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Abstract: A new method, providing a significant improvement in sensitivity, is presented for obtaining selective
two-dimensional NMR correlation (COSY) spectra. The method is demonstrated on a small molecule having nonlinear
optical properties and is further demonstrated by the precise determination of scalar coupling constants in the peptide
gramicidin and in a 57 amino acid fragment of the nucleocapsid of the hepatitis C virus. In these systems we
observe sensitivity improvements of between a factor of 2 and 6. In the case of the protein it was not practical to
record the selective COSY spectra using conventional techniques. The method makes use of the recently introduced
concept of “linear” selective pulses which provide a simple way of obtaining pure-phase band selective excitation
with an arbitrary shape for the response. In a selective 2D COSY experiment the relative sensitivity improvement
provided by these pulses is cubed with respect to a 1D experiment. The resulting pulse sequences are highly unusual
in that they require a modulation of the pulse shape and pulse length as the indirect detection period is increased.

Introduction a sinc shaped pulse truncated after three zero crossings on each
side of the maximum. Such pulse lengths become comparable
to the transverse relaxation times in large molecules, leading

%o seemingly unavoidable reduction in the signal-to-noise ratio

of the spectrum due to the decay of magnetization during the

pulse. For example, a transverse relaxation time of about 60

ms corresponds to a line width of 5 Hz (which is by no means

unusual).

In this article we introduce a new approach to selective

Selective two-dimensional NMR correlation spectroscopy
(COSY) and related experiments have been demonstrated t
provide particularly simple methods of accurately measuring
homonuclear scalar coupling constants and thus of determining
structural features in relatively small moleculé’s.However,
the application of such techniques to large molecular systems,
such as proteins or nucleic acid fragments containing more than

about 10 base pairs, is limited to a small handful of isolated lati ¢ hich | I th disad
examples$:* This is primarily due to problems associated with correlation Spectroscopy which largely overcomes tnese disad-
vantages and can lead to more than a 5-fold improvement in

the relatively short transverse relaxation times in such molecules. ”. . g S
. . . signal-to-noise ratios in macromolecular samples, which in turn
By their very nature selective pulses are relatively long. g . .
. AT - . corresponds to a 25-fold reduction in the experimental time
Selective excitation is achieved by applying a long low-power . . . ) . i .
. . ; required to obtain a given signal-to-noise ratio. This improve-
pulse in place of the ordinary short high-power piiseand
. o . ment has allowed us to record, by way of example, &lgross
the bandwidth of excitation is inversely proportional to the pulse

length (an expression of the uncertainty relation for NMR). Thus, peaks in a peptlde_ and a protein. These measurements were
a pulse length of about 60 ms is required to excite a spectraInOt practicable using the conventional approach to selective

reqion of about 50 Hz. The form of the frequency-domain COSY. The cross peaks allow us to measure precisely (in this
9 - ;. q y ase<+0.3 Hz) the three-bond scalar couplings which define
response varies according to the shape of the pulse used, an

the exact length of the pulse depends on the shape. The value e conformation of the protein backbone.

of 60 ms corresponds to an excitation bandwidth of 50 Hz for . .
Linear Selective Pulses
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Figure 2. Magnetization trajectories projected onto Ryplane during
a Gaussian shaped pulse. As expected the on-resonance magnetization
is transformed from the axis to thex axis, where it stays during the
acquisition period. The off-resonance trajectory can be divided into
three steps. First, (filled circles) there is the evolution during the first
half of the pulse; second, (open circles) there is the evolution during
4 the second half of the pulse, corresponding to points that would be
acquired in a PARADISE experiment; and, third, there are the points
that fall during the following free precession period (filled circles) which
correspond to the normal free-induction decay. See text for an
—t interpretation of these trajectories.
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excitation properties fulfill differing requirements for the time-
domain respons¥. Notably, the cosine-bell shaped pulse was
h— shown to provide a particularly narrowband response for a given
pulse length. Because these pulses are suggested by a linear
approximation for the NMR response we refer to them as
— “linear” selective pulses. The one-dimensional method of
acquisition is referred to as PARADISEUre-phaseachieved
by retroactiveacquisition in DANTE implementedselective

—f——— o
excitation).
A We remark that all the predictions upon which the PARA-
DISE method is based come from Fourier transform theory
Q(P1) QD) Q(D3) which assumes that the NMR response is linear. However, the

Figure 1. Pulse sequences involving the PARADISE acquisition NMR response is not linear. It may be a little surprising that
scheme. (a) One-dimensional PARADISE acquisition scheme. The pulsethe€ method actually works, bearing in mind that in reality the
is implemented using the DANTE technigtfé and in this case the ~ magnetization is not in focus abeusOr at any other time during
amplitude is modulated according to a Gaussian function. Acquisition the pulse. Indeed it turns out to be difficult to treat the response
is normally started at the end of the pulse, but if acquisition is started using an exact theory (except, obviously, by numerical simula-
halfway through the pulse, with the acquisition being synchronized with tions). In fact this is, to our knowledge, the only example in
the “windows” in the pulse, a pure-phase response is achfedlgrl.  spectroscopy of the application of a nonperiodic time-dependent
The pulse sequence suitable for two-dimensional selective COSY usingamiltonian during the acquisition of a signal which leads to a
retroactive acquisition in both dimensions. See text for details. useful result. Even if we cannot provide an exact theory, we

This observation leads to the concept of a virtual focus (first can at least rationalize the behavior, and Figure 2 provides a
introduced by R. Freeman) of the magnetization at the centerVisual basis for why the technique works by showing the
of the pulse. In a recent communicaffame demonstrated that ~ trajectories of magnetization projected onto Kyeplane of the

this idea can be realized in simple one-dimensional experimentsrotating frame during the pulse. In order to confirm our ideas
by using a DANTE implementatiéf! of the pulse shape in ~ We should find that the phase and amplitude behavior is as if
which the “windows” in the pulse allow the acquisition of the there was an origin of the free precession signal at the center
points which fall during the pulse, as illustrated in Figure 1. ©f the pulse. We immediately see thata first approximation
This turns out to provide an extreme]y versatile method of there is little phase evolution during the first part of the pulse
selective excitation in which the frequency-domain response canand that there is little amplitude modulation during the second
be arbitrarily tailored simply by using excitation functions which ~part of the pulse.

are the inverse Fourier transform of the desired response. In . . . .

this way we have recently introduced a series of new excitation Sensitivity Improvements Using Linear Selective Pulses
pulses adapted from ordinary filter functions, including such  The principal factor that has limited the application of
shapes as cosine, Hanning, hamming, and sinc, whose variougelective techniques to relatively small molecules is that of

(9) Caldarelli, S.; Lesage, A.; Emsley, 1L Magn. Reson. A995 116 sensitivity. As molecular weight increases the line width
129. increases accordingly, and the length of the selective pulses
(10) Bodenhausen, G.; Freeman, R.; Morris, GJAMlagn. Resorl976
23, 171. (12) Borgnat, P.; Lesage, A.; Caldarelli, S.; EmsleyJLMagn. Reson.

(11) Morris, G. A.; Freeman, Rl. Magn. Resonl979 29, 433. A 1996 119 289.



9322 J. Am. Chem. Soc., Vol. 118, No. 39, 1996 Borgnat et al.

1.00
)
'8 conventional (uburp)
= — LN B B L B L
=
=
<
=
=
e 1.20
72

paradise (sinc)
240 Hz in 12 Hz steps
0 Tp time Figure 4. Excitation profiles for a sample of 1%,8 in DO doped

with CuSQ to give a proton line width of about 3.5 Hz. The excitation
profiles are obtained by stepping the carrier frequency (in this case in
12 Hz steps) and recording the spectrum for each different value of
the transmitter offset. The figure compares a 70 ms UBURP pulse and
a 70 ms sinc shaped pulse using the PARADISE technique. In this
case we observe &®20% increase in sensitivity for the PARADISE
experiment due to the acquisition of the points during the pulse.

Figure 3. Signal intensity of on-resonance magnetization during a
Gaussian shaped selective pulse and the following free induction decay.
for two values of the transverse relaxation time. The signal-to-noise
ratio is related to the integral of the signal (and the weighting functfon).

In the upper graph, corresponding to a lohgthe contribution of the
signal acquired during the pulse (lighter shaded region) is relatively
minor compared to the rest of the signal (darker shaded region). In the

lower graph, corresponding to a shorfer however, the contribution . . . _
of the signal acquired during the pulse represents a much moretechnlque. In this case the ratig'T, = 0.8, and we observe a

significant contribution to the overall signal, and it continues becoming ~20% |mpr0vement_|n sensitivity. The senS't_N'ty improvement
increasingly important a8, becomes shorter comparedo depends on the ratio/T, the larger this ratio the better the
relative performance of the linear selective pulse.
becomes nonnegligible when compared to the transverse Noté that we have chosen UBURP as a representative
relaxation time. Under such conditions selective pulse experi- conventional” pure-phase pulse, it is not worse than others in
ments become impractical using conventional techniques be-the same genre (such as Gaussian pulse cadBeates performs
cause of the loss of signal due to the decay of magnetization Markedly better than some (notably it has a much smaller
during the pulse. A secondary factor that reduces sensitivity is Pandwidth-duration product than & Quise;® for example).
that the line width becomes comparable to the coupling constantWe chose the UBURP pulse since it has a selectivity comparable
in very large molecular systems, leading to cancellation of the t0 & sinc with three zero crossing on either side of the maximum,
signal in COSY type experiments. This factor is equally and since both pulses provide an almost pure-phase response
important in nonselective experiments, and the contribution of With an almost “top-hat” excitation profile. Also it is one of
the loss due to long pulse lengths can be appreciated if wethe rare examples of a “general rotation” pul$é3 making it
consider that for many medium sized proteins COSY cross peaksSuitable for use in a soft-COSY experiment. .
are observed in nonselective experiments, but they are not ©One might be tempted to think that 20% is a relatively modest
observed (within practical acquisition times) in soft-COSY increase in sensitivity. However, we shall see in the following
experiments. sections that this improvement is mcre_ased to the thlrd_ power
Having determined that the retroactive acquisition does indeed " & SOft:COSY experiment, and that this leads to experimental
work well, we realize that it has an advantage over conventional €X@mples in which the improvement in signal-to-noise ratio is
acquisition schemes that was not predicted by Fourier argumentsdramat'c and is in fact essential to the success of the experiment.

in thatthe points that are acquired during the pulse contribute p|,re_Phase Correlation Spectroscopy Using Linear
significantly to the oerall sensitiity of the experiment  gglective Pulses

Moreover, it would seem that, as is illustrated schematically in
Figure 3, the shorter the transverse relaxation time, and thus
the more rapid the decay of the time-domain signal, the greater
is the contribution to the sensitivity from points acquired during
the pulse.

Figure 4 represents an experimental confirmation of the
sensitivity improvement on the excitation profile of a pulse. The
figure shows the spectrum 6£1% H,O in DO doped with
CuSQ to give a proton line width for the water resonance of

A conventional soft-COSY experimeéié-2*consists of a first
selective pulse applied at the resonance frequency of a first spin
and then arnndirect acquisition period; followed by a second
selective pulse applied at the same frequency. The second pulse
is in turn immediately followed by a third selective pulse applied
at the resonance frequency of a second spin. The third pulse is
followed by thedirect acquisition period,. At first glance it
may seem that the implementation of linear selective pulses in
about 3.5 Hz corresponding to B of around 90 ms. The atwo-dimensional soft-_COSY.experiment would be hindered,
spectra were recorded as a function of the transmitter frequencybec""u.se it appears as if the first two pulses vyoyld have to be
and represent the “excitation profile” of the pulse. The figure supenmposed upon each other. . However,_th|s IS not the case
compares the responses obtained for a 70 ms UBURPBulse as this supposition forg_ets the d|_screte, point b.y point, nature
(which is representative of a range of existing “conventional’ of acquisition used in time-domain NMR experiments.

pulse3* 22 and a 70 ms sinc shaped pulse using the PARADISE  (18) Emsley, L.; Bodenhausen, Ghem. Phys. Lettl99Q 165, 469.
(19) Emsley, L.; Bodenhausen, G. Magn. Reson1992 97, 135.

(13) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93. (20) Rourke, D. E.; Morris, P. GPhys. Re. A 1992 46, 3631.

(14) Warren, W. SSciencel988 242, 878. (21) Rourke, D. E.; Morris, P. Gl. Magn. Reson1992 99, 118.

(15) Emsley, L.; Bodenhausen, G. Magn. Reson1989 82, 211. (22) Shen, J.; Lerner, L. El. Magn. Reson. A995 112 265.

(16) Morris, P. G.; Mcintyre, D. J. O.; Rourke, D. E.; Ngo, J.NMR (23) Brischweiler, R.; Madsen, J. C.; Griesinger, C.; Sgrensen, O. W.;
Biomed.1989 2, 257. Ernst, R. RJ. Magn. Reson1987, 73, 380.

(17) Geen, H.; Wimperis, S.; Freeman, R.Magn. Reson1989 85, (24) Cavanagh, J.; Waltho, J. P.; KeelerJJMagn. Reson1987, 74,

620. 386.
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The pulse sequence appropriate for soft-COSY using linear
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are excellent with the new method, while, as expected, the

selective pulses is given in Figure 1b. The sequence is entirelyconventional technique using sinc-shaped pulses leads to a large

analogous to a conventional soft-COSY sequence, and the onlyphase dispersion in both dimensions.

difference is that the final pulse has been replaced with a
PARADISE acquisition and that the first two pulses at the
beginning and end of the indirect acquisition period are
modulated in shape and duration as a functiont;of In a

conventional experiment, for example using UBURP pulses or

Note that the phase
dispersion is expected to be twice as largd;ias int; since
the phase gradient accumulates during both pulses, at the
beginning and end df;, while it accumulates only during the
one pulse before.

Besides the phase properties we notice immediately that there

270 Gaussian pulses, the whole pulse is always applied sinceis a nearly twofold increase in sensitivity between the two

the time origin oft; is taken to be at the end of the pulse. If
we use linear selective pulses the time origitya$ at the center
of each pulse. Thus, the first valuetefs acquired by applying
only the first half of the first pulse, followed by the second

experiments which is at first sight surprising considering that
this is a relatively small molecule with a long (=100 ms).
However, a straightforward consideration of the mechanism of
the pulse sequence shows us that any sensitivity increase

half of the second pulse. There is no delay between these twoobserved in the one-dimensional experiment is likely toldeed

pulses. The seconth increment now corresponds to the
application of the first half of the first pulse plus an additional
fraction of the first pulse corresponding ¥eAt;, whereAt; is

the increment ot; from one acquisition to the next defining
the spectral width iw;. Similarly the second part of the second
pulse is slightly longer, adding a fractidhAt; so that the total
time increment amounts tat;. Once again there is no delay
between the two pulses. This manner of incrementinigy
increasing the fraction of the pulses that is applied is continued,
as illustrated in Figure 1b, until the whole of both pulses are
applied, i.e.f; = 7p, and subsequently the experiment is carried
out in the “conventional” manner by progressively incrementing

in the two-dimensional experiment. This is because the
experiment selects a projection of the magnetization after each
pulse. After the first pulse the projection onto tkeplane is
taken (corresponding to the selection pf= +1 quantum
coherence}? after the second pulse the projection onto the
axis is chosen (corresponding to the selectiop ef 0), and
only the transverse single quantum coherence is selected during
to. This series of projections is therefore multiplicative, and,
for example, the factor 1.2 increase in sensitivity observed in
the one-dimensional experiment of Figure 4 becomes %-1.2
1.7 increase in sensitivity for the two-dimensional experiment.
Indeed the polyene has /T, ratio similar to that for the

the delay between the first and second pulses until the desiredexample of Figure 4, and this agrees satisfyingly well with the

max
t1

(which defines the resolution obtaineddn) is obtained.

In summary, this manner of incrementing the fraction of the
pulse that is applied is exactly analogous, for the indirect
detection period;, to the PARADISE technique that is used in
to. The pulse int; is not truncated as it might at first sight
appear, but the whole pulse is applied (astzn The main
difference between the two time domains is that both the pulses,
on either side of;, must be incremented (since dephasing occurs
during both of the pulses). That we should apply the first part

of the first pulse and the second part of the second pulse can

be appreciated rigorously from symmetry considerafioanad
intuitively by considering that the second pulse transforms
transverse magnetization into longitudinal magnetization and
therefore that the phase of the transverse magnetization evolve
mostly during the first part of the pulse (in analogy to Figure
2, which treats the situation for the transformation of longitudinal

magnetization into transverse magnetization, and where the

phase evolution is mostly during the second part of the pulse).

Figure 5 shows the experimental realization of this technique
to measure the H1-H2 soft-COSY cross peak in the polyene
where the numbering of the protons commences at the right
hand side of the chain.

CH{0 N N S G SN
0]

CH;0 1

This compound has nonlinear optical properties that depend
sensitively on the configuration of the conjugated chain.
Measurement of thélyy scalar couplings is the simplest way
to ensure that, in this case, the chain istedhs The upper

experimentally observed increase in sensitivity seen in Figure
5. Note that the fact that anti-phase coherences are observed
in this experiment does not affect significantly our argumentation
since they grow and decay continuously in the same manner as
in-phase coherences. The fact that they are affected similarly
can be appreciated from the agreement with the predicted
behavior.

Selective Correlation Spectroscopy of Peptides and
Proteins

As discussed above, the relative sensitivity improvement
obtained by using the sequence of Figure 1 is likely to be
greatest in systems with short transverse relaxation times. Thus
we have tested the application of the sequences on the peptide

ﬁramicidin (15 amino acids) and the protein Capsid(1-48)*

which is the N-terminal region of the nucleocapsid of the
hepatitis C virus. The results are shown in Figures 6 and 7.
For the 2 mM gramicidin sample a spectacular improvement in
signal-to-noise ratio, of between a factor 2 and 5 (depending
on the particular spectrum), is observed. Gramicidin represents
a molecular weight at the upper limit of the applicability of
soft-COSY using conventional acquisition schemes. As can be
appreciated from the comparison spectra shown in Figure 6,
the technique of Figure 1 yields an order of magnitude reduction
of the experimental time required to obtain a spectrum with
good signal to noise. The spectra shown are of sufficient quality
to yield very precise values of tfyy—nq coupling constants
(which, through the Karplus relatici, 3! yield the backbone
torsion angleg) and the®Jyg—1q coupling constants which are
also manifested in these spectra. The values of the coupling
constants were obtained by iterative fitting of the soft-COSY

(26) Bodenhausen, G.; Kogler, H.; Ernst, R. RMagn. Reson1984
370

spectrum in Figure 5 was acquired using the sequence of Figure ’(27) karpms, M. JJ. Chem. Phys1959 30, 11.

1b and sinc shaped pulses and is directly comparable to the

lower spectrum which was recorded using® ¥Inc-shaped
pulses in a conventional soft-COSY experiment. One im-

(28) Karplus, M. JJ. Am. Chem. S0d.963 85, 2870.

(29) Withrich, K. NMR of Proteins and Nucleic Acid®Viley: New
York, 1986.

(30)NMR of Macromolecules. A Practical ApproacRoberts, G. C.

mediately observes that the phase properties in both dimension., Ed.; Oxford University Press: Oxford, 1993.

(25) Ngo, J. T.; Morris, P. GJ. Magn. Reson1987, 75, 122.

(31) Eberstadt, M.; Gemmecker, G.; Mierke, D. F.; KesslerAHgew.
Chim. Int. Ed. Engl1995 34, 1671.
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Figure 5. Selective COSY spectra for a sampleloin CDCl;. The é
upper spectrum was recorded with the sequence shown in Figure 1b
using 70 ms (total duration) sinc shaped pulses (truncated after 3 zero

COBY
crossings on either side of resonance). The technique is seen to work o eqif
§0%);
(']
Y

paradise
particularly well. The lower spectrum was recorded under the same
conditions, but with a conventional acquisition scheme and can be seen W“A'AWV/\/\,\/JJ‘WA"W\M
to suffer (as expected for a 98inc pulse) from a large phase dispersion conventional
in both dimensions. More importantly the upper spectrum recorded with Figure 6. Selective COSY spectra for a sample of 2 mM Gramicidin-D
PARADISE is seen to have a significantly greater signal-to-noise ratio. .o Bacilus brevis in 90% BD, 10% HO. The sample was acquired

The spgctra were recorded V\{ith 1024128 (total) points irt; andt; from Sigma chemical company and used without further purification.
respectively for a spectral width of 1000 200 Hz. For the upper 5y spectra of the valine 8 NH4H correlation recorded with the

spectrum 35 points were acquired during the pulsg iand the pulses  goq,ence shown in Figure 1b using 70 ms (total duration) sinc shaped
on either side of, were applied according to the scheme of Figure 1b ;565 (truncated after 3 zero crossings on either side of resonance),

using 15 steps. Both data sets were zero-filled to«4KL2 points before 464 to that obtained using 70 ms UBURP pulses. The PARADISE
apodisation with identical weighting functions and Fourier transforma- technique is seen to yield a substantial gain (ca. factor 2) in the signal-

tion. 35 x 35 Hz sections are shown in the figure. to-noise ratio. This gain is all the more remarkable in the spectra (b)

spectrum to simulations, as described elsewBesed the of the valine 8 Ht-Hf correlation. In this case the contour plot is only
P ’ shown for the PARADISE spectrum since at this contour level no

coupling constants we obtain for the NFHross peak in - giscernible signals are observed using the conventional method.
Gramicidin are 9.1 Hz foPIvn-a and 5.9 Hz forfJua-s. Presaturation was applied to eliminate artifacts due to the water

Note that the spectra of Figures 6 and 7 were acquired with resonance. Sixteen scans were used per increment with a two-step phase
presaturation of the water resonance which is essential to avoidcycle of the receiver and the first pulse to eliminate axial peaks and a
contamination by off-resonance artifacts intrinsic to this method. gradient homospoil pulse between the second and third pulses to
These are usually small in one-dimensional spectra and areeliminate transverse coherences. Cross peak frequencies were deter-
strongly attenuated in two-dimensional spectra since they domined from a low resolution COSY spectrum. The spectra were
not give rise to correlations. However, artifacts arising from recorded with 4kx 64 (total) points int; andt;, respectively for a
the large water resonance can be troublesome, hence théspectral width of 2000< 200 Hz. (Total experimental tlme_for each

. . ’ spectrum= 30 min). For the PARADISE spectra 70 points were
requirement for presaturation.

. . . acquired during the pulse ip, and the pulses on either sidetpfvere
The 57 amino acid Capsid(1-48)* fragment represents the ,jieq according to the scheme of Figure 1b using 15 steps. Both

largest system that has been successfully treated using softyata sets were zero-filled to 4k 512 points before apodisation with
COSY. Previous reports were able to obtain spectra from someidentical weighting functions and Fourier transformation.»560 Hz

duplex DNA 8-mers only with very long acquisition times sections are shown in the figure.

(roughly 4 h were required for each cross peak spectrfim).

Indeed, we were not able to obtain any selective two- Thus, we obtain two separate measurements for each of the
dimensional spectrum of the Capsid(1-48)* using conventional couplings when the spectra are analyzed by iterative fitting
techniques. The spectra of Figure 7, obtained using the methods, which allows us to estimate the precision of the
sequence of Figure 1 in conjunction with narrowband cosine- determination of the coupling constants. As can be appreciated
bell shaped pulses, therefore represent a significant step upwardérom the results of the fits shown in Figure 7, it appears that
in molecular weight. The NH-H cross peaks shown in Figure 0.3 Hz is a conservative estimate of the precision of the
7 were recorded in an experimental time of lesstté each measurement.

on a 3 mMsolution. Once again the spectra are of a high quality = The accuracy of the measurements is slightly more difficult
and are suitable for analysis. The spectra shown are from threeto assess. In the case of a DNA sample it was previously
different valine residues in the protein and allow the measure- reported that the accuracy of measured couplings using soft-
ment of the active NH-k and the passive &Hp couplings. COSY determined by independent measurements was between
For each cross peak we have recorded two different spectra,+0.22 and+0.45 Hz. We find that for the polyend)(the
either interconverting the values ©f andw> (yielding spectra measured values are identical to those obtained using nonselec-
from the two symmetrically disposed cross peaks) or using tive 1D methods. For the peptide sample the values are in
slightly different values for the transmitter offset frequencies. agreement with those back calculated from the Karplus rela-
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experiment simulation coupling fragment Currently, the technique most widely used for measuring NH-
Ho coupling constants in unlabeled proteins is ordinary

@ Q nonselective DQF-COSY, which is unreliable for large

@ @ molecules®-33  Typically the accuracy of a DQF-COSY
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measurement is limited by digital resolution which is often about
4 Hz/point int; after zero filling. The exact accuracy of DQF-
COSY determinations is difficult to assess, but Majumdar and
Hosui* have suggested that systematic errors can be as large
as 60%. Note that resolution in DQF-COSY can be improved
by acquiring manyt; increments, and nonselective methods
could be useful if all the cross peaks in a dense spectrum must
be measured accurately. Selective methods are likely to be most
useful to provide a few key couplings accurately which relate
to areas which pose problems or which require improved
accuracy in the structure determination.

The introduction of these new improved sensitivity selective
experiments should lead to an appreciable improvement in the
accuracy of the measurement of these coupling constants since
they have superior digital resolution and yield an E.COSY type
cross-peak patted#313> We note that all the spectra we present
have an E.COSY (a-COSY) type cross peak pattern in which
the active coupling presents an “anti-phase” square pattern, and
passive couplings are identified by in-phase displacements of
this basic pattern. This represents a significant advantage over
the DQF-COSY pattern since the cross peak multiplets may
contain less peaks and the structure is particularly well adapted
to iterative analysis for the determination of the coupling
constants. The routine we use makes use of the symmetry
properties of the multiplet.
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Figure 7. Selective COSY spectra for a sample of 3 mM Capsid(1-

48)* in 10% DO, 90% HO. The figure shows the spectra of three of We have demonstrated a new method which opens up the
the NH-Ho correlations observed for valine residues in the protein. poss|b|||ty of accurate|y determining structural parameters in
For each correlation, we show two different spectra with, in the case significantly larger proteins and DNA fragments than was

of the upper two groups of spectra, the transmitter frequencies : : . - . -

interchangzd from o%e eF;(perimer;lt to another so that the tw% spectraprevIOUSIy possible using selectlvg NMR correlation techrllques.
correspond to the two symmetrically disposed cross peaks. In the caseFor the e?]amplg we have Suédfled he?é,scalarhcoupllng
of the lower group of two spectra, the transmitter frequencies were CONStants have been measured for a protein with an accuracy

changed in both dimensions by a few hertz from one experiment to Of around+0.3 Hz. This method and its derivatives should

another. The spectra were recorded using 10 ms cosine-bell shapedéad to a corresponding improvement in the precision of
pulses, and 21 points were acquired during the pulgg ifihe pulses molecular structures determined by NMR, as a direct conse-
on either side of; were applied according to the scheme of Figure 1b quence of the very significant sensitivity improvements obtained
using eight steps. Presaturation was applied to eliminate artifacts dueusing the new acquisition techniques introduced here. The
to the water resonance. Sixteen scans were used per increment with &ensitivity improvement observed for the 15 amino acid peptide

two-step phase cycle of the receiver and the first pulse to eliminate 4ramicidin leads to a 25-fold reduction in experimental time.

axial peaks and a gradient homospoil pulse between the second an n the case of the Capsid(1-48)* protein sample it was

third pulses to eliminate transverse coherences. Cross peak frequencies . . -
were determined from a low resolution COSY spectrum. The spectra impractical to record spectra without the new technique.

were recorded with 4k« 128 (total) points int; andt;, respectively, . .

for a spectral width of 4006« 700 Hz. (Total experimental time for Acknowledgment. We are grateful to Dr. Thierry Brotin

each spectruns 1 h.) Both data sets were zero-filled to 4klk points for the loan of the polyene used in Figure 5 and to Dr. Francois

before apodisation with identical weighting functions and Fourier Penin for the Capsid(1-48)* sample. P.B. is a student following

transformation. 45< 30 Hz sections are shown in the figure. On the the Magisiee des Sciences de la Mateat the Ecole Normale

right hand side of each spectrum is shown the fragment of the coupling Supeieure de Lyon.

network that is determined by iterative fitting of the cross peak to

simulations. In the diagram the ovals represent the active spins, directly JA961162R

observed int; and t;, and the circles represent passive couplings - - - - -

manifested in the structure o_f the cross péé?l_éBThe precision of the gg; ,\S/Icahcg)'/t; gFZorécﬁu“.;nges IzTéigB(j)?erI]e/&nrﬁtr&%?g 25905332

measurement can be appreciated from the differences observed betweef 4 781,

the two independent measurements of each correlation and appears to (34) Majumdar, A.; Hosur, R. VProg. NMR Spectrosd.992 24, 109.

be <4+0.3 Hz. (35) Emsley, L.; Bodenhausen, G. The Role of Selective Two-
Dimensional NMR Correlation Methods in Supplementing Computer-

. og - . : Supported Multiplet Analysis by MARCO POLO. [Bomputational Aspects
tion,* and, similarly, for the protein the measured couplings of the Study of Biological Macromolecules by Nuclear Magnetic Resonance

are all physically consistent with the conformation of the spectroscopyHoch, J. C., Ed.; Plenum Press: New York, 1991.
backbone in this weakly structured region of the protein. A (36) Ernst, R. R.; Bodenhausen, G.; Wokaun P#inciples of Nuclear

detailed three-dimensional structure determination for this ’i"ga%‘e“c Resonance in One and Two Dimensi@farendon Press: Oxford,
protein, taking into account constraints obtained from soft- (37) Pfadler, P.; Bodenhausen, G. Magn. ResonL988 79, 99.

COSY measurements, is in progress. (38) Pndler, P.; Bodenhausen, G. Magn. Reson199Q 87, 26.
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