-spin-state-selection is
achieved by setting the phases on our Bruker DRX500 spectrometer acco
to (α, α): φ1= − x, φ2= x; (α, β): φ1= − x, φ2= − x; (β, α): φ1= x, φ2=
−x; (β, β): φ1= x, φ2= x. Narrow and wide vertical lines indicate 90◦ and 180◦
flip angle pulses, respectively. All pulses are applied alongx unless otherwise
indicated. Delay1 is set to the geminal HF coupling, 1/J(1H,19F). Quadrature
detection inω1 was obtained by incrementingφ3 according to States-TPPI. (B
2D spectra of the four possible observable multiplets for the HF coupled
pair of diethyl-fluoromalonate, that can be selectively measured using the1H,19F
HETCOR S3E pulse scheme of Fig. 2A. The four versions of the experim
were acquired by varying the phase ofφ1 andφ2 as mentioned above. The

fluorine transmitter was centered at−195.3 ppm and the proton transmitter was
centered at 5.6 ppm.
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experimental details), each of the four components (αα, αβ,
βα, andββ) of an HF correlated cross peak can be selectiv
observed, as again demonstrated on diethyl-fluoromalo
(Fig. 2B).

MEASUREMENT OF COUPLINGS

The1H–19F S3E pulse sequence element described above
be used to construct E.COSY-type experiments for measu
scalar and residual dipolar couplings. Since subspectra are
erated using the1H–19F S3E methods with only one compone
of an E.COSY doublet, this method provides an elegant
to eliminate the potential increase in overlap that may re
from the generation of doublets in a standard E.COSY meas
ment. In addition, the use of S3E to correlate1H–19F coupled
spins as described here also improves the signal to nois
tio of the observed cross peaks by approximately a facto
2 relative to conventional E.COSY experiments. Figure 3 sh
pulse sequences for the measurement of heteronuclear1H–19F
coupling constants witht1 evolution of either the19F (A) or
1H resonances (B). These sequences have been adapted
previously published experiments (4–6). The sequences use th
1H–19F S3E element as a filter for19F-coupled1H resonances fol
lowed by a homonuclear mixing step in which1H magnetization
is transferred to other protons so that long-range1H–19F cou-
plings can be measured. TOCSY, NOESY, and DTOCSY (
transfer via residual dipolar couplings originally introduced
DCOSY (12)) were employed as the mixing steps in this study
principle, however, the mixing step can be any type of homo
clear correlation experiment.

Figure 3A shows a pulse sequence for measuring1H–19F cou-
plings, which usesZ gradients for artifact suppression, while t
sequence in Fig. 3B uses spin lock pulses for the same pur
The data in this study were collected with spin-lock versi
of the experiments since the1H/19F dual resonance probehe
used did not have the capability of applying actively shield
pulsed field gradients. The pulse sequence shown in Fig
is designed for the measurement of long range1H–1H cou-
plings. In this case, after the1H–19F S3E filter and the homonu
clear mixing step a second planar mixing period is added w
selectively transfers theα/β spin state of the fluorine to the co
pled proton, leading to the corresponding spin state selectio
the proton–proton coupling.

In spin systems where the fluorine experiences more than
significant1H–19F coupling (as is the case forβ-FddA and 2′F-
labeled RNA), selective 180◦ 1H pulses can be used to refoc
only the geminal H2′ proton coupled to the fluorine. The s
lective 180◦ 1H pulses serve to significantly enhance the sig
to noise ratio and strongly reduced lineshape artifacts tha
result from imperfect refocusing of multipleJHF couplings of
different magnitudes. Selective 180◦ 1H pulses can be applie
to the geminal H2′ protons in 2′F-labeled sugars, since the
protons are fortuitously downfield shifted into a unique che

cal shift range with respect to the other sugar protons H1′, H3′,
METHODS 181
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FIG. 3. S3E-E.COSY-type experiments for measuring heteronuclear19F–
1H and homonuclear1H–1H coupling constants. Sequences (A) and (B) a
designed to measure heteronuclear19F–1H couplings with theω1 dimension
being either (A)19F or (B) 1H. Sequence (A) shows the gradient version
the experiment while (B) uses spin lock pulses around the homonuclear m
step for artifact suppression. Sequence (C) is designed to measure homon
1H–1H coupling constants (4) and is shown as the gradient version of the exp
iment. In sequence C, the use of H2′-selective inversion pulses for refocusin
of the protons significantly increases the signal intensity for spin systems,
2′F-labeled sugars, where the fluorine has more than one significant19F–1H cou-
pling. These H2′-selective inversion pulses can also be applied in sequences
and (B) to gain improvement in signal intensity and artifact suppression. Na
and wide vertical lines indicate 90◦ and 180◦ flip angle pulses, respectively, bell
shaped pulses indicate selective G3-inversion pulses covering the geminal b
proton region. All pulses are applied alongx unless otherwise indicated. In a
sequences the delay1 is set to the geminal HF coupling, 1/J(1H,19F)∼ 9.0 ms.
In all experiments theβ- andα-state are obtained by setting the phaseφ1 = x
andφ1 = −x, respectively.19F-filtering and pure phase quadrature detecti
was achieved by cyclingφ2 = φrec= x,−x, and according to States-TPPI.

H4′, and H5′. In certain cases, however, overlap of the H1′ and
H2′ chemical shift ranges in 2′F-labeled RNA samples and clos
proximity in chemical shift ranges of the H1′, H2′, and other ri-
bose protons may preclude perfect selective refocusing of o
H2′ protons. Selective 180◦ 1H pulses have been implemente
within the context of the pulse sequence in Fig. 3C and
also be applied in a similar fashion in place of the nonselec
hard 180◦ 1H pulses in the pulse sequences shown in Figs.
and 3B.

The 1H–19F S3E-E.COSY type experiments have been a
plied toβ-FddA, which is labeled with a single fluorine at th
2′′-proton position of the sugar ring, and to a 21mer RNA ha
pin, which has been specifically labeled with fluorine at t

2′-hydroxyl position of three ribose sugars (Fig. 5A). In Fig. 4,
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FIG. 4. (A) 19F X-filtered E.COSY-TOCSY experiment and (B, C) theα andβ S3E E.COSY-TOCSY experiments applied toβ-FddA. The DIPSI-2 sequence
(22) was used as for the homonuclear mixing step in each experiment, with a spin-lock period of 50 ms and a 90◦ pulse of length 34µs. Spectra were collected
with 8 scans pert1 increment with spectral width of 5000 Hz inω2 andω1, respectively, at 25◦C on a Bruker DRX500 spectrometer equipped with a1H/19F dual
probe. The fluorine transmitter was centered at−188 ppm and the proton transmitter was centered at 5 ppm. For the19F X-filtered E.COSY-TOCSY experiment
4096 (tmax

2 = 410 ms) and 512 (tmax
1 = 205 ms) complex points inω2 andω1, respectively, were collected. For the S3E E.COSY-TOCSY experiment, 4096 (tmax

2 =
410 ms) and 128 (tmax= 51.2 ms) complex points inω2 andω1, respectively, were collected, since there was no need to resolve a multiplet structure int1. The
1
19F X-filtered E.COSY-TOCSY ran for 6 h and the S3E E.COSY-TOCSY ran for 1.5 h each using a∼5 mM sample dissolved in 99.98% DMSO-d7. The 2D data
were processed and plotted using standard protocols in nmrPipe (23).
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the1H–19F S3E-E.COSY-TOCSY is compared to a convention
X-filtered-E.COSY-TOCSY (13–16). As can easily be seen, th
α andβ spin state selective experiments include only one pa
the doublet so that the coupling can be measured using the
ative chemical shift displacement of the doublet componen
the two subspectra. Since theα andβ spin states are in separa
spectra, the number of increments in theω1 dimension could be
significantly reduced compared to the conventional X-filter
E.COSY-TOCSY. This reduction led to a total acquisition tim
of only∼3 h for the two1H–19F S3E-E.COSY-TOCSY experi-
ments together, whereas∼6 h were needed for the convention
X-filtered-E.COSY-TOCSY. Moreover, the sensitivity of the 3
1H–19F S3E-E.COSY-TOCSY experiments was still better th
the longer conventional experiment. The1H–19F coupling con-
stants extracted from the spectra collected using the puls
quences in Fig. 3A and from the experiment for measurem

TABLE 1
JHH and JHF Couplings Determined for β-FddA

Simulated fit S3E
β-FDDA of 1D data Measurement

2′F–H1′ 16.0 15.9
2′F–H2′ 54.5 54.8
2′F–H3′ 28.0 28.3
2′F–H3′′ 27.3 27.3
2′F–H4′ n.d. 0.6
H2′–H1′ 4.0 3.8
H2′–H3′ 3.7 3.7
H2′–H3′′ 6.2 6.1
Note.n.d.= not determined by line-fitting.
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of 1H–1H couplings in Fig. 3C (spectra not shown) applied
β-FddA are given in Table 1 with a comparison to couplin
measured previously by standard line-fitting of high-resoluti
1D 1H spectra using the program gNMR (Shorewell Scientifi
Oxford, UK).

1H–19F coupling constants have also been measured
the 2′F-labeled R1inv hairpin using conventional X-filtered
E.COSY-NOESY (13–16) and 1H–19F S3E-E.COSY-NOESY
experiments (Fig. 5B). In comparing these spectra, theα andβ
S3E spectra again showed improved signal to noise ratios rela
to the conventional X-filtered experiment. For this selective
2′F-labeled RNA, the improved resolution afforded by the S3E
subspectra in comparison to conventional X-filtered E.COS
spectra is not needed due to the small number of19F labels.
Nevertheless, it is clear that for more extensively 2′F-labeled

TABLE 2
JHF Couplings Determined for the 21mer RNA Stem-Loop

X-filtered S3E-E.COSY-
2′F-R1inv E.COSY-NOESY NOESY

2′F–H1′ U9 17.4 17.3
2′F–H2′ U9 51.5 51.6
2′F–H3′ U9 20.5 20.7
2′F–H1′ U16 14.0 14.2
2′F–H2′ U16 50.6 50.6
2′F–H3′ U16 22.8a 22.5a

2′F–H1′ U17 14.1 14.1
2′F–H2′ U17 50.5 50.3
2′F–H3′ U17 24.2a 24.4a
a Cross peaks show distorted line shapes because they resonate close
to the residual HDO signal.
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RNAs the reduction in the number of cross peaks by half in
S3E subspectra will certainly give an advantage in resoluti
The coupling constants derived from the conventional and3E
methods applied to the 2′F-labeled R1inv hairpin are given in
Table 2 for comparison. The deviations in the measured c
pling constants between the different experiments are within
error of the measurements. A1H–19F S3E-E.COSY-DTOCSY
experiment was also performed on the same RNA 21mer h
pin oriented in solution using liquid crystalline bacteriopha

FIG. 5. (A) Schematic of the secondary structure of the 21mer R1inv R
hairpin. Hydrogen bonded base pairs are connected by solid lines. Selec
F2′-labeled positions [U9 (loop), U16 and U17 (stem)] are circled. (B) 2D19F,1H
correlated spectra collected using the pulse scheme of Fig. 3A with a 40
NOESY as the homonuclear mixing step applied to∼1 mM sample of the 21mer
RNA hairpin in 1 mM Cacodylate [pH 6.5], 25 mM NaCl in 99.96% D2O. Spec-
tra were collected with 4096 (tmax

2 = 410 ms) and 32 (tmax
1 = 13.6 ms) complex

points inω2 andω1, respectively, at 25◦C on a Bruker DRX500 spectrome
ter equipped with a1H/19F dual probe. The fluorine transmitter was center
at−201 ppm and the proton transmitter was centered on residual HDO s
(4.75 ppm). 256 scans pert1 increment were collected with spectral widths
5000 and 2350 Hz inω2 andω1, respectively. Each experiment was run for 10
The 2D data were processed and plotted using standard protocols in nm
(23). The observed cross peaks from the Hβ state version of the experimen
are shown with multiple black contour lines and cross peaks from the Hα state
version of the experiment are shown as a single black contour line. From
separation between the cross peaks observed in the two experiments,19F–1H

scalar coupling constants could be determined and are listed in Table 2.
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TABLE 3
Sum of DHF and JHF Couplings Determined for the 21mer

RNA Stem-Loop

X-filtered-E.COSY- S3E-E.COSY-
Cross Peak DTOCSY w Pf1 DTOCSY w Pf1

2′F-U9–H1′-U9 13.0 13.2
2′F-U9–H2′-U9 54.0 53.6
2′F-U16–H1′-U16 8.5 8.5
2′F-U16–H2′-U16 53.7 53.6
2′F-U16–H6-U17 0.5 0.7
2′F-U17–H1′-U17 7.9 7.9
2′F-U17–H2′-U17 54.0 54.5
2′F-U17–H8-G18 1.1 1.0

Pf1 media (17, 18), with a Pf1 concentration of 12 mg/ml. In
this experiment, the MOCCA-XY16 multiple pulse sequen
(19), which has special coherence transfer properties with
spect to dipolar coupled spin systems (20, 21), was used to ef-
ficiently transfer the19F coupled H2′ proton magnetization to
other proton resonances via1H–1H residual dipolar couplings.
The sum of scalar and residual dipolar couplings measure
this experiment are given in Table 3. The comparison with t
couplings extracted from the X-filtered E.COSY-DTOCSY e
periment (16) shows the reliability of the S3E measurements
even if J evolution delays are slightly off due to the addition
1H–19F residual dipolar couplings.

SUMMARY

In this study,1H–19F S3E pulse sequence elements were us
to improve the sensitivity and resolution of E.COSY-type met
ods designed to measure scalarJHF2′ andJHH2′ and residual dipo-
lar DHF2′ andDHH2′ coupling constants. The1H–19F S3E pulse
sequence element achieves an improvement of approximate
factor of two in signal to noise when compared to convention
E.COSY experiments, where the initial magnetization of on
one of the nuclei is selected. In addition, the1H–19F S3E method
generates two subspectra that are of equivalent resolutio
a normal decoupled1H–19F correlated spectra. These1H–19F
S3E methods therefore provide a more efficient way to meas
19F-associated couplings in 2′F-labeled nucleosides, nucleotide
and oligonucleotides.
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