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The accurate measurement of small spin-spin coupling constants ~ systematic error in the RDC measurements, whereas high pr
in macromolecules dissolved in a liquid crystalline phase is impor-  cision indicates a small standard deviation of a measured RD
tant in the context of molecular structure investigation by mod-  from repeated experiments. As the magnitude of the residu:
ern liquid ste_lte I\!MF_%Z A new spin-state-se!e_ct_ion filter, I_DIPSAP, is dipolar couplings is determined by the degree of alignment
presgnted with significantly redu_ced sensitivity to J-mismatch of it is desirable to use samples with a (relatively) high degree
the filter delays compared to previously proposed pulse sequences. of alignment, allowing more precise measurements of the cot

DIPSAP presents an attractive new approach for the accurate mea- i tants. Mol | i t lting i idual di
surement of small spin-spin coupling constants in molecules dis- pling constants. Moleécular alignment resutling in residual aipo-

: ~ 157 1
solved in anisotropic solution. Application to the measurement of 12 couplings of up "D = 40 Hz for the”N—"H backbone
1SN-13C’ and *HN-13C’ coupling constants in the peptide planes of ~ Ve€ctor has indeed been obtained for proteins dissolved in liquic

13C, 5N labeled proteins demonstrates the high accuracy obtained ~ Crystalline phases. Broadening of the resonances in such

by a DIPSAP-based experiment. © 2001 Academic Press partially aligned samples due to unresolVéti-'H RDC can
Key Words: liquid state NMR; spin-state selection; molecular  be partly avoided by deuteration of most of the nonexchange
alignment, residual dipolar coupling; TROSY. able protons in the molecul@@), or by homonuclear adiabatic

decoupling 21).

The separation of two doublet components into different sub

Recently it has been demonstratéjithat incomplete direc- spectra provides a simple approach of measuring small cot
tional averaging of macromolecules in liquid crystalline medig@ling constants, and it has also become important in the cor
e.g., bicellesZ, 3), filamentous phagel( 5), purple membrane text of transverse relaxation optimized spectroscopy (TROSY
fragments §), alcohol mixtures ), strained gels§), or cellu- (22), where selection of the slowly relaxing doublet component
lose crystallites9), allows the measurement of residual dipolaprovides increased resolution and sensitivity in heteronuclee
couplings (RDC) while retaining conditions essential for highorrelation experiments of macromolecules. Inrecentyears, se
resolution liquid state NMR. Because of the partial alignment efal techniques have been proposed to achieve spin-state sel
the solute molecule in the anisotropic liquid-crystalline phaston (or separation) using only nonselective radiofrequency (rf]
the effective spin—spin coupling is the sum of a scalar andpalses. First thes® family of sequences, wit°E (23) achiev-
dipolar contribution:J&" = J¥ + DI The RDC constanD’®®  ing spin-state-selective excitation, aBiCT (24) performing a
depends on the orientation of the internuclear |-S vector wispin-state-selective -rotation. Two successive®CT building
respect to the molecular alignment frame, and therefore providdscks are needed for a spin-state-selective coherence trans
unique orientational long-range constraints for the structure d@2, 2. Alternatively, spin-state selection can simply be real-
termination of macromolecules. So far, RDC data have beized by the addition and subtraction of two spectra, one showin
successfully used to define the relative orientation of molecim-phase peak doublets and the other showing anti-phase pe
lar domains 10, 1J), to validate structural homology modelsdoublets. This technique has become known as IR Z7).
(12-19, or to improve the accuracy of structures determinedlll of these filter sequences are prone to artifacts resulting i
by NMR (15-17. Very recently it has been shown for thespurious peaks detected at the position of the suppressed dc
first time that an accurate three-dimensional model of the prglet components, thus limiting the accuracy of measurement
tein backbone can be built from RDC data alone, provided small spin—spin couplings by these techniques. The origin o
the data are complete, accurate, and precise endi®hlQ. these artifacts are mainly differential spin relaxation between th
In the present context high accuracy means the absencedifferent detected coherence transfer pathwayslamématch.
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Relaxation-induced artifacts and techniques for their suppresd A /2, respectively. Assuming the spin system is prepare
sion have been discussed previouslySeE (28), S°CT (29, 30, as I, magnetization prior to the filter, the coherence transfe
and IPAP 26, 27). Because the filter dela& must be tuned to pathways and transfer amplitudes for the three experiments &
match the coupling constadfs’ A = 1/4J%" in the case of given by: ()l, — 1,R(A), (b) I, — I,R(A) cosfr JsA), and
SPE, andA = 17235 for IPAP andS®CT, these filters are also () 1, — 21,SR(A)sin(r JsA /2), where RA\) denotes the
sensitive to variations in the size of the coupling constiffit ~ signal decay as a result of spin relaxation and pulse imperfe
(26, 31. The large range of effective one-bond coupling conions. Alternatively, the filter may act on initiall 25, spin or-
stants observed for partially aligned samples may thus indugr, and the coherence transfer pathways are simply obtain
significant systematic errors in the coupling constant megy interchanging, and 2,S, in the expressions given above.
surements. Here a new spin-state-selective filter is presentggupling constants between a spifor an additional spirK)
which is insensitive td-mismatch over a wide range of effec-and a passive spi are then measured in a subsequent incre
tive coupling constants. This pulse sequence element is easilgnted time period,. To avoid artifacts as discussed above,
implemented in any heteronuclear NMR experiment to sefhe filter has been designed in a way that signal loss durin
arate the individual components of a peak doublet into suitre sequence due to pulse imperfections and auto- and cro:
spectra. The method is demonstrated for the measurement@frelated relaxation is identical for all three experiments. Ir
small 238, and XJZ), coupling constants if*C,'*N labeled particular, CSA—dipolar cross correlated relaxation is remove
proteins. by the 180 pulse applied to thé& spins at half of the filter
The J-mismatch compensated spin-state-selection filter dglay. It is advantageous to place the filter sequence direct
shown in Fig. 1A. This new filter sequence is an extensigitior to thet; evolution to avoid differential relaxation dur-
of the IPAP technique, where spin-state selection is achievigg the time period between the filter and the spin coupling
by the combination of an in-phase and an anti-phase spegolution.
trum. In the case of-mismatch, however, the two spectra do The different sensitivity of the recorded spectra to
not have the same intensity and a residual peak is detected-giismatch becomes more visible when the amplitude fac
the position of the suppressed doublet compon26t 27). A tors given above are expressed as a function of the relati
J-mismatch compensated version of IPAP is obtained by recomismatch factord&'— Js) / Js. The normalized intensity of the
ing two in-phase spectra, one with a higher and one withtisree spectra is then given by: (a) 1, osgr (I — Js)/Js),
lower intensity than the corresponding anti-phase spectrugnd (c) COS"%(J.?—E)/E)- Although the two spectra (b) and
We refer to this new sequence as DIPSAP (double-in-phagey show both a cosine dependenceJemismatch, the signal
single-anti-phase) filter. In practice, the three spectra are @htensity of the in-phase spectrum (b) decreases faster with i
tained by setting the filter deldyto A = 1/Js (instead of creasingJ-mismatch than the intensity of the anti-phase spec
A = 1/2Js for IPAP) and the delay and phase as follows: trum (c). In addition, the two in-phase spectra, (a) and (b) ar
(@e=A/4¢0=x,(b)e=0,0=x,and(Ck = A/8,¢ =Y. of opposite phase, as illustrated in Fig. 1B. The separation ¢
For the spectrum (a}s coupling evolution during the filter is thea andg doublet components in two subspectra by the linea
completely refocused, whereas for the spectra (b) andi{c) combinationka + (k — 1)b = ¢, with k the scaling factor bet-
coupling evolution occurs for an effective time period &f ween the two in-phase spectra, should thus allow to reduce ti
sensitivity of the filter taJ-mismatch. The intensity ratio of the
A B residual over the selected doublet component as a function

S <k . the relativeJ-mismatch is given by

|
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In order to evaluate the performance of DIPSAP in the presenc

FIG.1. (A) Pulse sequence of the DIPSAP spin-state-selection filter bas@li J-mismatch we expand Eq. [1] into a Taylor series yielding
on aJ¥" coupling evolution. Three data sets need to be recorded with the fghe following expression:
lowing settings: (af = A/4, ¢ = X, (b)e = 0,9 = X, and (c)e = A/8,
0 = y Coup‘Iings_ to the passive spfhare thgn mea;ured in a‘subsequ@nt [ res Ik —3 Jeﬁ - 2 o Je” o\
evolution period either for the spinor an additional spif. (B) Typical spectra _ - < Is — |s> + Z an< s — |s> 2]
n=4

obtained by the use of an DIPSAP filter. In the casd-shismatch, the two in- | sel 16
phase spectra have a (a) higher and a (b) lower intensity than the corresponding

(c) anti-phase spectrum. The two spin-state-separated subspectra are obtained . . . .
by the linear combinatioka+ (k — 1)b= ¢ with the optimized scaling factor FOrk=0.75,J-mismatch compensation up to third order is ob-

k=073 tained by the DIPSAP filter, whereas tB2E and IPAP 6°CT)

Js

Js
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0.06 coupling constants observed for macromolecules dissolved in

liquid-crystalline phase. If necessary, this effectiveismatch
compensated filter band width may be further increased by ac
cepting slightly higher residual intensities, e.g., for a tolera-
ble residual intensity of 1.0%l /1% < 0.01) the optimal
scaling factor isk = 0.70 resulting in a filter band width of
13" — Jg)/Js| < 0.58. TheJ-mismatch profiles calculated
for DIPSAP k = 0.73), S°E, IPAP, andS®CT are plotted in
Fig. 2B. Although the IPAP an83CT methods are considerably
less sensitive to variations iff" than S E, only DIPSAP yields

0.04 -

7]
I / 1%
o
[=]
n
[]

0.3- clean separation of the two doublet components inside the rang
y (38" = J)/Js| < 0.4,
2, 024 A drawback of the DIPSAP filter (with respect to IPAP)
g\ is the slightly reduced signal to noise ratio obtained by the
= 0.1 experiment, which affects the precision of the coupling con-
stant measurements but not their accuracy. If the filter cannc
0 be concatenated with a coherence transfer period, the long

! filter delay (A = 1/Js instead ofA = 1/2J) induces ad-

I ditional signal loss due to spin relaxation. The signal decay
gle 0.9 I R(A) depends on the transverse relaxation rates of the involve
e \ coherences and thus on the size of the molecule. The sign
%‘: 07 C I to noise ratio is further decreased by the recording and lin

. , , } , ear combination of two different in-phase spectra. The ori-
0 04 0.2 03 0.4 0.5 gin of this sensitivity loss is twofold. First, the unequal nu-
(I - 75)/ 7| merical weighting of the recorded in-phase spectra slightly

FIG.2. (A) J-mismatch profiles of DIPSAP calculated for differdémial- reduces the signal to noise ratio even in the absencé of
Les ra'ng'ing from 0.70 to o.r7J5 in steps of 0.01. TH&/I** ratio is given by mismatch. For_optimal sensitivity, numerical scaling .coglq be
Eq. [1]. (B) J-mismatch profiles of different spin-state-selection filtegd, ~avoided by adjustment of the scan number of the individua
IPAP, S3CT, and DIPSAPK = 0.73). Thel /| * ratios for S’E are given by experiments 32). In practice, however, the use of an equal
7 3s scan number and numerical readjustment of the experimen
ta”(z 'ST> is more convenient, as the scan number in multidimensione
experiments is mainly dictated by the available experimenta

time and the required phase cycle. Second, in the case of
(1_COS<£ @))/(Hcog(z @)) mismatch the additional in-phase spectra, exclusively recorde
2 s 2 s for DIPSAP, has a lower intensity than the two other spec:

(C) Intensity ratio of a doublet peak selest((IeD?PgXp? DIPSAP %\d an IPAP ftra, also recorded for IPAP. The simulated ratio of peak in-
_ 23

and for IPAP ands3CT by

. . | . . .

ter sequence as a function dfmismatch, —epse)” = - Jose o2 ¢ tensities measured with DIPSAR £ 0.73) and IPAP is plot-
(0.73+0.27 cosfr ™) + cos(3 I™¢))/(1+ cos(3I™*)). with J™ = ted in Fig. 2C as a function od-mismatch. The curve has
(35" — J5)/Js. Relaxation effects are neglected for the calculation. been calculated neglecting relaxation effects and normalize

for equal experimental time and noise level. The sensitivity

loss varies between 9% for exact match of the effective spin-
filters achieve only compensation up to zero and first ordepin coupling by the filter delay and 18% forJamismatch
respectively. Starting from the analytically obtained value ¢fJS — Jg)/Js| = 0.4 .
k = 0.75, the performance of the DIPSAP filter can be fur- In order to estimate the systematic error induced in the cou
ther optimized by slightly adjusting the scaling factotak- pling constant measurements by using IPAP to separate the do
ing into account the actual range af" values. J-mismatch blet components, we have calculated the apparent line splittin
profiles calculated for DIPSAP with differekt values rang- as a function of the coupling constaiff' and the line widthv.
ing from 0.75 to 0.70 are shown in Fig. 2A. For a range dfine shapeswere assumedto be Gaussian, whichisamore real
effective J couplings|(Ja' — Js)/Jsl < 0.4, the best pro- tic approximation than Lorentzian for the line shapes observed i
file is obtained withk = 0.73. Inside this range the intensitymultidimensional experiments using standard apodisation func
of the residual doublet component is below 0.2% of the itions. The peak positions were determined as the points of max
tensity of the selected doublet componerts(1%®' < 0.002). mum intensity. The expected error in the measureduplings
This J-mismatch compensated filter band width should be suffer a /1 ¢ ratio of 0.1, which corresponds toJamismatch
cient for most applications as it covers the largest variations of |(J& — Js)/Js| = 0.39 for IPAP, is plotted in Fig. 3 as a
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DIPSAP filter in the HNCOJcy (HNCO-Jon) experiment, the
state of the spin system is described by the product operatc

18 A 4HNN, C, for (a) and (b), and R,C., (2HNC)) for (c). Dur-

& 14 - AR ing the followingt; period the'*C’ spins are frequency labeled

° LR - 15 -

5 RARAS in the absence ofH (**N) decoupling. Three data sets (a—c)
ZZJ 10 (2% are recorded in an interleaved manner, yielding cross peal
g 5 &/ with in-phase (a, b) and anti-phase @)y (Jon) splittings in

@

2 2

" R the C frequency dimension. After appropriate linear combi-
[ "' nation (073a— 0.27b+ c) two three-dimensional subspectra
2 60 are obtained with cross peaks axc(+7r2J§f'HN, N, wy) and

(wer — w2 g o, wp) for the HNCO-Jon experiment, and
(we + 713, on, wn) and o — 1IN, o, wn) for the
FIG. 3. Systematic error in the measurement of coupling constants usitNCO-Jcy experiment. The smaflJS,, andX3gf, coupling
IPAP or S’CT spin-state selection for&mismatch of (J5' — Js)/Js| = 039 constants can then be obtained from a precise measurement
as a function of the coupllng'constalﬂf aqd the !lne widthAv. The line shapes peak positions anng tHéc frequency dimension.
were assumed to be Gaussian for the simulation. . . ) ;i
Some additional points of interest concerning the pulse s
guences of Fig. 4 are discussed in the following. The efficienc
function of 3" and A v. The error increases with increasing lin@f €ach individual transfer step in the HNCO experiment de
width and decreasing coupling constant. For small couplin§§nds on thed-mismatch. After an INEPT-type transfer the sig-
(3" Av <« 1) the error reaches a maximum of about 18%. ThiRgl intensity is proportional to
error is significantly higher than the precision obtained for the
measurement of spin—spin coupling constantd@f°N labeled o (n (3" — ﬂ))

5 7
® 1113 15 47 {5 %o
JE (Hz)

proteins or nucleic acids. The use of DIPSAP instead of IPAP 2 Js

(or S°E) eliminates this additional source of measurement error,

and therefore provides an attractive alternative for the accurate ] of = — )

measurement of small coupling constants in partially alignd@" & J-mismatch as large d¢Js — Jis)/Js| = 0.4 this re-

molecules. sults in an additional signal loss of about 20% per transfer ste
As an example of practical interest we implemented the néfp @mount which may be affordable for this intrinsically very

DIPSAP filter sequence in 3D HNCO-type experiments gsensitive experiment. Much higher degrees of molecular aligr

signed for the measurement of the small coupling constafent are certainly not desirable as the advantage of larger RC
258" . and 13" in the peptide planes of protein83, 34. is counterbalanced by the important signal loss during trans
TheHBuIse sequences for the HNC@sJand HNCO-dy ex- fer and filter delays induced by themismatch. In order to
periments are displayed in Figs. 4A and 4B, respectively. THEt the number of transfer steps sensitive Yemismatch in

coherence transfer pathway for the two experiments can be & HNCO pulses sequences, refocusing of'th coupling
scribed by during the subsequehtN —C transfer step combined with

composite'H decoupling is not applied here. Note that in the
absence ofH decoupling, relaxation loss durifeN transverse

1 qeff 1 qeff
1N N asy e 13¢'(ty) spin evolution will be reduced by CSEN)—-dipolar ¢H-°N)
e et [8]  cross correlated relaxation, the so called TROSY eff&2t85.
— BN(t) = *H(ts), This is the case between time points a and b, and ¢ and d f

the two experiments depicted in Fig. 4. In the presented puls
where the couplings involved in the transfer steps are indicateeljuences, however, the TROSY effect is suppressed during t
above the arrows artg_z are acquisition times. The major dif-*°*N and'H frequency editing periods, t3), providing the high-
ference with previously proposed sequences is the insertion &fst sensitivity for moderately sized proteins. For application t
DIPSAP filter element highlighted in gray in Fig. 4. In botHarge (per)deuterated proteins, where the slowly relaing
pulse sequences, the DIPSAP filter uses the large one-baodiblet component is reduced beyond detection at time poi
13 coupling for spin-state selection along tHéC’ fre- e, the sensitivity of the experiment can be further increased b
quency dimension. In the HNCQxy experiment (Fig. 4A) the simply omitting the 180*H pulse (marked by a star in Fig. 4)
DIPSAP filter acts od°N transverse coherence and can be coand the composité°’N decoupling during detection. The cross
catenated with th®N — 13C’ transfer step to reduce relaxationpeaks will then be shifted by J, in the w, andws frequency
induced signal loss. In the HNCQy experiment (Fig. 4B) dimensions.
the DIPSAP filter acts ofHN transverse coherence, which is To demonstrate the performance of the new experiments |
created after th&°N — 13C’ transfer step, and thus it induceghe case ofl-mismatch, we recorded 2D spectta (w3) on a
an additional delay of AJy, = 11 ms. At the end of the test sample of3C, 1°N labeled ubiquitin in isotropic solution.
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FIG. 4. Pulse sequences for (A) 3D HNC®- and (B) 3D HNCOdJcy experiments including d-mismatch compensated DIPSAP filter (gray shaded) for
spin-state selection. In (A) the DIPSAP filter is concatenated with3Ne— 13C’ transfer period. All rf pulses are applied along shaxis unless indicated and
90° and 180RF pulses are represented by filled and open bars, respectivel{?Cipailses applied to‘Gave the shape of the center lobe of axsir function,
whereas the €pulses are applied with a rectangular shape and field strengih ¢fl5 (90°) and A /+/3 (180°), whereA is the separation in Hz between the
centers of the €and C chemical shift regions. The transfer and filter delays were adjusteg=01/4Jy, T = 1/4Jyc, andA = 1/Jwn. Three data sets need
to be recorded with the delayand phase adjusted to: (a3 = A/4,¢1 = X, (b)e = 0,91 = X, and (c)e = A/8,¢1 = y. Pulsed field gradients{GG,, G3, Ga,
and G are applied along theaxis (PFG) with a gradient strength of approximately 20 G/cm and lengths ranging from 100 tok)®6llowed by a recovery
delay of 100us. The relative duration of $and G are given by the gyromagnetic ratios®f and?®N as G;/G 5 = yn /yn. A two-step phase cycle was applied
with g2 = X, —x and the receiver phage.. = x, —x. Quadrature detection in tHéC dimension ;) is achieved by incrementing the phageaccording to the
STATES-TPPI method, while in tH&N dimension {,) sensitivity enhanced quadrature detection is used, where fotgmiementys is increased by 180and
the sign of G is inverted. The last®C’ 90° is a purge pulse required to suppress undesired coherence transfer paggyays (

First, the experiments were performed by setting the DIPSARe« andg subspectra are superimposed on the same plot wit
filter delay toA = 1/J, with the average scalar couplinga relative shift of-0.02 ppm along th&H dimension to visually
J5 = 92 Hz. The experiments were then repeated by changisgparate the two peaks. As expected, the signal to noise ratio
the filter delay toA = 1.4/J3, resulting in aJ-mismatch of the spectra recorded with an IPAP filter is slightly higher than in
(33" — Jis)/Jis] = 0.4. For comparison, additional spectrahe corresponding spectra obtained with a DIPSAP filter. Pea
were recorded by replacing the DIPSAP filter element by @ositions were determined by extracting 1D traces along*De
standard IPAP filter. Again two data sets were recorded, odenension and performing a nonlinear least-square fitting o
with exact match of the filter delay and one witdanismatch the peak assuming a Gaussian shape.’¥@dine width at half
(33— TJ5)/Jis| = 0.4. A small part of the recorded 2D spectrdieight wasAv ~ 25 Hz and the average precision of the mea-
showing two 3C'—*HN correlation peaks from the peptidesured coupling constants was.1 Hz for?Jg,, and+0.3 Hz
planes G53-R54 and 161-Q62 are plotted in Figs. 5A—51|br1J§f,'N. For both couplings, the use of a DIPSAP filter yields
(HNCO—-Jcy) and Figs. 5SE-5H (HNCQ3c ). For simplicity, accurate results within the experimental error far-mismatch
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