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'H-detected two-dimensional double-/zero-quantum experi-  Proton—proton dipolar couplings of NHor CH,) groups pro-
ments are described for measurement of homonuclear “Ju.-cou-  vide information on amino acid side chain orientation. The
plings of NH, or CH, groups in proteins. These experiments utilize  nossibility of measuring dipolar couplings of three nonredun
multiple-q_uantum cohere_nce for determina_tion of the s?ze ar_ld the dant internuclear vectors (HH,, H.—N, and H—N) allows one
absolute sign of the geminal scalar and dipolar couplings in the ) yoarmine the orientation and to assess the dynamics of NI
presence of_ broad lines. $pegtra are simplified py gradient selec- (or CH,) groups. The sign of the homonuclear scalar an
tion and spin-state selective filters. © 1999 Academic Press . . . . -

Key Words: couplings; HB-GAM; multiple-quantum coherence; dipolar poupllngs, which Canno.t be mfe_rred S'mp'Y from a
spin-state-selective filters: ubiquitin. conventional HSQG} spectrum, is essential for the interpre-
tation of spatial information. In general, the sign of a coupling
is either obtained relative to a known coupling, or deduce

INTRODUCTION from strong coupling effects. In this communication we de-
scribe a method based on double- and zero-quantum (DQ/Z(

Measurement of scalar coupling constants has been of §pectroscopyl(1-14 for determining the sign and magnitude
terest for years. Several techniques have been developeaftthe coupling between geminal protons. The methods pre
determine, in particular, three-bond couplings which yield déented are based on work originally presented by Jarvet al
hedral angle restraints for structure determination of macralard (14). We have improved the basic pulse sequence fc
molecules. For example, E.COSY—+4) and quantitative]- sensitivity and in addition have implemented spin-state sele
correlation b—7) methods are based on the evolution of smalive filters (18—2Q to the sequences to allow separation of
couplings during a defined period of time, wherdagsolved multiple components into two subspectra. Tdig-half-filters
experiments allow measurement of coupling constants, modised earlier in HSQC experiments8] are modified for the
lated during an incremented delay, directly from the in- qsresent purpose to purge undesired components of transve
antiphaseJ-splitting 8—10. E.COSY provides also relative nitrogen magnetization. Furthermore, double- and zero-qua
signs of coupling constants. Post-acquisitional methods such@® spectra are separated into two additional subspectra by
J-deconvolution can be used to extract coupling constants frgulsed field gradient selection. This double editing provide:
time or frequency domain data. Recently, it was shown thaseful spectral simplification for studies of biomolecules.
zero- and double-quantum spectroscopy also provides means to

determine both signs and sizes of coupling4) (and more DESCRIPTION OF THE PULSE SEQUENCES
recently, the principle was refined for heteronuclear experi-
ments (2-14. The pulse sequences designed for the DQ/ZQ- and spin-st:

Obviously, two-bond scalar couplings have not attracteg|ectivea/g-filtered DQ/ZQ correlation spectra are shown in
much attention because there are no associated conformaticpf,@g_ 1A and B, respectively. The initial 90° proton pulse
degrees of freedom. However, introduction of residual dipolg$|jowed by a delay (1/2,,) and the nonselective 90° pulse
couplings to high resolution NMR spectroscod{17 calls  for the heteronucleus generate a mixed double- and zer
for means to measure ald-couplings in macromolecules.quamum coherence (DQ/ZQ) between the proton and the he
Dipolar coupling between geminal protons is comparable gtonycleus. DQ evolves durirtg with the sum of proton and
strength to that between proton and nitrogen (or carbomateronucleus chemical shifts while ZQ evolves with the dif

ference of the chemical shifts. More importantly, DQ evolves

' To whom correspondence should be addressed. Fa88-9-708 59541, during t; with the sum of the passivé-couplings, and ZQ
E-mail: Perttu.Permi@helsinki.fi. evolves with the difference. Thus, NHor CH,) cross peaks
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FIG. 1. Pulse sequences of the DQ/ZQ- (A) amiB-half-filtered DQ/ZQ (B) experiments for determination’df,, coupling constants. Hard 90° and 180°
pulses are indicated by narrow and wide bars, respectively, and are applied with thexphaless otherwise indicated. Delay duratioAs= 1/4],,. Phase
cycling for the DQ/ZQ experiment (A)p: = 8(X, =X); d2a= X, X, YV, Y, =X, =X, =Y, =V; ¢ = X, X, V, ¥, =X, =X, =Y, =VY; drec = 4(=V, YV, Y, —Y).
Two data sets for eadh increment are collected to achieve quadraturg.ifhe 180° pulse on proton is applied simultaneously with the 90° pulse on nitroge
prior to thet, evolution period ¢, for uneven multiples of eight transients (eight transients are needed to complete EXORC2X)) &nd simultaneously
with the 90° pulse following theé, period (.,) for even multiples of eight transients. From the first data set cosine modulated magnetization is extracte
addition of the FIDs. For the second data set, the FIDs are subtracted to give sine modulated magnefizatiod(Cy, v, ¥, —VY), 2(Y, =Y, =V, Y)). Phase
cycling for thea/B-half-filtered DQ/ZQ experiment (BYp, = 4(X, —X); ¢, = 2(X, X, —X, —X) for the in-phase spectrundy, = 2(y, y, -y, —V) for the
antiphase spectrundi; = 4(y), 4(—Y); e = 2(—Y, Y, ¥, —Y). Two data sets for eadh increment are collected to achieve quadraturg irfFrom the first
data set, cosine modulated magnetization is extracted by addition of the FIDs. For the second data set, the FIDs are subtracted to give sine n
magnetization. In the experiment (B), the 90° and 188Ppulses denoted by (un)filled narrow and wide bars are applied for (in)- and antighgabelf-filter
elements. Gradient pulses denoted by unfilled half-ellipses are applied only during the inyfBvhsdf-filter element. A phase-sensitive spectrum is obtainec
by combining the data for Fourier transformation in a manner similar to the sensitivity-enchanced n2dth2igl. (The absolute sign of gemina# or dipolar
coupling is obtained by relatingl,,, to the sign of'Jy, or *Jcy. All magnetization originating from heteronucleusN) is first dephased by the 90° pulse,
followed by the pulsed field gradient.
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FIG. 2. Pulse sequence of the gradient selectgthalf-filtered DQ/ZQ experiment. The sequences generate in- and antiphase spectra. Hard 90° and
pulses are shown by narrow and wide bars, respectively, with phasgess otherwise indicated. Delay duratiois= 1/4Jy, ande is the duration of a pulsed
field gradient including the field recovery delay. Phase cyclihg:= 2(x, —x); ¢, = 2(x), 2(—x) for the in-phase spectrungs, = 2(y), 2(—y) for the
antiphase spectrungi; = 4(—y) for the echo selectionp; = 4(y) for the anti-echo selectior}... = X, —X, —X, X. In addition to the echo/anti-echo selection,
¢, is altered according to the States—TPPI proto2d).(A phase-sensitive spectrum is obtained by combining the data for Fourier transformation in a mar
similar to the sensitivity-enchanced meth@1 (22. Zero- and double-quantum coherencestdfand *N are separated into two subspectra by set@ig=
0.908:G, andG; = 1.113«G,, respectively.

are modulated by both the larga,,, (or *Jcy) coupling and the allowed to rephase during the final delay (142). In the
small homonuclear coupling. experiment 1A two data sets for eaghincrement are collected
Spin-state selective filter elements in the experiment 1B achieve quadrature in. For both data sets, a 180° proton
(Fig. 1B) provide spectral simplification. Arn/B-half-filter pulse is applied before and after the evolution period
element subsequent to the evolution time, referred as antiphfésarked with an arrow in Fig. 1A; see Fig. 1 legends for
ol B-half-filter, is used to rephase the sine modulated antiphatetails). In the case of the/B-filtered experiment 1B this is
DQ/ZQ coherence with respect to the common passive spathieved by applying two 90° proton pulses at the end of th
(In this case™N 180° pulses, indicated with unfilled bars, argulse sequence with the same or opposite phase. This pro
not applied.) Anothen/B-half-filter, referred as in-phasep- dure retains bothkx- and y-components of magnetization and
half-filter, is applied to select the cosine modulated in-phagaprovement in sensitivity by factor of'2 (14). The post-
magnetization component. (In this case 90° and 180° pulsesamyuisitional addition and subtraction of the two data sets rest
nitrogen, indicated as filled bars in the filter element, are niot quadrature detection in.
applied.) During the antiphase/p-half-filter element, both  Furthermore, zero- and double-quantum coherences can
homo- and heteronuclear couplings to the common passeeparated into two subspectra for improved spectral resolutio
spin are active, while heteronuclear coupling is effectivelyhis is conveniently accomplished by gradient selection ir
inactive during the in-phase/B-half-filter element. Thus, the conjunction with the spin-state selective filters (Fig. 2). The
NH, cross peaks are anti- or in-phase doublets in Fhe phase of the last 90° proton pulse is shifted by 0° relative to th
dimension in the antiphase or in-phase filter experiments, mrevious proton 90° pulse to select echo and by 180° to sele
spectively. Regarding transverse relaxation and cross corredati-echo. The ratios of the selectioB8d) and refocusingG,)
tion between dipole—dipole coupling and chemical shiffradients for the heteronuclear double- and zero-quantum c
anisotropy (CSA), these two equally long filters are designedherence selection a8/G, = =yu/(ys + vx) andGJG, =
guarantee the same sensitivity, which simplifies processing=vy./(vs — 7vx), respectively, wherey, andy, denote proton
After the t, evolution and the filtering period in the/8- and heteronuclear magnetogyric ratiad)( Thus, for the"N-
filtered experiment, the antiphase single-quantum coherencedited spectrum, the selection gradient is 1.113 times strong
regenerated with the 90° pulse for the heteronucleus andthsn the refocusing gradient for the double-quantum coheren
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selection, and for the zero-quantum coherence pathway, the + HyHNsin((Qy, = Qy)ty)
corresponding ratio is 0.908. The/B-half-filter element is
placed before thg, evolution in the gradient-selected version; X SIN(( Jnm, = Incwy) 7Ly).

otherwise the 90° purge pulse on nitrogen would mix the

coherence levels duringy, leading to unsuccessful selection

between the double- and zero-quantum coherences. We préfee sine modulated magnetization evolves from the antipha
to apply the selection gradient at the beginning of the DQ/ZQ coherence to the in-phase coherence during the a
evolution period. Obviously, the first few data points are logPhasea/g-half-filter element:

because the sum of the gradient duration and field recovery

delay is longer than a few dwell times. However, the first few

data points can be recovered by linear prediction to avoid HixHzNySIn((Qy, = Q) SIN((Inn, = Inoy) 7t1)

baseline roll due to chemical shift evolution. Alternatively, the

selection gradient can be applied in a—180(H)—e/4— 90)(*°N)-1/43-18G(*H, *N)-1/4]
180(°N)—€/4—-180(H)—€/4 element to prevent evolution of the
chemical shift and coupling betweéid and™N. Data acquired

with the gradient-selected version are processed identically to
the data processed by established PEP sensitivity-enhanced
gradient methods2(l, 22 to achieve the same sensitivity aSrpe 90°
that obtained with the phase-modulated, phase-cycled versi%_?mS Wi
In summary, the processing of the spin-state, DQ/ZQ selecti
acquisition will result in four subspectra.

The water signal can be suppressed in both phase-cycled
gradient-selected versions by selective pulses and pulsed f
gradients prior to the actual pulse sequences, e.g., by the
solvent suppression schemnsy. e . which is detected during, under heteronuclear broadband

The coherence transfer pathwaydrB-filtered experiments decoupling:

. ! : pling:
for the H,H,N (or H;H,C) system (neglecting signs, certain
trigonometric factors, and homonucle&modulation during

HuNsin((Qy, = Q) t)sin((Jp,, = Inowy) 7).

pulse on nitrogen serves to purgd magnetization
th phasex. Therefore, a dispersive in-phase term
Xﬁsing from *J,,-mismatch will not convert into observable
magnetization. After the filter period, the desired sine modu
d magnetization is converted back to detectable magne
on by a 90° pulse on the heteronucleus. Then the antipha
gnetization evolves back to an in-phasenagnetization,

three delays optimized for 102,) is: HuN,Sin((Qp, = Quty)
90(*H)~1/20-9C(**N) _ 9Cf(**N)—1/2J
Hy, HixN,. X SIN(( Jyom, = Incky) 7t1)
Mixed DQ/ZQ coherence evolves duririg with passive cou- Haysin((Qu, = Q)t) Sin((Jp,m, = Inaw) ty).

plings to H. Only desired magnetization components are shown,
i.e., for one filter sine modulated and for the other cosine modu-

lated chemical shift and-coupling in thet,-dimension. Heteronuclead-coupling is inactive during the in-phasé-
half-filter element. Thus, the cosine modulated magnetizatio
t, does not evolve and is converted back to proton single-qual
Hy N, —— Hy,Nycog (Qy, = Q1) tum coherence by a 90° pulse on nitrogen. For the in-phas

ol B-half-filter experiment, the phase of the last 90° pulse or
nitrogen is incremented by 90° relative to the antipha4g
X oL (Juym, = Inwy) Tty) half-filtered experiment:

1/8J-18G(*°N)—1/8J-18C(*H)—1/81-18C,(**N)-1/8J
HyuNycos( (Qyy, = Q) ty) cog(Jpnp, = Inoy) 7t) -

90} (**N)-1/23
HuNycog (Qy, = Qu)ty)cos (Ipp, = Inoy) 7o) Hycod (Qyy, = Q)ty) o ( Iy, = Inm,) 7ty).
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FIG. 3. Representative ZQ region of the HB-GANN, 'H DQ/ZQ spectrum recorded with the pulse sequence shown in Fig. 1A (A). The dashed |
identifies the location of the cross section shown in (C). A corresponding cross section through the ZQ region of a combined DQ/ZQ spectrum tecord
the original pulse sequence is shown in (B¥)( Experimental parameters: 1.IMn*N-enriched HB-GAM in 95/5% KO/D,0, pH 4.7, in a Shigemi microcell.
All spectra were recorded on a Varian Unity 500 spectrometer at 30°C. Delay duratien®.77 ms,e = 0.952 ms. Gradient amplitude (duratiof(,| =
5.3 G/cm (1000Qus). Spectral widths in th&,-dimension E,-dimension): 3500 (8000) Hz. Th# carrier on water resonance was at 4.7 ppm; numbey of
increments, 400; acquisition timé,), 128 ms. The signal at800 Hz originates in water, which was suppressed by the WET sci28hdfata were zero-filled
to 2K in theF;-dimension. The FID was apodized in thg-dimension using an exponential window function with 10 Hz line broadening. A squared cosi
window function was applied to the,-dimension. Data were processed with the Felix97.0 software pack&pe (

This allows upfield and downfield doublet components to kend apodization in th&,-dimension by the exponential win-
separated into two subspectra by adding or subtracting the sitesv function ). Effects of homonucleaC—"*C J-coupling
modulated absorptive antiphase and cosine modulated absonpst be considered fdrC-labeled samples. Carbonyl decou-
tive in-phase magnetizations. pling duringt, for the CH, group of glycines in**C-edited

In all experiments, undesired dispersive antiphase magnetkperiments will easily suffice to remove tH€—"*C modula-
zation arising from homonuclead-modulation duringt, tion. For other amino acids, modulation of the homonuclea
evolves and is converted into term,H,, after refocusing. *C—"C coupling is not as easily removed durihgand the
Usually this term cancels from the spectrum due to a relativedyp-half-filtering period. Furthermore, the active proton is
small homonuclear coupling compared with broad linewidth®upled to these passive carbon spin(s)hy,. Therefore, a
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FIG. 4. Representative DQ region of the ubiquiti3-half-filtered N, *H DQ/ZQ spectrum recorded with the pulse sequence shown in Fig. 1B. Additio
and subtraction of the in- and antiphase components from two experiments result in up- (A) and downfield (B) components, respectively. Fothefe@nce.
region from the DQ/ZQ spectrum (C) is shown, containing both spin states in-phase. Sample conditiond: ub@uitin from VLI Research Inc. in 90/10%
H,0/D,0, pH 5.8, 50 M sodium phosphate buffer, in a Wilmad NMR tube. All spectra were recorded on a Varian Unity 500 spectrometer at 30°C. [
durations:A = 2.77 ms. Gradient amplitudes (duration§; ;| = 5.3 G/cm (100Qus), 30 G/cm (50Qus). Spectral widths in thE,-dimension F,-dimension):
3500 (8000) Hznumber oft, increments, 600; acquisition time,), 128 ms. The WET scheme was used for water suppression. Data were zero-filled to
in theF;- andF,-dimensions, resulting in a digital resolution of 0.85 Hz/Pt in fhedimension. The FID was apodized in tRg-dimension using exponential

window function with 15 Hz line broadening. A squared cosine window function was applied if; tdenension.

DQ- or ZQ-doublet is further split into a doublet of doubletsvith the pulse sequence shown in Fig. 1A. A representativ
(triplet) each of which is modulated byl + *J¢y, resulting expansion of the ZQ spectral region of the combined DQ/ZC
spectrum containing cross peaks of Ntdsonances is shown in
Fig. 3A. The dashed line in the spectrum indicates the location
the cross section shown in Fig. 3C. Figure 3B provides a con
parison for the cross sections from a spectrum recorded with tl
The pulse sequences presented were demonstrated with jpwtse sequence proposed by Jarvet and Alla#l (n our hands,
proteins: 15 kDa*N-enriched heparin-binding growth-associatedfter careful adjustment dH and **N pulse widths, the overall
molecule (HB-GAM) @4) and 8.6 kDa°N-enriched human ubig- signal-to-noise ratioYN) was improved by 10-15%, using the
uitin. A combined DQ/ZQ spectrum was recorded for HB-GAMulse sequence presented in Fig. 1A. This small ga#Nmesults

in a broad and complicated peak pattern.

RESULTS AND DISCUSSION
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FIG. 5. Representative ZQ region of the ubiquitif3-half-filtered N, *H ZQ spectrum recorded with the pulse sequence shown in Fig. 2. Addition ar
subtraction of the in- and antiphase components from two experiments result in up- (A) and downfield (B) components, respectively. The ZQ spectrur
shown for reference, containing both of the spin states in-phase. Experimental parameters were the same as those for the spectrum shown pi fag. 4,
the gradient strengths (duration€;,s4 = 5.3 G/cm (1000us), 30 G/cm (50Qus), 10.896 G/cm (50@s), 12 G/cm (50Qus), and delay = 0.952 ms.
Additionally, backward linear prediction was used to reconstruct the first three data points to give a flat baseline.

from fewer pulses. The actual improvement in performance wi,-dimension by the sum of thél,,, and ?J,,_,, couplings.
depend on RF field inhomogeneity and off-resonance effects.Figure 4C is used as reference and shows both upfield a
The spin-state selective, combined DQ/ZQ spectra were owwnfield in-phase doublet components, acquired with the pul
corded for ubiquitin with the pulse sequence shown in Fig. 1Bequence 1B, using the in-phasg-half-filter.
Double- and zero-quantum coherences were also separated infbthe corresponding DQ resonances from the gradient s
two subspectra by recording the spectra with the pulse sequeletded DQ spectrum with the upfield (A) and downfield (B)
shown in Fig. 2. Expansions of the ZQ spectral region of tr@@mponents are shown in Fig. 5. Figure 5C is used for refel
combined DQ/ZQ spectrum containing cross peaks of Mido- ence and shows both of the DQ doublet components, obtain
nances are shown in Fig. 4. Figures 4A and 4B show the 4§y the pulse sequence using the in-pha#e-half-filter. DQ
region with up- (A) and downfield (B) components of doublets;ross peaks are split by the difference of the coupliflys,,
respectively. These were obtained by adding and subtracting #mel °J,,,_,,,. The geminal®J,,_, coupling constant can be
in- and antiphase spectra. The ZQ cross peaks are split in tltermined using the equation
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TABLE 1 cantly complement NOE-based distance restraints for the stru
Measured Geminal 2y, Coupling Constants ture determination.
from Human Ubiquitin
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