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Despite recent advances in obtaining structural constraints from
residual dipolar couplings, chemical shiftscoupling constants,
and cross-correlated relaxation, NOE remains the most important
and widely used source of restraints for structure determination by
NMR. The quality of NOESY spectra significantly affects the
quality of solution structures of biomolecules. Diagonal peaks in
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NOESY spectra can be a nuisance since strong diagonals can maski9ure 1. Pulse sequence for diagonal-suppresShieedited NOESY. All

many cross-peaks near the diagonals and very intense diagonal
often createt;-noise. Even in!SN- or 13C-edited 3D NOESY
spectroscopy, interference from diagonals can be significant for
systems with poor dispersion #fl chemical shifts, such as-helical
proteins, unfolded and partially unfolded proteins, and large

narrow (wide) bars represent9@80) rectangular pulses. The curved shape

?epresents the water-selective’flilses. The delays used are= 2.3 ms

ando = 1.1 ms. For the first data setn, = 80 ms andrm1 = 0. For the
second data set;, = 0 andtm1 = 74 ms for CaM. The phase cycling
employed isp1 = 2(45°), 2(225); ¢2 = X, =X; 3 = X; dref = X, =X, =X,

X. The durations and strengths of the sine-shaped gradiengd ael ms,
20 G/cm,g2 = 1 ms, 10 G/cmg3 = 1 ms, 12.5 G/cmg4 = 2.4 ms, 25

proteins. Three distinct approaches have been designed in the pasg/cm, g5 = 1 ms, 40 G/cmg6 = 1 ms, 15 G/cmg7 = 1 ms,—4 Glcm.
to suppress diagonal peaks. The first approach relies on differenceQuadrature detection iy is achieved by States-TPPI af;, while
spectroscopy to subtract data representing the diagonal peaks fronguadrature detection ifr, uses the enhanced sensitivity pulse gradient

the conventional NOESY spectruin Since the two spectra are
often recorded using distinct pulse schemes with different resulting
relaxation, satisfactory suppression of diagonals is difficult to

achieve. The second approach eliminates magnetization that does

not undergo significant chemical shift changes during the mixing

period?® For this approach, genuine cross-peaks near diagonals are
also severely suppressed. Recently, a number of experiments have

been proposed to suppress diagonal peakSNredited NOESY
spectra on the basis of selecting the TROSY components in both
proton dimension&:® While these approaches can be effective for
large proteins with a large TROSY effect, they may be uneconomi-
cal for smaller proteins since the sensitivity is only 25% of the
conventional NOESY experiment. In addition, suppression of
diagonals is incomplete due to nonuniformity ‘3 values and
relaxation effects during the NOE mixing period and TROS
sequence block.

Here, we propose a novel experiment to suppress NOESY
diagonal peaks more efficiently than previous experiments and
provide much higher sensitivity for biomolecules with little TROSY

Y

effect. Suppression of diagonals is achieved by subtracting two data

sets: one conventional NOESY spectrum and one spectrum with
only diagonals. Figure 1 shows the pulse scheme'fdredited
NOESY-HSQC. The first data set (conventional NOESY) is
recorded by setting,, to the mixing time tmix) andtm; to zero.
The second data set is acquired by settingo zero andrm; to
Tmix » Which is slightly smaller thanix. In the second scheme,
only longitudinal two-spin magnetization X, (H and X represent
proton and heteronuclear spins, respectively) instead,oéXists

at the beginning of the mixing period, giving rise to no cross-peaks,
except for XH groups in which the two protons are magnetically
distinct. The diagonal peak intensities for a given proton in ap XH
group, wheren is the number of magnetically equivalent protons
in the two data sets, are governed by eqs 1 and 2.
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method. The two data sets were acquired in an interleaved manner for
prevention of artifacts from subtraction.

dHZ_ i
— 4 = RH)H, + Y o(H.H)H, (1)
dH X, o
- T RHXOHX, + S oMY, ()

whereR(H,) andR(H_X,) are longitudinal autorelaxation rates of
magnetization, Hand HX,, respectively, dominated by spectral
density,J(0); o(H,H)) is the cross-relaxation rate between proton
H in the XH, group and a nearby protopn The resulting
magnetization, & from eq 1 gives rise to NOESY cross-peaks,
while the resulting magnetization, }X,, from eq 2 remains
unobservable. The intensity ratio of the diagonal peaks in the two
data sets approximates to exii(H,)tmix + R(HX)Tmix'] sinceR

> |g(H,H))|. To achieve optimal suppression of the diagonal peak,
the two mixing times meet the following relation:

_RH)
Trmix —R(H—sz)fm~ 1

_ R(X) )T
RHX)| ™

whereR(X,) is the longitudinal relaxation rate of spin X. Although
R(X2)/R(H,X, can vary widely from protein to protein, the deviation
within one protein is generally small. For example, the average
value R(N,)/R(H,N,)]av is 0.101 with a standard deviation of 0.023
for calmodulin (CaM), while it is 0.35@ 0.052 for ubiquitin, as
measured at 25C on a 500 MHz NMR. The variation should be
significantly smaller for larger proteins and higher fields. When
Tmix 1S Set to [1— [R(X)/R(HX)]av]Tmix, the relative intensity of

a residual diagonal peak in the difference spectrum with respect to
that in the diagonal peak in the NOESY spectrum approximately
equalsRHX)tmx[RX)/R(HX) — [RIX)/R(HX)]av]. The aver-
age residual diagonal peak intensity in tH&-edited NOESY

®3)
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Figure 2. Representative slices from th#N-edited 3D NOESY-HSQC Figure 3. Representative slices from thé&C-edited NOESY-HSQC (A,

spectrum (A, C, and E) and the difference spectrum (B, D, and F). Each C, and E) and difference spectrum (B, D, and F). Positive (negative) peaks
slice is labeled with NOE assignments. Positive peaks are indicated in black. e indicated in black (red). The dashed lines indicate the positions of
No negative peaks appear at the noise level used here. The dashed line§Xpected diagonal peaks. The experiment was recordegsvaitiain-specific
indicate the positions of expected diagonal peaks. The experiment was 13C-labeled hemoglobin iH,0 solution (-1 mM protein tetramer, 20 mM
recorded with uniformly?>N-labeled calmodulin in &H,02H,O (90:10) NagPQs, pH 7.0, 31°C) on a Bruker Avance 500 MHz spectrometer
solution (1 mM protein, 5 mM CaGl pH 6.5, 25°C) on a Bruker Avance  €quipped with a cryoprobe. Complex pointsé4Dk 67(t2) x 512¢3) were
500 MHz spectrometer equipped with a cryoprobe. Complex points)90(  collected with spectral widths of 3008H), 3000 ¢*C), and 8012 Hz'H).
x 36(t2) x 512(s) were collected with spectral widths of 55064f, 1375 An interscan delay of 1 s, with 8 scans per increment, was used, resulting
(15N), and 8012 Hz {H). An interscan delay of 1 s, with 4 scans per in a total experimental time of 26 h for each data set. The mixing times
increment, was used, resulting in a total experimental time of 16 h for each Werezmix = 40 ms andrmix' = 35 ms. The post-acquisition scaling factor
data set. The mixing times weng,x = 80 ms andry,’ = 74 ms. The was 1 for the second data set.
post-acquisition scaling factor was 0.99 for the second data set.

range ofR(C)/R(H,C,) thanR(N,)/R(H,N,), excellent suppression

should be smaller than 3%, even for a small protein like ubiquitin of diagonals was obtained (typically6%; see Figure S2 of the

with 7,ix of 80 ms at a 500 MHz field. Supporting Information). The NOESYHSQC sequence with a
We have applied the pulse sequence shown in Figure 1 to anconstant-timé3C evolution period has also been applied to a chain-
15N-labeled sample of CaM, which consists mainly ahelical specific13C-labeled sample of hemoglobin (65 kDa) in which the

structures and gives rise to very poor dispersion of amide proton *H chemical shifts of most methyl groups distribute within a range
shifts (Figure S1A of the Supporting Information). The optimal of ~1.5 ppm. Figure 3 shows a number of slices taken from the
Tmix Value was found to be 0.9 tmix from a rough estimation of 3D spectra of hemoglobin witlC labeling for thes-chain. With

the averageR(H X, and R(X,) values based on 1BH spectra the excellent suppression of diagonal peaks, long-range-CiHi;
recorded with pulse sequences for measuR(tg,X,) andR(X,).1° NOEs close to diagonals (e.g., L¥b5-V11y,,V18y,—L144,, and
Experimentally, the optimal value was found to be 75 ms when V18y,—L1144,, Figure 3D,F) can be assigned.

Tmix = 80 ms. In practice, it is not necessary to optimizg’' since One can use the conventional NOESY spectrum to assign NOEs
one can scale the second data set to achieve best suppression d&r from the diagonal while using the difference spectrum to assign
diagonal peaks in data processing. The scaling factor is adjustedthe NOEs close to diagonal peaks. Thus, the sensitivity per unit
so that residual diagonals are weak and opposite in sign with respectime of this method is 71% (1/2) of the conventional one for

to the cross-peaks. This allows weak NOE peaks very near thecross-peaks far from the diagonal. For cross-peaks close to the
diagonal, and even NOE peaks at the diagonal, to be unambiguouslydiagonal, the sensitivity of the present method is 50% of the
identified. Residues located in nonregular secondary structure conventional one since the noise of the difference spectruf®is
regions can give rise to residual diagonal peaks with the same signtimes more than that of the individual spectrum. However, removal
as those of the NOE peaks. Therefore, these regions should beof the diagonal peaks greatly enhances the effective sensitivity.

identified prior to assigning weak NOEs at the diagonal. Removal of intense diagonal peaks also suppresses associated
Nearly complete suppression of diagonal peaks for most amidesartifacts, such as sinc-wiggles atn¢hoise. The experiment proposed

in CaM was achieved using this approach intaeditedH—1H here is far more sensitive than the TROSY-based methods for

NOESY (Figure S1 of the Supporting Information). Residual systems with little TROSY effect.
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