Journal of Magnetic Resonanit2,179-184 (2001)

doi:10.1006/jmre.2001.2386, available onlatehttp://www.idealibrary.com ofl D E %

|.®

S3E-E.COSY Methods for the Measurement of 1°F Associated
Scalar and Dipolar Coupling Constants

Burkhard Luy Joseph J. Barchi, Jr.and John P. Maririb*

*Center for Advanced Research in Biotechnology, University of Maryland and the National Institute for Standards and Technology, 9600 Gudelsky Dr
Rockville, Maryland 20850; antLaboratory of Medicinal Chemistry, National Cancer Institute, FCRDC, Frederick, Maryland 21702

Received March 15, 2001; revised May 25, 2001; published online August 1, 2001

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

Key Words: S®E; E.COSY; fluorine; RNA; scalar couplings; resid-
ual dipolar couplings.

INTRODUCTION

Here, a simplé'H-'°F spin-state selective excitation3@
pulse sequence element is applied in combination with homoni
clear *H mixing schemes to generate E.COSY-type spectr
which allow for the sensitive measurement of scalagy
and Jyn2> and residual dipolaDyrz and Dy couplings in
2'-deoxy-2-fluoro-sugars (Scheme 1). The utility 6H-°F
SPE-E.COSY-type experiments in measuring these couplin
constants is demonstrated on the nucleosidé,3<@deoxy-2-
fluoro-g-D-threo-pentofuranosyl)adening{FddA) (7) and on
a selectively 2fluorine labeled 21mer RNA oligonucleotids (
Using *H-1°F S’E-E.COSY-type experiments, the cross peak
components generated in the two subspectra are approximat
twice as sensitive as the components of the cross peak doub
generated using conventiortgicoupled E.COSY experiments
(9). In addition, as previously reported6), the SE-E.COSY-
type experiments are equivalent in resolution to standard deco
pled*H-°F correlated spectra since two subspectra are gene
ated, each with only one of the two components of the E.COS’
cross peak.

IH-'F SPIN STATE SELECTION

E.COSY-type (-3 techniques provide a convenient way to
measure scalar and dipolar couplings in macromolecules. Théor the case of an isolatéti—°F coupled spin pair, spin-
E.COSY method is based on the use of mixing sequences tsi&te-selective excitation {6) of exclusively either FH” or
specifically restrict the coherence transfer allowed to only correyH* coherence can be achieved using the simple INEPT-typ
lations between connected transitions. The restricted cohereputse sequence shown in Fig. 1A. In tAkF-detected INEPT
transfer results in simplified cross peak multiplet componegxperiment, proton steady-state magnetizatign(&t pointa
patterns from which the magnitude and sign of the coupling coift- the sequence) is transferred into the observable anti-pha
stant of interest can be measured. Recently, a spin-state selegerator HF, or —H,Fy (at pointc in the sequence), depending
excitation (SE) pulse sequence elemedtg) was introduced on the phase af;. During the same INEPT period, steady-state
which allows editing of a two-spin system into two separat@agnetization from the heteronucleus @t pointb in the
subspectra corresponding to the spin-coupled nucleus being&gluence) is also excited to the in-phase operagptegding
either thea or g state. Methods that utilize the’S pulse se- to the overall observable operator ofF, + H,F, (at pointc
quence element within the context of E.COSY-type experimenfsthe sequence), with being equal to the ratipe/y4. Since
have been described for the measurement of homonudlgar '°F has approximately the same gyromagnetic ratio as a protc
(4) and heteronuclealyc and Juy (5) couplings. (Yr/vn ~ 0.94), the factor can be estimated to be unity and the
observable magnetization correspondsytdfor F,H, respec-
tively. The*°F-detected & experiment is demonstrated using

170 whom correspondence should be addressed. E-mail: marino@carb.ifigthyl-fluoromalonate [HFC(COOGIEHs)], a molecule that
gov. contains an isolatedH—°F coupled spin system. Depending
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A B on the phase;, either theg or thea spin state of the fluorine
o F2' Adenine Ho—cHz Ho e signal is selected (Fig. 1B). Since the observable magnetiz:
s 20 WKH tion originates equally fromiH and™°F, the observed multiplet
Hor H OH ,HZ component has approximately twice the intensity as in a protor
H H H F2 coupled'®F-1D, as predicted based on the yy ratio. Itis also

clear from the spectra in Fig. 1B that théESelement provides
a high degree of discrimination between the two doublet state:
SCHEME 1. (A) Chemical structure the nucleoside 9;@-dideoxy-2- with only very minor residual artifacts.
fluoro-8-D-threo-pentofuranosyladeningg{FddA) and (B) 2F-ribose. Fluo-  The extension of the *& INEPT-type experiment to a 2D
rine atoms are shown in bold. experiment requires the addition of a back transfer'#f
magnetization into observabléd magnetization. In the back
transfer, special care must be taken so that the spin states are ¢
served. As reported earlie4<6), this can be achieved by a pla-

BFddA 2'F-ribose

A nar mixing or sensitivity enhancement std@(11. The result-
o1 y ing 2D *H-1F S’E correlated experiment is shown in Fig. 2A.
A A Depending on the phase ¢f and ¢, (see Fig. 2 legend for
"H | 4 I 4
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FIG.1. (A)General pulse sequence scheme forthand!°F excited }°F
detected 1D experiment using spin-state-selective excitatit) (®r selec- FIG.2. (A)Pulse sequence ofi and°F excited'H,1%F- SSE HETCOR
tion of either thex-state 1 = —x) or the 8-state 1 = x). Spin-state-selective 2D experimentwitH°F evolution durind; and proton detection. After spin-state
magnetization 4 FyH; (c) is obtained by the simultaneous transformation oéelection and®F evolution, the back transfer is achieved via a planar mixing
proton magnetization (a) Hnto antiphase and excitation 8 magnetization or sensitivity enhancement building block. TH8K, 1H)-spin-state-selection is
(b) F;. Narrow and wide vertical lines indicate 98nd 180 flip angle pulses, achieved by setting the phases on our Bruker DRX500 spectrometer accordir
respectively. All pulses are applied alongnless otherwise indicated. Deldy to (¢, @): 1= — X, dp2=X; (@, B): 1= — X, p2= — X; (B, @): p1=X, 2=
is set to the geminal HF coupling/ 1(*H,1%F). (B) Comparison of standard 1D —x; (8, 8): ¢1 =X, ¢2 = x. Narrow and wide vertical lines indicate 9nd 180
1H-coupled!®F spectra of diethyl-fluoromalonat&)(with two 1D 19F spectra flip angle pulses, respectively. All pulses are applied abnmless otherwise
of the same molecule acquired using Hreand!°F excited,'°F detected & indicated. Delay is set to the geminal HF coupling/ 1(*H,'%F). Quadrature
pulse scheme of Fig. 1A wily set either tox or —x to select for the8 or« state, detection inw1 was obtained by incrementing according to States-TPPI. (B)
respectively, of the proton magnetization on our Bruker DRX500 spectromet2b spectra of the four possible observable multiplets for the HF coupled spit
All spectra were collected under identical conditions with a single scan. Thair of diethyl-fluoromalonate, that can be selectively measured usihgithé
fluorine transmitter was centered 4953 ppm. A dashed line is drawn to HETCOR SE pulse scheme of Fig. 2A. The four versions of the experiment
indicate that the ¥ experiments can achieve twice the magnitude, relative twere acquired by varying the phase ¢f and ¢, as mentioned above. The
the IH-coupled!®F spectra multiplet, due to equal contribution of #§8 and  fluorine transmitter was centered-at 953 ppm and the proton transmitter was
IH nuclei in the SE element. centered at 5.6 ppm.
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experimental details), each of the four componemnts, (@8, A

Ba, andBp) of an HF correlated cross peak can be selectively & -
observed, as again demonstrated on diethyl-fluoromalonate 1H|%|%| I
(Fig. 2B). &
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MEASUREMENT OF COUPLINGS G161 G.z ch‘g o1Gr &

The!H-1°F S°E pulse sequence element described above car
be used to construct E.COSY-type experiments for measurinc B
scalar and residual dipolar couplings. Since subspectra are ger « =y
erated using theH-9F S’E methods with only one component |2 1241
of an E.COSY doublet, this method provides an elegant way hx y
to eliminate the potential increase in overlap that may result *°F | || |
from the generation of doublets in a standard E.COSY measure
ment. In addition, the use ofE to correlate!H-°F coupled
spins as described here also improves the signal to noise ra

> . Xy oy oy Xy oy oy drec
tio of Fhe observed.cross peaks by approxmate]y a factor of H L%‘%I %A% | %‘%l a I_W'%‘é |§ 2

2 relative to conventional E.COSY experiments. Figure 3 shows hx v vy vy vy y

pulse sequences for the measurement of heteronudhea?F e LB 11 1| | ==
coupling constants witly evolution of either the'*F (A) or ‘ -

'H resonances (B). These sequences have been adapted fro G Lidit i Tii

previously published experimen#$6). The sequences use the

1H19F SE element as a filter fdPF-coupledH resonances fol- FIG.3. S°E-E.COSY-type experiments for measuring heteronudi¥far
lowed by a homonuclear mixing step in whiti magnetization 1H and homonucleatH-'H coupling constants. Sequences (A) and (B) are
. 19 designed to measure heteronucl&#-'H couplings with thew; dimension

is transferred to other protons so that long-rafige'°F cou- being either (A)L°F or (B) 'H. Sequence (A) shows the gradient version of
plings can be measured. TOCSY, NOESY, and DTOCSY (i.ehe experiment while (B) uses spin lock pulses around the homonuclear mixir
transfer via residual dipolar couplings originally introduced agtep for artifact suppression. Sequence (C) is designed to measure homonucl
DCOSY (12)) were employed asthe mixing steps inthis study. |H-|—1H coupling constant#lj and is shown as the gradient version of the exper-

rinciple. however. the mixina step can be anv tvoe of homon|m_ent. In sequence C, the use of H&lective inversion pulses for refocusing
p ple, ! g P y typ Hf the protons significantly increases the signal intensity for spin systems, lik

clegr correlation experiment. ' 2'F-labeled sugars, where the fluorine has more than one signiftadtd cou-
Figure 3A shows a pulse sequence for measuiiig’F cou- pling. These H2selective inversion pulses can also be applied in sequences (A

plings, which use& gradients for artifact suppression, while thend (B) to gain improvement in signal intensity and artifact suppression. Narro\
sequence in Fig. 3B uses spin lock pulses for the same purp(5’§8.‘”ide vertic._':ll Ii_nes indicat(_e 9and _180 flip angle pulses, r_espectivelyZ bell-
The data in this studv were collected with spin-lock versio shaped pu_IseS|nd|cateseIect|ve Q3-|nver5|on pulsescov_erln_gthegemmal bou
. _y P rﬁoton region. All pulses are applied alorginless otherwise indicated. In all
of the experiments since tHel/*°F dual resonance probeheadequences the delayis set to the geminal HF coupling/1(*H,19F) ~ 9.0 ms.
used did not have the capability of applying actively shieldad all experiments thg- anda-state are obtained by setting the phase= x
pulsed field gradients. The pulse sequence shown in Fig. 8@¢1 = —x, respectively*F-filtering and pure phase quadrature detection
is designed for the measurement of long raﬁglelH cou- Was achieved by cyclingz = ¢rec = X, —x, and according to States-TPPI.
plings. In this case, after tH&l-'°F S°E filter and the homonu-
clear mixing step a second planar mixing period is added which
selectively transfers the/ 8 spin state of the fluorine to the cou-H4/, and H5. In certain cases, however, overlap of the Hid
pled proton, leading to the corresponding spin state selection K2’ chemical shift ranges inB-labeled RNA samples and close
the proton—proton coupling. proximity in chemical shift ranges of the HHZ2', and other ri-

In spin systems where the fluorine experiences more than doose protons may preclude perfect selective refocusing of on
significant'H-'°F coupling (as is the case fgrFddA and 2F- H2' protons. Selective 180H pulses have been implemented
labeled RNA), selective 180*H pulses can be used to refocusvithin the context of the pulse sequence in Fig. 3C and ca
only the geminal H2proton coupled to the fluorine. The se-also be applied in a similar fashion in place of the nonselectiv
lective 180 H pulses serve to significantly enhance the signhhrd 180 'H pulses in the pulse sequences shown in Figs. 3/
to noise ratio and strongly reduced lineshape artifacts that camd 3B.
result from imperfect refocusing of multiplé= couplings of  The *H-1%F S’E-E.COSY type experiments have been ap-
different magnitudes. Selective 18tH pulses can be applied plied to 8-FddA, which is labeled with a single fluorine at the
to the geminal H2protons in 2F-labeled sugars, since thes@”-proton position of the sugar ring, and to a 21mer RNA hair-
protons are fortuitously downfield shifted into a unique chempin, which has been specifically labeled with fluorine at the
cal shift range with respect to the other sugar protons H¥, 2'-hydroxyl position of three ribose sugars (Fig. 5A). In Fig. 4,
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FIG.4. (A) 1°F X-filtered E.COSY-TOCSY experiment and (B, C) thandp S°E E.COSY-TOCSY experiments applieddeFddA. The DIPSI-2 sequence
(22) was used as for the homonuclear mixing step in each experiment, with a spin-lock period of 50 ms apalae6f length 34:s. Spectra were collected
with 8 scans per, increment with spectral width of 5000 Hz isp andws, respectively, at 25 on a Bruker DRX500 spectrometer equipped wiftH#&°F dual
probe. The fluorine transmitter was centered-488 ppm and the proton transmitter was centered at 5 ppm. FéPEHé-filtered E.COSY-TOCSY experiment
4096 ("™ = 410 ms) and 512f"® = 205 ms) complex points i@, andw, respectively, were collected. For th8ESE.COSY-TOCSY experiment, 4096 %=
410 ms) and 128t["®=51.2 ms) complex points im, andws, respectively, were collected, since there was no need to resolve a multiplet strudguréha
19F X-filtered E.COSY-TOCSY ran {6 h and the 38 E.COSY-TOCSY ran for 1.5 h each using-& mM sample dissolved in 99.98% DMSQ-dhe 2D data
were processed and plotted using standard protocols in nmrE3pe (

the'H-1F S’E-E.COSY-TOCSY is compared to a conventionadf *H-'H couplings in Fig. 3C (spectra not shown) applied to
X-filtered-E.COSY-TOCSY13-16. As can easily be seen, theg-FddA are given in Table 1 with a comparison to couplings
« andg spin state selective experiments include only one partwfeasured previously by standard line-fitting of high-resolutior
the doublet so that the coupling can be measured using the fd)-'H spectra using the program gNMR (Shorewell Scientific,
ative chemical shift displacement of the doublet components@xford, UK).

the two subspectra. Since theandg spin states are in separate *H-'%F coupling constants have also been measured o
spectra, the number of increments in thedimension could be the ZF-labeled R1linv hairpin using conventional X-filtered-
significantly reduced compared to the conventional X-filtered.COSY-NOESY {3-16 and 'H-'°F S’E-E.COSY-NOESY
E.COSY-TOCSY. This reduction led to a total acquisition timexperiments (Fig. 5B). In comparing these spectragptheds

of only ~3 h for the two'H-1°F S’E-E.COSY-TOCSY experi- S°E spectraagain showed improved signal to noise ratios relativ
ments together, whereas h were needed for the conventionato the conventional X-filtered experiment. For this selectively
X-filtered-E.COSY-TOCSY. Moreover, the sensitivity of the 3 I2’F-labeled RNA, the improved resolution afforded by tR& S
H-19F S’E-E.COSY-TOCSY experiments was still better thasubspectra in comparison to conventional X-filtered E.COSY
the longer conventional experiment. THe-'°F coupling con- spectra is not needed due to the small numbet°Bflabels.
stants extracted from the spectra collected using the pulse Nevertheless, it is clear that for more extensively-Rbeled
guences in Fig. 3A and from the experiment for measurement

TABLE 2
Jur Couplings Determined for the 21mer RNA Stem-Loop
TABLE 1
Jun and Jye Couplings Determined for 3-FddA _ Xfiltered SE-E.COSY-
2'F-R1linv E.COSY-NOESY NOESY
Simulated fit SE
B-FDDA of 1D data Measurement 2F-HI' U9 17.4 17.3
2'F-H2 U9 515 51.6
2F-HY 16.0 15.9 2'F-H3 U9 20.5 20.7
2F-H2 54.5 54.8 2'F-H1 U16 14.0 14.2
2F-H3 28.0 28.3 2F-H2 U16 50.6 50.6
2F-H3 27.3 27.3 2'F-H3 U16 22.8 22.8
2F-H4 n.d. 0.6 2'F-H1 U17 141 14.1
H2-HY 4.0 3.8 2F-H2 U17 50.5 50.3
H2-H3 3.7 3.7 2F-H3 U17 24.2 24.4
H2'-H3’ 6.2 6.1

a Cross peaks show distorted line shapes because they resonate close
Note.n.d.=not determined by line-fitting. to the residual HDO signal.
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RNAs the reduction in the number of cross peaks by half in the TABLE 3

S°E subspectra will certainly give an advantage in resolution. Sum of Dye and Jur Couplings Determined for the 21mer

The coupling constants derived from the conventional atiel S RNA Stem-Loop

methods applied to the-labeled R1inv hairpin are given in X-filtered-E.COSY- 8E-E.COSY-
Table 2 for comparison. The deviations in the measured CouU-cross Peak DTOCSY w Pfl DTOCSY w Pfl
pling constants between the different experiments are within the

error of the measurements. W-1°F SSE-E.COSY-DTOCSY ZEBg_zéﬂg éi'g égg
experiment was also performed on the same RNA 21mer ha§k= 16 1r-U1s 65 g

pin oriented in solution using liquid crystalline bacteriophageer-u16-Hz-U16 53.7 53.6

2'F-Ul16-H6-U17 0.5 0.7
2’F-U17-H1-U17 7.9 7.9
2'F-Ul17-H2-U17 54.0 54.5
A 2’F-U17-H8-G18 11 1.0

Pfl media 17, 18, with a Pf1 concentration of 12 mg/ml. In
this experiment, the MOCCA-XY16 multiple pulse sequence
(19), which has special coherence transfer properties with re
spect to dipolar coupled spin systen2§(21), was used to ef-

1" ficiently transfer theé"°F coupled H2 proton magnetization to
other proton resonances Vil—'H residual dipolar couplings.
The sum of scalar and residual dipolar couplings measured |

B this experiment are given in Table 3. The comparison with the

couplings extracted from the X-filtered E.COSY-DTOCSY ex-

| 2020 periment (6) shows the reliability of the ¥ measurements

' even if J evolution delays are slightly off due to the additional
M B 1H-19F residual dipolar couplings.
-201.5

| B
w @ 0 @l r 2010 In this study*H-'°F S’E pulse sequence elements were use:
w t%@ to improve the sensitivity and resolution of E.COSY-type meth-
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SUMMARY

F [ppm]

19

L _200.5 ods designed to measure scalkgr,y andJyn2> and residual dipo-
lar Dyg> and Dy coupling constants. THH-1°F S’E pulse
sequence element achieves an improvement of approximately
- -200.0 factor of two in signal to noise when compared to conventiona
6I0 ' 5I6 ! 5'2 ' 4l8 ' E.COSY experiments, where the initial magnetization of only
' ' " ' ' one of the nucleiis selected. In addition, #&-1°F SSE method
[ppm] generates two subspectra that are of equivalent resolution
FIG.5. (A) Schematic of the secondary structure of the 21mer R1inv RNA normal decoupleéIH—19F qorrelated spe_c;ra. These—F
hairpin. Hydrogen bonded base pairs are connected by solid lines. Selectiv%?)E methods therefore provide a more efficient way to measur
F2-labeled positions [U9 (loop), U16 and U17 (stem)] are circled. (B}¥6#H  1°F-associated couplings ifRzlabeled nucleosides, nucleotides
correlated spectra collected using the pulse scheme of Fig. 3A with a 400 g5d oligonucleotides.
NOESY as the homonuclear mixing step appliedfiomM sample of the 21mer
RNA hairpin in 1 mM Cacodylate [pH 6.5], 25 mM NaCl in 99.96%®. Spec-
tra were collected with 4098]2*= 410 ms) and 32t["® = 13.6 ms) complex ACKNOWLEDGMENTS
points inw; andwi, respectively, at 28C on a Bruker DRX500 spectrome-
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at —201 ppm and the proton transmitter was centered on residual HDO sigkabwledges a Feodor Lynen fellowship from the AvH- Stiftung. We thank F. Sonc
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The 2D data were processed and plotted using standard protocols in nmrRgwemaking the MOCCA sequences available prior to publication and for
(23). The observed cross peaks from thé state version of the experiment interesting discussions. Certain commercial equipment, instruments, and m
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