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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),]. 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
the transverse cross-relaxation rate of the H2' spin, effectively
negating the contribution of transverse cross relaxation to the
cross peak frequencies and phases. Calculated linewidth and po-
larization transfer functions indicated that the reduced dipolar
interaction is also expected to result in a significant increase in
intensity for all cross peaks involving the H1’, H2’, or H3’ spin.
The spectral complexity is also reduced by selective deuteration.
Time-shared homonuclear decoupling of passive spins during ac-
quisition was implemented, reducing the spin system, in some
cases, to an effectively isolated two-spin system. This enables the
use of a 90° mixing pulse instead of the 35° pulse commonly used
in standard P.E.COSY experiments, leading to an additional 75%
increase in signal intensity. Selective excitation pulses were used to
reduce the number of increments required in the indirect dimen-
sion by as much as a factor of 4. The cumulative improvement in
sensitivity is striking, approaching three orders of magnitude per
unit time. Separate experiments, referred to as Stripe-COSY and
Superstripe-COSY, were optimized for each coupling constant
measured. Finally, J-doubling was used to obtain the most accu-
rate peak separations. This comprehensive approach shows prom-
ise as an effective method for extracting highly accurate homo-
nuclear vicinal coupling constants in DNA. © 2000 Academic Press
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INTRODUCTION

ysis of biomacromolecules since their values can be related t
three-bond torsion angles via Karplus relationships The
application of such relationships to biomacromolecules is com
plicated because these molecules typically tumble in solutiol
with autocorrelation times in the spin-diffusion limibf. > 1).
The correspondingly short transverse relaxation times produc
resonance linewidths that frequently approach or exceed th
size of the coupling constant of interest. Furthermore, biomac
romolecules typically have high local proton densities so tha
'H relaxation is dominated by dipolar interactions with other
protons (within approximately 5 A), which leads to efficient
dipolar relaxation and corresponding broad resonance I)es (
Consequently, broad lines, spectral overlap, weak signals, ar
transverse cross-relaxation effects complicate the process
extracting meaningful values for coupling constants derivec
from NMR spectra. Drobny and co-workers have highlighted
the conditions for extracting accurate coupling constants fron
DNA duplexes with longer correlation times from P.E.COSY
type data 8). It has also been demonstrated theoretically tha
relaxation effects can preclude the accurate measurement
coupling constants from E.COSY spectra due to differential
relaxation of double- and triple-quantum cohereneg$)

The problem associated with overlapped cross peaks can |
overcome to a certain extent by E.COS®&) or P.E.COSY
(7)-type experiments in which the number of multiplet com-
ponents in each cross peak is reduced to the number of co
nected transitions. For a three-spin system, the number ¢
cross-peak multiplets is reduced from 16 to 8 in the form of
two quartets displaced by the passive coupling constants. Bot
active and passive coupling constants can be measured direc
from the E.COSY or the P.E.COSY spectrum. The disadvan
tage of E.COSY lies in its complicated data acquisition pro-
cess, which requires the linear combination of multiple phase

Three-bond homonuclear and heteronuclear vicinal coupliggifted data sets. This increases both the minimum acquisitio

constants have been widely used for the conformational a
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N@ne and susceptibility to spectrometer instabilities. The

P.E.COSY is much easier to run experimentally since it re-
P.O. o .
guires only two pulses. However, the 35° mixing pulse (which
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of two alternating phase cycling schemes to remove the dis
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persive character of the diagonal autopeaks make the P.E.CO=¥tunately, the improvements in signal to noise ratio realizec
experiment lengthy, especially when significant signal averaghen Superstripe-COSY is used together with selective del
ing is required to produce a spectrum with a good signal-tteration can lead to 2—3 orders of magnitude increase in signa
noise ratio. In order to reduce the total acquisition time, we-noise per unit time. Thereford, doubling may be quite
have recently reported the use of the Stripe-COSY experimarseful in these circumstances.
(8), which is a P.E.COSY experiment utilizing selective exci- In our previous Communicatior8), we demonstrated the
tation to the particular region of the spectrum of interest. Up tmprovement in sensitivity for measuring three-bond proton-
a fourfold savings in time has been demonstrated for measupeston coupling constants due to the combined use of sterec
ment of the H1-H2' three-bond coupling constants for theselective deuterium labeling, time-shared homonuclear decot
12-base-pair J(CGCGAATTCGCG)] Dickerson DNA se pling, and selective excitation schemes. In this paper, :
quence. We have also introduced the Superstripe-COSY epmprehensive approach for measuritidg,, extracted from
periment 8), which is a general name for a P.E.COSY expeNMR data with the highest possible accuracy and sensitivity i
iment employing both selective excitation of active spins araltlined. Various stereo-selective deuterium-labeling scheme
selective decoupling to collapse key passive couplings. Thee considered, and spin—spin relaxation times and polarizatic
result leads to enhanced signal-to-noise and decreased overapsfer functions are calculated for each labeling pattern
of intracross-peak multiplet components. Implementation ofl doubling in crowded regions is illustrated
Transverse cross relaxation has been shown to modulaging trapezoid apodization to simplify and improve the
both the frequency and phase of cross peak compor@rdsd doubling analysis. Finally?J,. 1y, *Jusz, and>Jys e CO
can be significant when one of the active spins is one of a ppling constants were measured employing selective deuter:
of geminal protons on a methylene carbon, such as the gemitiah, Superstripe-COSY, and doubling and the results
H2'—H2' pair at the C2 carbon in the deoxyribose sugar ofcompared with the coupling constant measurements and anc
DNA, or at a methylene carbon in a protein side chain. lyses of the sugar conformations reported elsewhere.
DNA, three out of the four three-bond coupling constants
related to the sugar conformation involve either the geminal
H2" or H2' proton. Therefore, neglect of transverse cross-
relaxation effects, eit.her in spectral s.imulations or yvhen mteé'election of Coupling Constants for Measurement
preting peak separations, can potentially lead to misinterpreta-
tion of DNA sugar conformation analyses. We have recently There are five protons on the furanose sugar ring of DNA
proposed an approach for directly probing the effect of tran@~ig. 1). Two protons occur as a geminal pair at the €&&bon.
verse cross relaxation on coupling constants involving eithBtereo-selective replacement of one geminal proton by deute
the HZ or H2" proton in DNA and for eliminating the effectsrium at the C2 carbon eliminates the strong geminal proton
of transverse cross relaxation. The approach involves steupling, leaving three vicinal couplings to determine the
reospecific deuteration of one of the geminal protons, therebygar conformation. At the CZarbon, either the H2or the
reducing the cross-relaxation rate by the square of the ratioH2” proton is a candidate for replacement by deuterium. There
the gyromagnetic ratios, i.e.yD/yH)? or about 42-fold. The fore it is worthwhile to consider which combinations of cou-
effect of deuteration on the resonance linewidths was dramafiing constants are most sensitive to the sugar conformatior
producing an 8—-9-fold increase in signal-to-noise for the-H1Figure 2 shows how the three-bond coupling constants deper
H2" cross peak. In fact, the resonance lines sharpened suffi-the pseudorotation phase angR®.(The curves were cal-
ciently so that a discontinuity between antiphase componentdated using the most recently optimized Karplus coefficient:
was observed, indicating that frequency shifts of compondiaken from PSEUROT v6.2 (J. Van Wijk and C. Altona,
minima and maxima due to the effects of self-cancelation couléiden Institute of Chemistry, Leiden University). If the H2
be ignored and the value of the coupling constant measu@ton is replaced by a deuteron, three measurable protor
directly from the splitting of the antiphase components. Thaoton vicinal couplings remaiftd,. i, *Juz—z, aNd®Jps .
use of nonstereospecific, partially deuterated nucleotide resispection of the Karplus curves shows that tig, ., con
dues in DNA to obtain accurate and unambigudljs._.,» and stant is only weakly dependent ¢hin the range of pseudo-
*Ju1_» coupling constant information for DNA as large as 2@otation phase angles normally found in the south conformatiot
base pairs has been demonstrated elsewl&)e ( from P = 130 to 180°. However, sincél,, ., differs by
There are several post-acquisition processing methods avaéarly 10 Hz between nortiP(~ 0°) and southP ~ 162°)
able for separation of unresolved splitting, including maximuisugar conformations, it should be sensitive to relative popula
entropy reconstructionl(l, 12, J deconvolution {3, 149, and tions of north and south conformers. In contrast, if the' H2
J doubling @5, 16§. Among them, the doubling is a relatively proton is replaced by a deuteron, only the vicinal coupling
straightforward and reliable method. However, since eaahvolving the HI proton corresponding to thd,,,_,» coupling
stage of the] doubling reduces the signal-to-noise ratio by aonstant (correlated with the, torsion angle) would remain,
factor of 2, a favorable starting signal-to-noise ratio is requiredhich gives little difference (1-2 Hz) between north and south

RESULTS
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FIG. 1. Schematic representation of the topology of protons in a deoxyribose sugar fragment in DNA.

conformers with values of-7 Hz (north) and 5—6 Hz (south), most serious problems for accurate determinatioriJaf, in
respectively, and is therefore less sensitive. The_,; cot- DNA. We outline a strategy that combines three different
pling varies from~5.5 to 7.5 Hz over® = 130° to 180°. approaches for minimizing the impact of these factors: (1)
However, the magnitude ofl,,_,» (the remaining vicinal selective deuteration/exchange, (2) selective excitation/decot
coupling if the H2 proton were replaced by a deuteron) differpling, and (3) deconvolution vid doubling.

by nearly 10 Hz between north-(L0 Hz) and south~1 Hz)

. ; ) 1) Selective deuteration/exchangelhe first approach is
conformers. Finally, théJ,, ., coupling constant, like the (1) g bp

3 . : L : aimed at minimizing dipolar interactions that cause significan

Ju_nz Coupling constant, is very sensitive owith values of . . . . .
line broadening by stereo-selective deuteration and selectiv

~9 Hz for north and 1-3.5 Hz (south). . . . .
deuterium exchange. Table 1 summarizes all interproton dis

Replacmg _the H2 W'.th a deuteror_l 1S ther_efore the mOSttances less tme5 A in canonical B-DNA. Figure 3 shows how
effective choice to derive structural information on the sugar

conformation in DNA since: (1) the sugar conformations a%Ee) “r;iv(;"dﬂ f(c[::ri the;(l;)l (I?g;)r??)élgzerfg;g.oiczci;eHcgoErFel?étion
predominantly south in DNA; (2) th&,,._,» is more sensitive > ”’ King i 9. P Il soi Ip han 2 d<5

to differences between north and south conformers; and (3) €, 1@ mg Into account .a Sp'ns.c oser than 23, and<
magnitude of the’d,, . is measurable in the south range’.” respectively. From Fig. 3, it is apparent that the proton

whereas théJ,,_.» would not be of sufficient magnitude tOI’|neW|dths are dominated by dipolar interactions with other
measure. protons that are closer than 2 A. For the most part, thes

interactions are limited to geminal pairs of protons and some
H8/H6 to HZ distances (See Table 1). Therefore, selective
deuteration at geminal proton pairs occurring at thé aad
C5' carbons can be very effective in reducing proton—protor
As mentioned above, cross-peak overlap, broad lines, dimewidths in DNA @). Replacing the adenine H8 with a
transverse cross relaxation between geminal protons posedkateron also has potential beneficial applications and can &

Experimental Strategy for Measuring Three-Bond
Proton—Proton Coupling Constants in DNA
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FIG. 2. Calculated vicinal three-bond proton—proton coupling constants as a function of pseudorotatiorPangle (

easily accomplished since the H8 proton of purines is readjyedicted for cross peaks involving transverse magnetization c
exchangeable at raised temperatures. Proton linewidths (Figtt8) H2 spin, where the intensity of the transfer function is
were calculated assuming either selective deuteration of #ghanced by>100% (see Figs. 4C and 4D) from a maximum
H2" proton or deuteration at the H8 position. The magnitude g&lue of 0.4 to 1.4 with stereo-selective deuteration at the H2
the linewidth reduction depends on the proximity of othesite. A further 57% increase is obtained if the H8 proton is
protons for each proton type considered. For example, tHe Hchanged with a deuteron. A cumulative enhancement c
proton, with its nearest neighbor proton’Hihly 1.76 A away, ~62% is predicted for cross peaks involving transversé H3
benefits the most by replacement of the”H#oton by a proton magnetization.
deuteron, which results in a linewidth reduction of nearly 75% Therefore, the most general strategy for minimizing dipolar
(from ~45 to ~10 Hz atr; = 10 ns). In contrast, the H3 jnteractions in DNA, while leaving key protons required for
proton experiences only a relatively modesB@%) reduction analysis of sugar conformations, is to prepare oligonucleotide
in linewidth from ~12 to~8 Hz for an HZ to D" replacement. i which all base protons are replaced by deuterons, and whe
The redgctlon of the Hland H4 linewidths falls in between he c2 and C5 carbons are prepared stereo-selectively with
the predicted values for the H2nd H3 protons. deuterium, eliminating strongly coupled geminal pairs of pro-
The impact of the effective spin-spin relaxation of thgyns Using this strategy, two samples would be required fo
polarization transfer efficiencies is illustrated in Fig. 4 _St”pec'omplete structure analysis: one sample with stereo-selecti\
COSY cross pgaks, such as the'H1 c.rosg-peak,.orlglnate. deuteration limited to the sugar ring for NOESY data sets, an
from the evolution of antiphase magr_1et|;at|on, which contf';u Ssecond sample deuterated both in the sugar and bases
a trgnsverge compﬁnent of magnetlzgt_lon for the selectiv ¥tima| measurement of sugar conformations.
excited region, e.g.;" |, before the mixing pulse. The rele
vant coherence transfer function is an exponentially decaying(2) Selective excitiation/decouplingThe second approach
function of theT, of the transverse component of the magn@mploys band-selective excitation and band-selective homc
tization before the mixing pulse. Therefore, using the protdiiclear and/or heteronuclear decoupling during the acquisitior
linewidths calculated above, it is possible to calculate thgince the direct detection dimension, F2, has higher intrinsi
coherence transfer functions under a variety of theoreticdiBital resolution than the indirect F1 dimension, it is prefera-
labeling patterns, as summarized in Fig. 4. For example, bad¥e to measure coupling constants in F2. This is an importar
on the relative intensity of the transfer functions (see Figs. 4gonsideration when designing a Stripe-COSY- or Superstripe
and 4B) a signal enhancement €60% is predicted for the COSY-type experiment, since it is desirable to measure th
H1'-H2' cross peak in a sample where the’ldRd H8 protons relevant splitting in the highest resolution dimension. Table 2
are replaced with deuterons in comparison to a sample in whishmmarizes this approach for measurement of *the._,,
all protons within 5 A are considered. An even greater effect 9, .z, and®J,»_. coupling constants. Figureiliustrates the
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TABLE 1 is dependent on the ratio of the linewidth to the peak separz
Proton—Proton Distances Taken from a Canonical Model tion. However, peak separations measured byJtli®ubling
of a d(GAA) Segment method are relatively insensitive to the linewidth-to-peak sep:

aration, as long as the intrinsic resolution is sufficient to

H1' H2' H2®  H3 H4 H5' H5’ T : : .
distinguish two peaks. Figure 7 illustrates hdwdoubling can

HI'(G — 1) 4.92 414 > 496 424 181 336 beusedtomeasure thé, . directly from the splitting of the
H2'(i — 1) > > > > > 4.49 > antiphase quartet H40-H2' cross peak of A5 after all passive
H2'(1 = 1) > 384 > > > 341 409 couplings have been collapsed. As illustrated hamgubling
:ié: B 3 i i i i i g:gi ﬂ; is s_ensitive dowr_1 to 0.1-Hz variations i_n _the trhVaIue. The
H1' X 303 237 393 365 446 > optimalJ value is selected by determining whidhdoubled
H2' 3.03 X 1.76 240 386 3.82 3.90 spectrum contains the smallest residual, uncanceled signal
H2" 2.37 1.76 X 270 409 496 4.94 petween the outer components. In Fig. 7, this condition is me
H3' 893 240 270 X = 265 375 283 {5 g trigl J value of 9.6 Hz, whereas the residual uncancelec
H4' 365 3.86 409 265 X 2.60 29 . . ; :

H5’ 146 382 496 375 260 X 1.7g Signal increases _notlceably as the tdalalues deviates _frorr_1
H5" > 390 494 283 229 178 x 9.6 Hz. This indicates that for macromolecules of this size,
H8 3.88 216 3.67 418 482 352 4.34J values can be determined and reported with an accuracy
H8(i + 1) 283 370 229 495 > > > 0.1 Hz

H5'(i + 1) 1.8F 449 341 459 384 > >

H5'(i + 1) 3.36 > 409 477 419 > >

HA'( + 1 4.24

HS,Ei N 1; 206 Measurement oty

:gé: I 3 4'>14 _Optimal measurement of trfeHl,__H, required selective ex
HUG + 1) 492 citation of the H1 region and detection of the H2egion while

selectively decoupling the H3region. Figure 8 compares
Note.> represents that the distance between the two protons is larger thegces taken from the H4H2 cross peak of A5 taken from

5 A. X indicates the same proton in the table. __four different experiments. Figure 8A shows a section taker
For linewidth calculations, a 4-A distance was used based on examinat

n . . .
of the H1-to-H5' region of NOESY spectra that do not support the existen(ﬁom a Str_lpe-COSY collected using the fully protonated oli-
of a 1.8-A distance. gonucleotide. A trace taken through the lowest frequency A&

cross-peak component is shown in Fig. 8E. Upon replacemel

of the A5 HZ proton with a deuteron, the A5 MAH2' cross
quality of selective excitation for each region of the spectrufeak (Figs. 8B and 8F) disappears as expected, and the /
as described in Table 2 that can be achieved using a doubllE—H2' cross-peak intensity increases significantly, consis
pulsed field gradient spin echo (DPFGSE) technique. THNt with the prediction of-50% increase in the polarization
performance of selective time-shared homonuclear decouplifgnsfer (Figs. 4A and 4B) during and a~75% reduction in
during acquisition is illustrated in Fig. 6. Figure 6A shows&l2" linewidth (Figs. 3A and 3B) operative during the ac
decoupling of the H3region as required for observation of théluisition period. From inspection of Figs. 3 and 4, no further
H2'/H2" region when measurint,, ». The expanded region |mpr(_)vement is expected for ex_change of the.H8 proton. F.ur‘
shows the effect of decoupling on the 1D spectrum in t{B€r improvements can be realized by selectively decoupling
H2'/H2" region. Figure 6B illustrates the effect of Hdecou- (e H3 region during acquisition in the Superstripe-COSY
pling required for measurement &f,.,_, and Fig. 6C shows €XPeriment shown in Figs. 8C and 8G. The collapse of the
the effect of decoupling the HH2" region used for measure—v's'”Ially apparent splittings, due to the passive couplings be

ment of the®J,s_w. The effect of selective decoupling Ontween the H2 and H3 spins, leads to an additional improve-

individual cross peaks in two-dimensional spectra can be sergﬁnt in signal intensity. Finally, due to the H2 D2" replace-

by inspection of Figs. 8—11 and will be discussed later. The u’%‘ee”t and selective H3lecoupling during acquisition, the H1

. . : o and H2 become effectively an isolated two-spin system. Con-
of heteronucleal'P decoupling during acquisition can also be . .
. . . Sequently, there is no longer a requirement to use the low
used to eliminate the passive coupling between thegf&on e . :
. ) sensitivity 35° pulse normally used in the P.E.COSY-type
and the phosphorous atom, which leads to a further increase in . . . o .
the si | intensit h in Fia. 11 experiments. Figures 8D and 8H illustrate the significant signa
€ signalintensily as shown in =1g. 11. enhancement obtained by application of a 90° mixing pulse
(3) J doubling. The third approach is to apply post-acquiThe potential improvement by using the combination of these
sition data processing using tedoubling method to measuretechniques can be deduced by comparison of the traces shov
antiphase peak separations in poorly resolved cross peakskig. 8E to those in Fig. 8H.
Mcintyre and Freemarig) have shown that the directly mea- The significance of this approach is further illustrated by

sured peak separation in either inphase or antiphase cross peaksidering the impact on the quality of spectra obtained at lov
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FIG. 3. Calculated proton linewidths for (A, B) H1(C, D) H2, (E, F) H3, and (G, H) H4 spins. Plots on the left show linewidths calculated including
all protons as a function of distance from the spin whose linewidth is considered as described in the legends. Plots on the right show calcud#ted line
considering various selective deuteration patterns.
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FIG. 4. Polarization transfer functions calculated for (A, B)'H(C, D) H2, and (E, F) H3 spins. Curves on the left are far= 6 ns. Curves on the right
are fort, = 8 ns.

temperatures. Figure 9 compares the signal intensity of the A5°C (Fig. 9D). Therefore, due to the effects of broadlines anc
H1'-H2' cross peak for protonated and deuterated sampkadf-cancelation alone, reliable coupling constant informatior
both at 35 and at 15°C. While the signal intensity for theannot usually be obtained at low temperatures for protonate
deuterated sample at 15°C (Fig. 9B) is only about 1/3 tlsamples. Furthermore, at low temperatures, and correspondi
intensity observed at 35°C (Fig. 9A), it is equal to the intensitgrger correlation times, transverse cross-relaxation effects be
of the cross peak for the protonated sample at 35°C (Fig. 9€pme significant and probably can no longer be neglected i
whereas no signal is observable for the protonated samplgeaitonated samples.
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TABLE 2 A
Selective Excitation and Selective Decoupling Combinations
Used for Coupling Constant Measurements

in }
Coupling constant  Exc. regions  Obs. regions ~ Dec. regions UU 'UJMU ‘j\n\/\n
Jnyose HL' H2' H3' - J .) “ . .J“.*: \/\/\/b\*

Jhz vz H3’ H2' H1'

Jhzna H4' H3' H2'

T
Measurement ofJy, iy ‘_,“L u ’&LNM\J ’j e M\:

Optimal measurement of thd,, . coupling constant re
quired selective excitation of the H3egion and selective
time-shared decoupling of the Hiegion while observing the
H2' region. Figure 10 shows results of four different experi-
ments used for measuririd,,_.3, all of which were collected
using a 90° mixing pulse. Figure 10A shows traces of the A5 U
and A6 cross peaks taken from the spectrum of the full
protonated sequence. Figure 10B illustrates the improvement
upon deuteration at the M3ite. The reduced linewidth of the
H3' due to HZ-to-D2’ replacement (Figs. 3E and 3F) leads to
an enhanced polarization transfere80—40% during, (Figs.
4C and 4D), while the H2inewidth sharpens by-50% (Figs.
3C and 3D). The H2resonance experiences a large, resolv
splitting due to passive coupling with the Hfroton. Figure
10C shows the significant improvement in signal intensity
resulting from selective time-shared decoupling of the' H1C
region during acquisition resulting from the collapse of the —= 1
~9-10 Hz passive coupling between the'Hihd HZ spins.
Finally, because of the proximity of the H&pin to the H8 spin
(Table 1), selective exchange of the H8 proton leads to

= 35 = L3

6.4 6.2 5.0 5.8 5.6 5.4 5.2 5.0  ppe

B FIG. 6. lllustration of the performance of selective time-shared decou-
pling of (A) the H3 region, (B) the H1region, and (C) the HZegion. Spectra
on the left show the coupled (top) and decoupled (bottom) spectra. Scramblin
of the spectrum is observed in the decoupled region in the bottom spectra. Tk
C insets shown at the right allow comparison of the coupled (top) and decouple
(bottom) spectrum for each region being detected.

D further reduction in the H2inewidth of ~50% (Fig. 3D) and
a 10—20% improvement in polarization transfer (Figs. 4E anc

5 =5 5o = " P 5o 4F) due to a somewhat long€y of H3'. Flgure 10D shows the
ppm effect of exchange of the H8 proton with a deuteron. As
. . _ redicted, the enhancement of signal intensity in comparison t

FIG. 5. One-dimensional 500-MHz spectra of the protonated Dickers rI]] t sh in Fig. 10C h fact fo .

sample for (A) the entire proton spectrum, (B) selective excitation of the H at shown in Fig. apprqac €s afactor or 2, an improve
region, (C) selective excitation of the Heegion, (D) selective excitation of MeNt due solely to the selective exchange of the H8 proton fo

the H3/ H4'region. a deuteron.
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FIG. 7. Traces taken from the H3H2' cross peak in the HXeuterated
sample followingJ-doubling post-data acquisition processing. The trahlue
is shown in the upper left-hand corner for each spectrum.

Measurement otz s

significant effect on the H4linewidth is observable with the
H2"-to-D” or H8-to-D8 replacement. However, the Hspin is
close to the both the H&Nnd H3 spins. Therefore, replacement
of one or both H5 protons with a deuteron should have a
significant line-narrowing effect (as shown in Figs. 3G and
3H). To resolve the cross peaks close to the diagonal,
Stripe-DQF-COSY was used instead of Stripe-COSY. Selec
tive excitation was applied to the narrow region shown in Fig.
5D. There are two passive couplingd,._.; and®J,z_p, which
can potentially broaden the H3H4' cross peaks along the F2
dimension due to unresolved splittings. Selective time-share
homonuclear decoupling was applied to the 2" region to
collapse the H2-H3' passive couplings during acquisition, and
the expected increase in signal intensity for thé-H8 cross
peaks is illustrated in Figs. 11A and 11B. The signal enhance
ment due to heteronucle&P decoupling on a DQF-COSY is
shown in Figs. 11C and 11D.

Summary of Coupling Constant Measurements

The coupling constant$) vz, *Juprny, and>Jys e, Were
determined by measuring the splitting of antiphase compo
nents, byJ-doubling analysis, or by measurement of the dis-
placement of cross peaks by passive couplings. A summary
all measurements is listed in Tables 3-5. The cross peaks fi
the A5 and A6 residues enable evaluation of the effect of
selective deuteration on each type of coupling constant. Inspe
tion of theJ,,_» values summarized in TableiBdicate that
overall theJ values do not vary significantly; i.e., all agree
within £0.3 Hz, depending on what method of measuremen
was used, and compare well with the values reported by Ba
and Lerner 17). A slightly smaller variation of+0.2 Hz was
observed for the A5 and A6 residues. It is worthwhile to note
that the values obtained here required no special processing
the data to compensate for linewidth-dependent splittings, ex
cept for in the case of doubling. The collection of high-
sensitivity data combined with selective decoupling of the
passive H1 appears sufficient to allow accurate measuremen
of *Ju1», even in the protonated samples. Since selective
deuteration reduces the magnitude of transverse cross rela
ation by about 42-fold, the observation of no significant change
for ®J,1_n» Upon deuteration indicates that for DNA oligenu
cleotides of this length and at 35°C, the effects of transvers
cross relaxation are negligible. Therefore, transverse cros:

The measurement ofJ,;_.,» coupling constants remainsrelaxation effects cannot be used to explain deviations of th
challenging because the cross peaks occur close to the diagéttabnd A6 sugar conformations by up to 7° from pure south.
of the 2D spectrum and are often difficult to resolve. Further- In Table 4, the same general observation derived for the
more, in B-form DNA the vicinafJ,,_., coupling constant is ®J,,_,» can be made about th&,, ., values. Thymidine
quite small at~3 Hz and, as shown in Figs. 4E and 4F, onlyesidues seem to be an exception, as values taken from tl
~10-15% of the potential magnetization is expected to Ipeotonated sample or from direct measurement of the splitting
converted to observable antiphase magnetization at the timeobthe antiphase cross peaks are larger than the concensus fre
the mixing pulse. This results in inherently low-intensity crossther methods, and appear to reflect the artifacts due to sel

peaks. Unfortunately, the M#roton is located-4 A or greater

cancelation. This probably stems from broader resonance line

from the H2 and H8 protons (Table 1). Consequently, ndue to the high proton density involving the C5 methyl and H6
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FIG. 8. lllustration of progressive improvement in signal-to-noise ratio of the A5-HP?’ cross peak as strategic steps are applied sequentially. (A) Contou
plot of the Stripe-COSY spectrum for the protonated sample in tHeté#H2'/H2" region of the spectrum. (B) Contour plot of the Stripe-COSY spectrum for
the A5, A6dH2" sample in the Htto-H2'/H2" region of the spectrum. (C) Contour plot of the Stripe-COSY spectrum for the AGJH®B sample in the
H1'-to-H2'/H2" region of the spectrum collected using selective time-sharédiei@upling during acquisition. (D) Contour plot of the Stripe-COSY spectrum
for the A5, A6dH2” sample in the Htto-H2'/H2" region of the spectrum collected using a 90° mixing pulse and selective time-share@ddBipling during
acquisition. (E) Trace taken through the A5 cross peak shown in (A). (F) Trace taken through the A5 cross peak shown in (B). (G) Trace taken through
cross peak shown in (C). (H) Trace taken through the A5 cross peak shown in (D).

proton. Finally, Table 5 summarizes the observég _,» and 2.5 Hz and we determined a value of 3.4 Hz. Based on th
*Jus_ne values. Overall, we find values foll,,_ ., appear relative weak intensity of the G2, G4, and G10 cross peak:
systematically smaller that those reported by Bax and Lernssmpared to those observed for the A5 and A6 cross peaks, ol
(17). However, it is not possible to do a complete comparisanight expect the couplings to be distinctly larger for the A5
since 4 of the 12 cross peaks were overlapped in our spearal A6 residues. Using the J doubling technique, we detel
and we report a comparable value for only the C9 residue. Fomed a value of 3.4 Hz, more consistent with the pattern o
the most part, the values measured here agree with thosktive cross-peak intensities (Fig. 12). Here, the values reflec
reported by Bax and Lerner. One notable exception is the valsslective decoupling of passive spins during the acquisitior
reported for the A5 where Bax and Lerner reported a value périod, and no special data processing was applied in th
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FIG. 9. Traces taken through the A6 HH2' cross peak for the deuterated sample (A) at 35°C and (B) at 15°C and for the protonated sample at (C) 3
and (D) at 15°C.

analysis of théJ,;_,» as used in the data analysis reported bgsting to examine if stereo-selective deuteration affects th.
Bax and Lerner17). measured values in other residues in the same sequence, es
cially those pyrimidines that have been interpreted as havin
CONCLUSIONS large fractions of north population, such as T7 (15%N) and C¢
. (20%N).
The coupling constant data reported here, for the most partirhe gyerall objective of improving the accuracy of vicinal
are consistent with those reported by Bax and Lertéy\ith oo, hjing constants in DNA is to enable a more meaningful

the I?rgest deviations ﬁccurEnQHg‘lfh? casEarhof I_\I/le_rlyiz,smahalysis of sugar conformations. This is especially importan
coupling constants such as the class. The since many structural studies, e.g., investigation of sequenc

data support the prior conclusion concerning the pOpulat'%%pendent structural features and structural perturbations d

distribution of conformers at the A5 and A6 positions in th ) damaging agents. focus on detecting subtle chanaes in DN
sequence, i.e., 94% South with 6% North. Consequently, the ging ag ' 9 9 |

6—7% deviation from S conformation cannot be due to thséructure. The strategy outlined here provides a means ¢

effects of transverse cross relaxation. Other factors such'Z®OVINg the accuracy with _Wh'Ch very_small couplmg_ (_:o_n-
additional motion and pucker angle variations should still ants can be measured by virtue of the increased sensitivity

considered. While no considerable change in the couplifigf Overall approach. For larger coupling constants, it appear
constants was observed for the A5 and A6 residues up® methods provide precise and accurate measurements, alb
stereo-selective deuteration, these results indicate that for # @pproach outlined here enables the same quality data to |
decamers at 35°C, the consequences of transverse cross rélfi@ined in a much shorter period of spectrometer time. Givel
ation are negligible. However, for larger DNA fragments an@ccurate and precise coupling constant data, the usual practi
for studies at lower temperatures, the consequences of trafdo interpret the coupling constant data in terms of fitting the
verse cross relaxation are predicted to be significant and fga to an optimized Karplus relationship, and the data ar
strategy of stereoselective deuteration appears to be the ddfirther fitted by allowing for the sugar ring to undergo a
itive solution for eliminating the effects of transverse crosgdynamic puckering between north and south conformations
relation under those conditions. Furthermore, it will be intefFhe latter practice raises the question as to whether the inabi
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FIG. 10. lllustration of progressive improvement in signal-to-noise ratio of the A5-H2' cross peak as strategic steps are applied sequentially. (A
Contour plot of the Stripe-COSY spectrum for the protonated sample in theo-23' region of the spectrum. (B) Contour plot of the Stripe-COSY spectrum
for the A5, A6 dH2" sample in the H2to-H3' region of the spectrum. (C) Contour plot of the Stripe-COSY spectrum for the ASJH®B sample in the
H2'-to-H3' region of the spectrum using selective time-shared ¢coupling during acquisition. (D) Contour plot of the Stripe-COSY spectrum for the A5,
A6 dH2” anddH8 samples in the H2to-H3' region of the spectrum using selective time-sharefid¢toupling during acquisition. Traces shown below are taken
from the A5 and A6 cross peaks, respectively.

ity to fit the data to a Karplus relationship in the absence shmples. This approach is therefore powerful for characterize
dynamics is due to an imperfect optimization for the coefftion of very labile DNA molecules that contain structure-
cients in the Karplus equation, e.g., for all sequence contexdssrupting lesions that require spectroscopic studies at very lo\
or whether the dynamics is actually occurring. It is somewht&mperatures in order to prevent DNA melting. Furthermore
disconcerting that a dynamic model is widely, automaticallyecause of the dramatic overall increase in sensitivity an
applied even in the absence of direct experimental evidencere$olution by the approaches outlined here, the strategy repr
sugar ring interconversion between north and south conforsents an enabling technique for characterizing the structure «
ers. So, at this time, it would appear that the limiting factor ilarge nucleotide fragments and for DNA and RNA fragments
obtaining meaningful sugar conformation analysis in DNA ibound to proteins. The implementation of stereo-selective del
the precision, or lack thereof, with which the current generatidarium replacement requires the synthesis of selectively labele
of optimized Karplus coefficients can predict the value of thehosphoramidites. We are currently developing the chemistr
vicinal coupling constants as a function of the pseudorotatibm produce optimal labeling patterns for all nucleotides of
angle. interest. Finally, the selective excitation and decoupling appli-
In conclusion, a comprehensive approach is proposed fmtions are relatively straightforward to implement with current
collecting coupling constant data required for a complete angkenerations of NMR spectrometers.
ysis of the sugar conformations in DNA. Striking improve-
ments in both sensitivity and resolution can be obtained by EXPERIMENTAL
means of stereo-selective deuterium replacement, selective ex-
citation, and selective decoupling during acquisition. TheseSynthesis of DNA oligonucleotidesBoth the Dickerson
methods do not rely on raising the temperature of the sampéeguence (5SCGCGAATTCGCG-3) and the deuterated Dick-
which can lead to changes in the structure of the DNA. In fagrson sequence @&GCG'A°ATTCGCG-3) were prepared
stereo-specific deuteration allows high-quality coupling con an Applied Biosystems DNA/RNA Synthesizer, Model 392.
stant data to be collected even at very low temperats®®C, All reagents were obtained from Applied Biosystems, with the
data that is virtually impossible to collect using nondeuterateception of Optima-grade acetonitrile and HPLC-grade di-
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FIG. 11. lllustration of progressive improvement in signal-to-noise ratio of thé&-H&' cross peaks (A) Contour plot of the DQF-COSY spectrum for the
protonated sample in the H80-H4' region of the spectrum. (B) Contour plot of the DQF-COSY spectrum for the ASJH®B sample in the H3to-H4' region
of the spectrum using selective time-shared/H2” decoupling during acquisition. Traces shown below spectra are taken from the C1, G12, and A6 cross pe
respectively. (C) Contour plot of the DQF-COSY spectrum for the A5,dM2” sample in the H3to-H4' region of the spectrum. (D) Contour plot of the
DQF-COSY spectrum for the A5, A@H2" sample in the H3to-H4' region of the spectrum heteronuclé#® decoupling during acquisition. Traces shown below
are taken from the C9 and A5 cross peaks, respectively.

chloromethane, which were obtained from Fisher, and tfitered through a 0.4nM syringe filter into a clean Eppendorf
deuterated adenine base was prepared as described elsevthbee Injection volumes were 256 each. The eluting buffer
(8). Each oligo synthesis was UM in scale, and detritylation was pure acetonitrile. The method of elution employed a 0—8%
was performed on the support column as a part of the synthegiadient of eluting buffer, followed by a column-washing
procedure. The crude oligo mixtures were then deprotectedgradient from 8—40% acetonitrile. Fractions were collected
ammonium hydroxide overnight (15 h) at 55°C. Subsequentiging a Pharmacia LKB SuperFrac, and fractions containin
deprotection, the samples were dried overnight in a Labcong® desired oligomer were combined and dried on the Cen
Centrivap Concentrator, and stored frozen -820°C until trivap concentrator.
purification. Dried samples were redissolved in 60 each of deionized
Sample purification. Crude oligo mixtures were purified water (Millipore MilliQ system). One-dimensional NMR sur-
on a Waters PrepLC 4000 system, using a reverse phasy spectra showed the samples to be contaminated with re
Delta-Pak C18 15tm column. Each sample was dissolved isidual triethylamine believed to be bound to the phosphat
1 mL of loading buffer (0.1 M triethylamine, 5% acetonitrile groups of the DNA. The triethylamine was removed by flow
adjusted to pH 6.5 with acetic acid) and vortexed to mix, thefialysis overnight against against 100 mM phosphate buffer
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FIG. 11—Continued

pH 7, using a Rabbit peristaltic pump at 1 mL/min flow rate/NMR 5.1 software. The homonuclear selective decoupling
Subsequent NMR spectra showed this method successfuliying the acquisition was implemented using a time-share
removed triethylamine. The samples were then dialyzed atecoupling pattern on théH channel. All NMR spectra were
cording to the same method against 20 mM phosphate, 2@gorded in DO at 35°C.

mM sodium chloride at pH 7. The dialyzed samples were Time-shared homonuclear decouplinglThe time-shared
lyophilized overnight on a Flexidry MP lyophilizer, and redishomonuclear decoupling scheme was executed in the Varia
solved in 600uL each of 99.96% deuterium oxide (Cambridg@ulse sequence by using a hard-loop coded into the puls
Isotopes, Inc.) to give the final NMR samples. sequence so that during the dwell time between points, th

Exchange of purine H8 protonsin order to allow ex- proton decoupler is turned on, using a shaped, selective deco

change of labile protons for deuterons, the sample pH of bcRHng sequence, for a fraction of the dwell time, and then the

the Dickerson sequence and the deuterated Dickerson sequ fEaIver!s t.urned on for the remalnder of the dwell perloq. The
%CIIOI’] of time the decoupler is turned on can be described a

were adjusted to 8 using sodium deuteroxide. The Sampa'gduty cycle. Duty cycles of 15-20% are usually sufficient to

were then incubated for two days at 75°C, after which the nerate decoupling, with a corresponding 15-20% sacrifice i

. . . ge
exchange reaction was judged to be complete based on ms@i&ﬁal while the decoupler is turned on during the dwell period.

tion of one—d@mensional NMR sp_ectra. The_pH of bot_h sample The DQF-COSY experiment was acquired as a 182812
was then adjusted back to 7 using deuterium chloride. complex matrix with a spectral width of 4000 Hz in both F2
NMR spectroscopy.All NMR experiments were per- and F1, corresponding to acquisition times of 0.256 and 0.12
formed on Varian UNITYlus 500-MHz or 750-MHz spec- s, respectively. A total of 32 scans was acquired per FID with
trometers equipped with a radiofrequency waveform generatorepetition delay of 2.0 s. The data were apodized in F2 an
unit. All selective excitation pulses and selective decoupliffgl using 75° and 65° shifted sine-bell with 0.1 and 0.06 ac
pulses were generated using the Pbox program within tbenstants in Gaussian functions respectively, and were subs
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TABLE 3 TABLE 4
Summary of *J,.» Coupling Constant Measurements Summary of *J.» Coupling Constant Measurements
A B C D E A B C D E
C1 7.9 8.0 7.8 7.9 82 C1 5.9 6.0 6.0 6.6 6.1
G2 9.8 9.6 9.5 9.7 10.1 G2 6.3 6.8 5.3 5.4 5.7
C3 8.9 9.3 8.8 8.6 8.8 C3 5.8 5.9 5.2 6.1 6.2
G4 10.1 10.0 9.9 9.8 10.2 G4 5.6 6.0 5.2 5.4 5.1
A5 9.8 9.7 9.6 10.0 9.7 A5 6.5 5.7
A6 9.7 9.4 9.4 9.5 9.3 A6 6.2 6.0
T7 8.7 8.9 8.2 8.5 85 T7 7.4 7.2 5.4 6.1 6.2
T8 10.0 9.3 10.2 9.8 9.5 T8 7.0 6.8 6.5 5.7 6.0
(0°] 8.9 8.9 8.8 9.0 8.7 C9 5.7 5.7 51 5.9 6.0
G10 10.2 10.1 9.8 9.5 9.7 G10 6.4 6.6 5.2 5.6 55
C1l1 8.4 8.4 7.8 8.5 8.4 Cl1 6.4 6.0 6.1 6.9 6.2
G12 7.9 8.0 7.9 7.6 8.1 G12 6.4 6.3 6.2 6.2 6.3

Note. A: From fully protonated Dickerson sequence taken from direct Note. A: From fully protonated Dickerson sequence taken from direct
measurement of separation of the minima and maxima of the antiphase doulrleasurement of separation of the minima and maxima of the antiphase doubl
components. The average standard deviation was 0.21 Hz. B: FrodH®5— components. The average standard deviation was 0.19 Hz. B: FroadH®5—
A6-dH2" selectively deuterated Dickerson sequence taken from direct meés6—dH2" selectively deuterated Dickerson sequence taken from direct mea
surement of separation of the minima and maxima of the antiphase doulsletement of separation of the minima and maxima of the antiphase double
components. The average standard deviation was 0.18 Hz. C: FrodH®5— components. The average standard deviation was 0.31 Hz. C: FrodH®5—
A6-dH2" selectively deuterated Dickerson sequence taken fiaioubling A6-dH2" selectively deuterated Dickerson sequence taken fiatoubling
analysis of separation of the minima and maxima of the antiphase douldetlysis of separation of the minima and maxima of the antiphase double
components. The average standard deviation was 0.10 Hz. D: FrodH®5— components. The average standard deviation was 0.10 Hz. D: FroadH&5—
A6-dH2" selectively deuterated Dickerson sequence taken from measuremi&@tdH2" selectively deuterated Dickerson sequence taken from measureme
of displacement of peaks by passive couplings. The average standard deviatfadtisplacement of peaks by passive couplings. The average standard deviati
was 0.21 Hz. E: From Table 1 of Bax and Lern&r)( was 0.34 Hz. E: From Table 1 of Bax and Lern&r)(

quently zero filled to 4096 points in F2 and 512 points in F1,
quently zero filled to twice the size, followed by a Fouriefollowed by Fourier transformation.
transformation. The Stripe-COSY experiment for observing the'H32'/

The selective DQF-COSY experiment was acquired as a

1024 X 240 complex matrix with a spectral width of 3499 Hz
in F2 and 1900 Hz in F1, corresponding to acquisition times of TABLE 5
0.293 and 0.126 s, respectively. A total of 64 scans weR¥MMary of “Jy-yy and “Js-e Coupling Constant Measurements
acquired per FID, with a repetition delay of 2.0 s. A 3.2-ms

3 3

e-BURP pulse with a 722-Hz field was used to selectively # #
excite the H3/H4'/H5" region, and a e-BURP pulse with a A B c D
1441-Hz field was used to selectively decouple the/H2'
region. The data were apodized in F2 and F1 using 65° and @ . 63 26 3239
shifted sine-bell functions, respectively, and with 0.06 Gausgs 6.1 38 3.4
ian constants in both cases, and were subsequently zero fittad 2.9 2.3
to 4096 points in F2 and 1024 points in F1, followed by &5 5.1 3.4 2.5
Fourier transformation. ¢$ 51 gg 2"(7)

The Stripe-COSY experiment for observing the Hi2'/ 14 57 30 31
H2” region was acquired as a 102470 complex matrix with cg 5.6 6.9 3.0 3.6
a spectral width of 3000 Hz in F2 and 500 Hz in F1, corres10 24 24
sponding to acquisition times of 0.341 and 0.140 s, respéé,ll-; g'g 25 ;‘g

tively. A total of 96 scans were acquired per FID, with a
repetition delay of 2.0 s. A 7.7-ms e-BURP pulse with a note. A: From A5-dH2", A6-dH2" selectively deuterated Dickerson se-
322-Hz field was used to selectively excite the' lfdgion, and quence determined h¥-doubling analysis of cross peaks taken from Stripe-
a e-BURP pulse with a 1441-Hz field was used to selectiv SY experiments. The average standard deviation was 0.19 Hz. B: Fror
decouple the H3region. The data were apodized in F2 and FJ2°i 1 in Lemer and Baxi(). C: From ASdH2', A6—dH2" selectively

. o A . . . euterated Dickerson sequence determined-tigubling analysis of antiphase
using 3.0 and 39 Shlfteq sine-bell W'Fh 0.3 and 0.5 as CORruss peaks taken from Stripe-COSY experiments. The average standa
stants in Gaussian functions respectively, and were subsesation was 0.19 Hz. D: From Table 2 in Bax and Lerrif
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Based on a well-known trigonometrical identity, this may be
rewritten as

S(t) = (1/4)exp(—i2w8t)exp(—At)
X Asinw(J* + )t + sinfw(J* — I)t]}.  [3]

The Fourier transformation @(t) produces a four-line spec-
trum made up of two antiphase doublets. The inner antiphas
doublet with splitting|J* — J,| vanishes whed* = J,, and
the outer antiphase doublet with splitting + J,| that be
comes 3, achieves a maximum intensity whéh = J,. The
optimal value ofJ* occurs when the integral of the absolute
magnitude of the inner doublet is a minimum. The traces use
for theJ-doubling analysis normally are taken from the F2 axis
since it usually has a digital resolution higher than that of the
F1 axis.

FIG. 12. (A) Trace taken through the A5 cross peak in thed¢iterated Calculation of proton linewidths. The proton linewidths
sample in the H3to-H4' region of the spectrum. (B) Spectrum followidg Were calculated according to LW 1/(#T%) where 1% =
doubling with no trapezoid apodization. (C) Trapezoid function applied to tie/T, + 1/T,(inhom). If the T,(inhom) is ignored, the line
trace through the A5 cross peak. (D) Second trapezoid function applied to thedth is equal to 1T, = R,. For a pair of isolated proton spins

trace through the A5 cross peak after reversing the spectrum in (C). %] hi ; ; ; ;
intramolecular, dipole—dipole interactions, the transver
Spectrum followingd doubling of the spectrum in (D). (F) Spectra of the A5 t tramolecular, d pole d pole Interactions, the transvers

cross peak with trial values shown to the right of each spectrum. The optimJIeIaxatlon rate IRZ) of the proton magnetization Is eXpressed as
value forJ in the A5 cross peak is 3.4 Hz. 18

R, = (3/40)(27D)?3J(0) + 5J(wo) + 2J(2wy)], [4]
H2" region was acquired as a 96047 complex matrix with
a spectral width of 2799 Hz in F2 and 300 Hz in F1, correyhereJ(w) = 27J/(1 + w?r2), D = (no/4m)hy?r .. For a
sponding to acquisition times of 0.343 and 0.156 s, respefiultiproton spin system, the above equation is modified by

tively. A total of 64 scans were acquired per FID, with @eplacingr . with the sum over all additional protonSg r A&
repetition delay of 2.0 s. A 13.4-ms e-BURP pulse with gassuming a single correlation time).

162-Hz field was used to selectively excite the'MBI'/HS"  c4jcyjations of polarization transfer during, tevolution.

region, and a e-BURP pulse with a 2876-Hz field was used {9 5| correlation experiments described, e.g., the stripe-COSY
selectively decouple the Hiegion. The data were apodized inye cross peak between spins is observable due to the accurr
F2 and F1 using 20° and 45° shifted sine-bell with 0.2 and GiBion of antiphase magnetization during theevolution pe
as constants in Gaussian fuctions respectively, and were Syl The signal intensity is therefore proportional to a convo-
sequently zero filled to 4096 points in F2 and 256 points in Fit o of the amplitude of the antiphase magnetization with the
followed by Fourier transformation. exponentialT, decay of the transverse component of the an
J doubling. The time-domain NMR signab(t) represent- tiphase magnetization. Therefore, if one considers the-H2'
ing an antiphase cross peak is represented by the expressigdss peak where the Hlegion is selectively excited, the
antiphase magnetization duritgis represented by12} 1%
with coefficients, sin °J,,.»t,), for active coupling plus
additional terms for any passive couplings. The coherenc
transfer efficiency has the relationship

where § is the chemical shiftA = 1/T% is the instrumental

S(t) = (1/2)exp(—i2w8t)exp(—At)sin(mdt), [1]

linewidth, andJ, is the active coupling constant. Tledouw Coherence transfer sin(m3Jy, ot exp(—t,/T,).  [5]
bling method is based on a time-domain operation in which the
signal is multiplied by cosfJ*t), whereJ* is the trial cou- ACKNOWLEDGMENTS
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