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Abstract A pair of HN-methyl NOESY experiments that
are based on simultaneous TROSY-type detection of amide
and methyl groups is described. The preservation of cross-
peak symmetry in the simultaneous 'H-'°N/'*CH; NOE
spectra enables straightforward assignments of HN-methyl
NOE cross-peaks in large and complex protein structures.
The pulse schemes are designed to preserve the slowly
decaying components of both 'H-'°N and methyl '*CH;
spin-systems in the course of indirect evolution (z,) and
acquisition period (#3) of 3D NOESY experiments. The
methodology has been tested on {U-[ISN,ZH]; Iled1-
['*CH;); Leu,Val-['*CH;,'*CD;]}-labeled 82-kDa enzyme
Malate Synthase G (MSG). A straightforward procedure
that utilizes the symmetry of NOE cross-peaks in the time-
shared 3D NOE data sets allows unambiguous assignments
of more than 300 HN-methyl interactions in MSG from a
single 3D data set providing important structural restraints
for derivation of the backbone global fold.
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Introduction

‘Ab initio’ determination of protein structures by solution
NMR techniques relies upon the ability to detect a ‘critical
mass’ of inter-proton NOEs that serve as a principal source
of distance restraints in structure calculations (Wiithrich
1986). In complex high-molecular-weight systems, the
measurement and assignment of all inter-proton NOE:s in a
protein molecule is hardly feasible due to severe resonance
overlap and fast relaxation of proton signals. Therefore,
approaches that utilize selective protonation and
3C-labeling of only a subset of sites in a large protein
while the rest of the molecule remains deuterated, are
becoming increasingly popular. Because of their favorable
relaxation properties, methyls are frequently positions of
choice for selective 'H/'’C incorporation (Rosen et al.
1996; Gardner et al. 1997). Robust methyl isotope labeling
strategies developed by Kay and co-workers, allow selec-
tive protonation of Ile(d1), Leué and Valy (ILV) sites in
otherwise deuterated proteins through the use of appro-
priate o-keto-acids as biosynthetic precursors in minimal
D,0O-based media (Gardner and Kay 1997; Gardner et al.
1998; Goto et al. 1999; Tugarinov and Kay 2004, 2005).
This labeling methodology has been successfully applied to
derive the NMR-based global backbone fold of the largest
monomeric protein studied by solution NMR, an 82-kDa
723-residue enzyme Malate Synthase G (MSG) (Tugarinov
et al. 2005; Tugarinov and Kay 2005).
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The reduction in the number of protons associated with
selective ILV protonation/labeling and the concomitant
decrease in the number of available distance restraints for
structure generation, make it especially important to maxi-
mize the number of identifiable NOEs in the ILV-labeled
protein samples. In the case of MSG, the NOEs involving
methyl signals represent by far the dominant source of
information for NMR-based structure derivation; 84.2% of
all long-range distance restraints used in the calculations of
the global fold of MSG involve methyl groups (Tugarinov
and Kay 2005). Among NOEs involving ILV methyls, HN-
methyl contacts are of special importance as one of the
partners is a backbone atom, an important consideration in the
derivation of backbone folds. 4D NOE spectroscopy has been
employed for identification and assignment of the majority of
NOE:s used in MSG backbone fold calculations (Tugarinov
et al. 2005). However, the total number of HN-methyl con-
tacts that could be identified in the 4D lHm—”Cm—lsN—lHN
HMQC-NOESY-TROSY (Muhandiram et al. 1993; Per-
vushin et al. 1997) spectrum of MSG was surprisingly low.
Only 57 HN-methyl restraints (i.e. 7.3% of the total final
number of distance restraints involving methyl groups in
MSG) and among those 11 long-range (li — jl > 3) NOEs
(2.1% of the total final number of long-range methyl NOEs)
could be obtained from this 4D data set. Inherently
low sensitivity of the 4D HMQC-NOESY-TROSY data
necessitated the acquisition of a pair of more sensitive 3D
"H,,~(1*C,)-""N-'HN and ('H,,,)-"*C,,—"°N-'"HN HMQC-
NOESY-TROSY experiments. These 3D spectra lack the
symmetry of NOE cross-peaks frequently leading to ambi-
guities in NOE assignments in such complex protein
structures as MSG where a single amide may provide cross-
peaks to several methyl positions. Here, we present a pair of
HN-methyl NOESY experiments that are based on simulta-
neous TROSY-type detection (Pervushin et al. 1997) of
amide and methyl groups recently developed in our group
(Guo et al. 2008). The preservation of cross-peak symmetry
in the simultaneous '"H-'°N/'*CH; NOESY spectra enables
straightforward assignments of HN-methyl NOE cross-peaks
even in large and complex protein structures. The pulse
schemes are designed to preserve the slowly decaying com-
ponents of both "H-'"N and methyl '>*CH, spin-systems in the
course of indirect evolution (#,) and acquisition period (#3) of
3D experiments making them suitable for structural studies of
proteins within at least 100-kDa molecular weight range.

Materials and methods
NMR sample

A sample of {U-["N,’H]; Tledl-['*CH;]; Leu,Val-
[13CH3,12CD3]}—1abeled MSG was prepared in D,O-based
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minimal medium as described in detail previously
(Tugarinov et al. 2002, 2005; Tugarinov and Kay 2004)
using U-[’H]-p-glucose as the main carbon source,
>N-ammonium chloride as the main source of nitrogen and
appropriate o-keto-acid precursors for selective methyl
labeling (Tugarinov and Kay 2005). The 0.9 mM protein
sample was dissolved in 90% H,0/10% D,0 and contained
25 mM sodium phosphate (pH 7.1), 0.05% NaN;, 5 mM
DTT, 20 mM MgCl,. Of note, although the Methyl-
TROSY effect (Ollerenshaw et al. 2003; Tugarinov et al.
2003) is maximized when methyl NMR spectra are recor-
ded on samples dissolved in D,O, H,O had to be used in
this work to make simultaneous detection of 'H-'°N
amides possible.

NMR spectroscopy

All NMR spectra were recorded on a 600 MHz ('H fre-
quency) Bruker Avance III spectrometer equipped with a
room-temperature triple-resonance probe-head operating at
37°C. The 3D SIM-'H,,/'"HN-NOESY-'°C,,—'H,/">N-'"HN
TROSY experiment has been recorded with 16 scans/fid and
(64, 64, 512) complex points in (#1, t,, #3) corresponding to
acquisition times of (22, 35, 64 ms). Relaxation delay of
1.2 s led to a total experimental time of 4.3 days. Spec-
tral widths (SW) in F;("H) and F»("°N/'*C,,) dimen-
sions correspond to 5 and 30/12 ppm, respectively. The
3D SIM-"°C,/'N-NOESY-"*C,—'H,/">’N-'HN TROSY
experiment has been recorded with 24 scans/fid and (40, 64,
512) complex points in (¢, f, t3) corresponding to acquisi-
tion times of (22, 35, 64 ms). Relaxation delay of 1.2 sled to
a total experimental time of 4.3 days. SW in F J(BN/BCL)
and F,>(">N/'3C,,,) dimensions was 30/12 ppm. NOE mixing
time of 190 ms was used in both experiments.

All NMR spectra were processed with the NMRPipe/
NMRDraw suite of programs (Delaglio et al. 1995). Each
3D data set has been separated onto two sub-spectra: (1)
downfield, and (2) upfield of the water resonance in the
acquisition (F3, lHN) dimension. This separation allows
convenient labeling of the time-shared dimension (F3)
in the separated spectra with "N or '*C chemical
shifts. The frequency-domain data of the 3D SIM-'H,/
'HN-NOESY-"*C,—'H,/"’N-'"HN TROSY experiment
have been circular-shifted down-field by 4.2 ppm in the
F l(le/lHN) dimension ensuring double-aliasing (42 x
SWkg;) of all diagonal methyl peaks. All isoleucine J1
methyl signals are aliased in the F 2(13Cm) dimension of the
3D SIM-'H,/'HN-NOESY-'*C,-'H,/"°N-'HN TROSY
data set, and in both F 1(13Cm) and F2(13Cm) dimensions
of the 3D SIM-'*C,/'’N-NOESY-'°C,~'H,/"°N-'HN
TROSY data set. The spectra have been analyzed with the
program NMRView (Johnson and Blevins 1994) using
Tcl/Tk scripts written in house.
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Results and discussion

The gradient enhanced PEP-HMQC scheme for methyl
groups in large proteins

Although the concept of time-sharing in NMR experiments
originally proposed by Sgrensen (1990) and Farmer (1991),
has been widely utilized in protein NMR (Boelens et al. 1994;
Sattler et al. 1995; Wiirtz et al. 2007) and applied to NOE
spectroscopy in a number of earlier studies (Farmer and Mu-
eller 1994; Pascal et al. 1994; Uhrin et al. 2000; Xia et al.
2003; Frueh et al. 2006; Xu et al. 2007), none of available
implementations of '>N/'*C time-sharing preserves the slowly
relaxing components of both '>N—"H and '*CHj spin-systems
simultaneously in a TROSY-based manner in the course of
indirect evolution and acquisition periods. The implementa-
tion of a 2D Methyl-TROSY (Methyl-HMQC) experiment
(Ollerenshaw et al. 2003; Tugarinov et al. 2003) that ensures
preservation of equivalent pathways (PEP) (Kay et al. 1992;
Palmer et al. 1991; Schleucher et al. 1994) on the one hand,
and allows preservation of the slowly relaxing magnetization
in '3CH; spin-systems during both ¢, and 1, evolution periods
on the other hand, is germane to simultaneous 15N—lH/13CH3
time-shared TROSY-based experiments (Guo et al. 2008).
Therefore, we start by providing a brief description of the
gradient-selected PEP-HMQC (Bax et al. 1983; Mueller
1979) pulse scheme for methyl groups (Fig. 1a) using single-
transition operators. Figure 1b shows an energy level diagram
and the corresponding 'H transitions of interest for an isolated
methyl group. For simplicity, although a '*CHj; methyl group
is considered, the ‘'*C contributions’ to the energy level
diagram have been omitted from the figure. In the macro-
molecular limit and under the assumption of very rapid
rotation about the methy] three-fold axis the relaxation of each
of the single quantum 'H coherences, denoted by the vertical
lines in Fig. 1b, occurs in a single-exponential manner with
fast (R2 o blue arrows) or slow (R2 > red arrows) rates (Kay
and Prestegard 1987; Tugarinov et al. 2003).

The element of this pulse-scheme enclosed in dashed
rectangle in Fig. 1a achieves the TROSY-like magnetization
transfer in '>CH; groups as follows. Considering only the first
step of the phase-cycle and neglecting pulsed field gradients
and relaxation for the moment, at time-point a of the scheme
(following the ¢, period; Fig. 1a) the density operators of the
two orthogonal components of the slowly relaxing part of
'3CH; magnetization, of, and 039(, are given by,

oyg—zcy(|z><3|+|3><z+ )61+ 216)(5] + 2 7))

+%|8><7|>cos(wct1) (1)
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Fig. 1 a Pulse scheme for gradient-enhanced preservation of
equivalent pathways (PEP) in '*CH; methyls of large proteins. All
narrow (wide) rectangular pulses are applied with flip angles of
90(180)° along the x-axis unless indicated otherwise. All 'H and "*C
pulses are applied with the highest possible power; '*C WALTZ-16
(Shaka et al. 1983) decoupling is achieved using a 2-kHz field.
Delays are: 7, = 2.0 ms; 6 = 500 ps. The durations and strengths of
pulsed-field gradients in units of (ms; G/cm) are: Gl = (1; 15),
G2 = (0.3; 10), G3 = (0.4; 20), G4 = (0.25; 15), G5 = (0.3; 12),
G6 = (0.4; —10). Phase cycle: ¢l =x,—x; ¢2 = 2(x),2(—x);
¢3 = x; rec. = x,—x. Quadrature detection in #; is achieved via a
gradient enhanced sensitivity scheme: for each #; value a pair of
spectra is recorded with ¢3 = x; Gg¢ and ¢3 = —x; —Gg and
manipulated post-acquisition (Kay et al. 1992; Schleucher et al.
1994). The phase ¢1 is inverted for each #; point (Marion et al.
1989). b Energy level diagram for the (">C)H; spin-system of a
methyl group. Slow (fast) relaxing single-quantum 'H transitions are
shown with red(blue) arrows. The eight 'H eigenstates are depicted
by li,j,k > (i,j,k € {o,}). The spin quantum numbers, I, of the three
manifolds are labeled on the diagram

S =—2Cx<l2><3|+|3>(2+ |5><6|+ 16)(5]
L+ Ls) <7|)sin<wcn> @)

In Egs. 1 and 2 Cy, is the Q € {X,Y,Z} component
of C spin angular momentum and operators are written
in terms of individual transitions, with the
eigenfunctions lj> defined as in Fig. 1b. After the '*C
pulse (¢3) and the subsequent 27, period followed by a
pair of lHy/l3Cy pulses (time point b in Fig. 1a), the two
orthogonal components of the slow-relaxing part will
transform to,
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s P12 = 12)(1] + [3)(4] — 4)(3))
oyp = | +7i(12)(3] = 13)2]) +3i(I5)(6] — [6)(5] + [7)(8] — [8){7]) | cos(wen) (3)
— (1) = [4)(1])
B (1)(3]+13)(1] — [2)(4] - [4)(2]) .
oxp = 2Cz | +3 (1202 = 13)(3]) = 3(I5)(5] = 16){6] + |7){7] — [8)(8]) | sin(ewct) (4)
=31 = [4)¢4])

Here, the ‘slow’ '*CH; magnetization is temporarily
converted to a mixture of ‘fast’ 'H transitions, ‘slow’ 'H
transitions and triple-quantum transitions for one of the
orthogonal components (a5, »in Eq 3; see also Fig. 1b) and
a mixture of double-quantum '"H coherences and polari-
zation states for the other component (¢}, in Eq. 4; see
Fig. 1b). At time-point ¢, however, the density matrix will
be restored to,

Ao = =2C2(1231+ 1321 + 31961 + 316)(5

#3450 Jeos(oen) (9

and

Oy = 2Czl<|2><3| |3><2\+ |5><6|—*|6><|

M —;8><7) (o) (6)

Equations 5 and 6 show that the 90° 'H pulse
immediately preceding the time-point ¢ (Fig. la)
quantitatively  restores the slowly relaxing 'H
magnetization (transitions shown with red arrows in
Fig. 1b) leaving it in an anti-phase state with respect to
3C. The last 27, period simply refocuses methyl 'H
magnetization with respect to '*C before acquisition giving
at point d (Fig. 1a),

A= =i(1261 - 1321+ 1961 - 316)(5
o -1 |8><7|)cos<wcn> )
A= -0+ 31+ 51561+ 10)

FImE |8><7|)sm<wcn> ®

The sum and the difference of the magnetization
represented by G‘;’d and a;’d in Egs. 7 and 8 effectively
represents a phase-modulated signal that can be acquired

@ Springer

and processed using the standard gradient enhanced
sensitivity scheme (Kay et al. 1992; Schleucher et al.
1994). Importantly, the two orthogonal pathways have
different relaxation properties as between points b and ¢ in
Fig. la the density matrix elements given in Egs. 3 and 4
will relax very differently. It is, therefore, critical to
‘balance’ the two pathways by the use of gradient
coherence selection in order to avoid the generation of
quadrature artifacts in the spectra.

Fast relaxation of the density matrix elements created
by the application of the 90° proton pulse immediately
preceding point b in the pulse-scheme of Fig. la (given
by o” and aXh in Egs. 3 and 4 represents the major
hmltatlon of such a PEP-HMQC scheme. Indeed, the 90°

H, pulse before point b (partially) converts the ‘slow’
coherences to the ‘fast’ ones in one of the orthogonal
pathways (Eq. 3). Since some inter-mix between the fast-
and slow-relaxing parts is allowed in the scheme of
Fig. la, it represents only a quasi-TROSY approach. That
is why the preservation of equivalent pathways in this
case is not associated with an increase in sensitivity, with
the signal-to-noise values attainable using the scheme of
Fig. 1a on the order of % of the signal-to-noise in a
regular Methyl-HMQC experiment performed in H,O
(Guo et al. 2008). Furthermore, differential relaxation of
the density matrix elements in Eqgs. 3 and 4 can lead to
some ‘leakage’ of magnetization from the fast-relaxing
terms present between points b and c¢ to the slow-relaxing
coherences at point d before direct signal acquisition.
Accurate numerical simulations of this effect would
require the knowledge of exact relaxation rates of all
types of transitions in Eqgs. 3 and 4. These relaxation rates
would in turn strongly depend upon the proximity of a
given methyl to other protons in the protein structure.
However, approximate estimates show that such a ‘fast-
to-slow leakage’ of magnetization is a small effect and
should not exceed ~10-15% of the total intensity of the
‘slow’ part of the signal at point d of the scheme
(Fig. 1a).

The same analysis as above performed for the fast-
relaxing orthogonal parts of the signal, o¥ and o%, gives
from the time-point a (Fig. 1a),
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050 = V3Cy(|1)2] + [2)(1] + 3)(4] + |4) (3] )cos(wct)

9)
0% o = —V3Cx(|1)(2] + [2)(1] + [3) (4] + |4)(3)sin(ewctr)
(10)
to the time-point d,
Oya = —?i(llml = [2)(1] + [3)(4] — [4)(3])cos(wctr)
(11)

y

Oxa = — (D + 2)(H] + [3){4] + [4) 3])sin(wct)
(12)

The fast-relaxing part of the signal is restored at point d
and can be treated in the same manner as described above
for its slow-relaxing counterpart. However, the density
matrix elements of 0; ¢ in Eq. 12 have opposite signs
compared to G)S(.d in Eq. 8. As a result, the slow- and fast-
relaxing components of the signal during ¢, evolve in the
opposite senses. Therefore, the fast-relaxing part can be
selected for, if necessary, simply by inversion of the sign of
the gradient G6 in Fig. 1a (Guo et al. 2008).

[OS)

3D NOESY pulse schemes with simultaneous detection
of amide and methyl groups

Figure 2a shows a pulse scheme for a 3D SIM-'H,,/'HN-
NOESY-"°C,—'H,/'’N-'"HN TROSY experiment with
simultaneous detection of amide and methyl groups (Guo
et al. 2008) where TROSY-type magnetization transfer in
3CH; methyls (see Fig. la and discussion above) is syn-
chronized with the "H-'>N amide TROSY transfer (Pervushin
et al. 1997) in the implementation of Yang and Kay (1999).
The use of selective proton pulses of SNEEZE variety (Nu-
zillard and Freeman 1994) (marked with single asterisks in
Fig. 2) that selectively excite the HN-amide region of the
spectra and the RE-BURP (Geen and Freeman 1991) pulse
(double asterisks in Fig. 2) that excites the methyl region
exclusively, preserves the ‘slow’ multiple-quantum coher-
ences of >CHj groups in 1, and #; without disturbing the
slowly relaxing component of "H-'’N amides (Guo et al.
2008). Simultaneous gradient selection of slowly relaxing
components of "H—"°N and '*CHj signals is possible through
application of a bipolar pair of gradients G4 while carbon
magnetization is aligned along the z-axis. The strengths of
coherence-selection gradients (G4, G5 and G8) are adjusted to
simultaneously satisfy the following relationships,

G5/G8 = —yu/2yc (13)
(G4 + G5)/G8 = —yu/27n (14)

where y; is the gyromagnetic ratio of nucleus i.

Generally, all types of inter-proton NOEs are detected in
the experiment of Fig. 2a. The flow of magnetization can
proceed along any one of the following pathways,

Hn ()25 H,, — 3Co(1) — Hin(13) (I)
Hon (1) 25 THN — N(1,) — "HN(13) (1)
1 NOE 15 1

HN(#;)— "HN — °N(f,) — 'HN(z;) (1)

THN(1) "5 Hy — ¥Cu(f2) — 'Ha(3) (IV)

As opposed to a similar study by Wagner and
co-workers where all NOEs were extracted from a single
time-shared experiment (Frueh et al. 2006), here we
concentrate on pathways II and IV that provide
(symmetric) methyl-HN and HN-methyl NOE cross-
peaks. Due to a limited chemical shift dispersion of
methyl "H resonances (98% of all 'H,, chemical shifts are
clustered in the region between 0 and 1.4 ppm in MSG), it
is possible to adjust the spectral width in the F ((‘'Hyy)
dimension of the experiment in Fig. 2a so that the overlap
between methyl-methyl (pathway I), HN-HN (pathway III)
and methyl-HN NOEs is minimal (SWg; = 5 ppm used in
this work, see ‘Methods’). Of note, the equilibration of
water-suppression quality between the real and imaginary
points in #; is achieved via incrementation of ¢1 by 45°
(Fig. 2a) (Stonehouse et al. 1994).

Figure 2b shows a pulse scheme element to be used in a
3D SIM-"C,/"’N-NOESY-"’C,~'H,/'""’N-"HN TROSY
experiment where all the interacting protons are labeled
with the 'N/"*C chemical shifts of attached heteronuclei.
Here, methyl magnetization is preserved in a multiple-
quantum Methyl-TROSY state (Tugarinov et al. 2003) in t,
via application of selective SNEEZE pulses with excitation
profiles restricted to the amide region (Fig. 2b). The phases
of these selective 'H pulses and the phase ¢4 of the
RE-BURP methyl-selective pulse are adjusted such that the
sign of HN-methyl NOE cross-peaks is opposite to that of
HN-HN and methyl-methyl NOEs. A phase-cycling pro-
cedure can be implemented that separates HN-methyl NOE
peaks from HN-HN and methyl-methyl cross-peaks by
addition/subtraction of sub-spectra (Frueh et al. 2006). As
the spectrum of Fig. 2b was only occasionally used in the
assignment process (see below), such a procedure has not
been implemented here.

The simultaneous 'H-""N/"3*CH; TROSY-type detection
scheme of Guo et al. 2008, leads to average sensitivity
losses of 24% and 35% in comparison with individual 2D
"H-'>N TROSY (Yang and Kay 1999) and Methyl-HMQC
(Tugarinov et al. 2003) experiments recorded on MSG in
H,O (37°C), respectively (Guo et al 2008). Using well
separated diagonal and cross-peaks in the amide regions of
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Fig. 2 Pulse schemes for the time-shared a 3D SIM-'H,/'HN- methyl 'H chemical shifts before and during #, period:

NOESY-'*C,~'H,/'">’N-'"HN TROSY, and b 3D SIM-'3C,/"*N-
NOESY—BCm—'Hm/]5 N-'HN TROSY experiments. All narrow
(wide) rectangular pulses are applied with flip angles of 90(180)°
along the x-axis unless indicated otherwise. All 'H and '*C
rectangular pulses are applied with the highest possible power, while
13C WALTZ-16 (Shaka et al. 1983) decoupling is achieved using a 2-
kHz field. The 'H, '*N and '*C carrier frequencies are positioned at
4.7, 119 and 23 ppm, respectively. Water-selective 'H pulses shown
with open gaussian shapes at half-height have an E-BURP-1 shape
(Geen and Freeman 1991) and duration of 7 ms. 'H pulses marked
with asterisks are 1.25 ms time-reversed SNEEZE (phase y) and
SNEEZE shapes (Nuzillard and Freeman 1994), respectively,
(600 MHz) with the center of excitation shifted to 8 ppm via phase
modulation of RF field (Boyd and Soffe 1989; Patt 1992) for
excitation of amide protons and the water signal. The pulse marked
with double asterisks (¢4) is a 1.25 ms RE-BURP pulse (Geen and
Freeman 1991) centered at —1.1 ppm via phase modulation of RF
field for selective refocusing of methyl protons. The second '*C pulse
in (b) shown with dashed lines is of a composite 90, — 240, — 90,°
variety (Ernst et al. 1987). Delays are: 7,=2.3 ms; 1, =2 ms;
o=133ms; 6§ =0.5ms; ¢ =3.1ms; ¢ =2.5ms; ¢ = 2.6 ms;
&4 = 2.0 ms. Delays A; are carefully adjusted to avoid evolution of

2D F l(le/ 13Cm)/F3(1HN) spectra we have verified that
the experiments in Figs. 2a and b suffer from similar
sensitivity losses in comparison with the previously
recorded 'H,~(*C,)-"’N-'HN and ('H,,)-'*C,-"°N-
'HN HMQC-NOESY-TROSY data sets. In particular,
the SIM-'H,/'HN-NOESY-"’C,,—'H,/'’N-'"HN TROSY
experiment (Fig. 2a) proves to be on average 14% less
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Ay =30 + pwn; Ay =36 + pwn + Pya, where pwy is the length
of nitrogen pulse, and Py, is the length of the RE-BURP methyl-
selective pulse. ‘MIX’ denotes NOE mixing period. Durations and
strengths of pulsed-field gradients in units of (ms; G/cm) are:
GO = (1; 15); Gl = (1.2; 15); G2’ = (0.2; 10); G3' = (0.2; 12);
G2 = (0.3; 5); G4 = (0.35; 24); G5 = (0.35; 16); G6 = (0.25; 15);
G7 = (0.3; 20); G8 = (0.35; —8). Coherence-selection gradients (G4,
G5 and G8) are shown with open rectangles. Phase cycle is:
a ¢l =45°225°% P2 =2(x),2(—x); ¢4 =y,—y;, ¢S5 =6 =x;
rec. = x,—x,—x,x; b ¢l =x,—x; ¢$2 = 2(x),2(—x); P4 = x,—x;
¢S5 = ¢6 = x; rec. = x,—x,—x,x. Quadrature detection in f; is
achieved via States-TPPI (Marion et al. 1989). Quadrature detection
in t, is achieved via a gradient enhanced sensitivity scheme: for each
t, value a pair of spectra is recorded with ¢5, ¢6 = x; G8 and ¢5,
¢6 = —x; —G8 and manipulated post-acquisition (Kay et al. 1992;
Schleucher et al. 1993). The phase ¢2 is inverted for each ¢, point.
For active suppression of the anti-'H-'>N TROSY component
(not used for MSG) the element enclosed in dashed box should
be included together with the adjacent open 'H 7 pulse. Then,
G3 = (0.3; 12); ¢p3 = 2(45°),2(225°), and ¢5 should be incremented
by 45° in order to insure the same phase for methyl and amide signals
in F2

sensitive than its 'H,~("*C,,)-">"N-"HN HMQC-NOESY—
TROSY counterpart, whereas the SIM-BCm/ ISN-
NOESY-"°C,,—'H,/">N-"HN TROSY experiment (Fig. 2b)
features a sensitivity loss of 38% on average compared to
the (‘H,)-"C,—"°"N-'"HN HMQC-NOESY-TROSY
spectrum. However, sensitivity losses notwithstanding, the
preservation of HN-methyl cross-peak symmetry in the
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Fig. 3 Cross-peak symmetry- a) T

based assignments of long-
range HN-Methyl NOEs in
{U-["°N,*H]; Tle-[°CH;];
Leu,Val-['*CH,/'?CD;]}-MSG
(37°C, 600 MHz) using the 3D
SIM-'H,,/'HN-
NOESY-'*C,~'H,,/'">’N-"HN
TROSY spectra recorded with
the pulse scheme of Fig. la.
Shown in (a, b) and (d, e) are
the regions of Fi(‘"HY/
F5("HN/'H,,) 2D planes drawn
at Fo(">N/'3C,)) chemical shift
of a F216 amide

(Qn = 118 ppm), b L21061
methyl (Qc = 28.1 ppm) and
d A113 amide

(Qn = 119.7 ppm), e 123652

10

11

methyl (Qc = 22.5 ppm). : P

Diagonal peaks are labeled with
residue numbers. Shown in (c, f)

118 0.98 117

are the regions of F,(‘HY/
Fz(lsN) 2D planes drawn at
F3('NH) chemical shifts of (c)
the amide of F216

(Qun = 7.83 ppm), and (d) the
amide of A113

(Qun = 6.65 ppm). Such 2D
cross-sections through the 3D
spectrum are useful in locating
the symmetrical NOE cross-
peaks in the 3D data matrix (see
text). Note that methyl diagonal
peaks are double-aliased in the
F1(*H) dimension and their true
chemical shifts are obtained by
subtraction of

2 x SWg; = 10 ppm from the
observed values (see ‘Methods’)
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'HN(ppm)
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"H-'>N/'*CHj; time-shared data significantly simplifies the
process of NOE assignments in the overcrowded spectra of
large protein molecules.

Despite lower sensitivity of the experiments described
here, 333(127) HN-methyl NOEs(long-range HN-methyl
NOEs, li — jl > 3) could be identified and assigned in the
time-shared data sets of Fig. 2 recorded at 600 MHz on a
room-temperature probe compared to 357(142) HN-Methyl
NOEs available from 3D 'H,—~('C,)-">N-'HN and
(‘H,,)-"3C,,—~">’N-'"HN HMQC-NOESY-TROSY data sets
acquired previously by Tugarinov et al. 2005 at the same
spectrometer field using a cryogenically cooled probe.
Below, we illustrate with a couple of examples that cross-
peak symmetry in the simultaneous 'H-"°N/'*CH; time-
shared NOESY data is of great aid for unambiguous NOE
assignments.

6.52

119.6 118.6

5N (ppm)

120.6

Symmetry-based identification of HN-methyl NOEs
in MSG

Both the 3D 'H,—~("*C,)-'>N-'HN and ('H,)-">C,—
'N-"HN HMQC-NOESY-TROSY experiments used for
assignments of HN-methyl NOEs in MSG (Tugarinov et al.
2005) lack cross-peak symmetry. When several NOE
cross-peaks originate from a single amide, these spectra do
not contain sufficient information on the 'H-">C connec-
tivity. For example, in the case when three cross-peaks
originate from a single amide in each of the two spectra,
there are nine possibilities for the "H-'*C connectivity. The
number of possibilities can be reduced by inspection of the
2D 'H-"*C HMQC spectrum for the presence/absence of
peaks at a given pair of 'H,">C chemical shifts. However,
2D methyl 'H/'’C correlation maps of such large
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Fig. 4 Symmetry-based assignment of intra-residual HN-Methyl
NOEs in {U-[""N,*H]; Ile-['*CH;]; Leu,Val-['"*CHs/'*CD;]}-MSG
(37°C, 600 MHz) using both (a, b) 3D SIM-'H,/'HN-
NOESY-'*C,~'H,/'">’N-'"HN TROSY and (¢, d) SIM-'3C,/"*N-
NOESY-*C,~'H,/'>’N-'"HN TROSY time-shared experiments
recorded with the pulse-schemes shown in Figs. 2a and b, respec-
tively. Shown in (a, b) are the regions of Fi("H)/F5("HN/'H,,,) 2D
planes drawn at F»("*N/'3C,,) chemical shift of (a) the amide of V581
(Qn = 116.9 ppm), (b) V58172 methyl (Qc = 20.3 ppm). Panels (c,
d) show the cross-peak symmetry obtained in the SIM-"3C,./"°N-
NOESY-"C,,—'H,/'">’N-"THN TROSY experiment. Negative peaks
are shown with red contours; diagonal peaks are labeled with residue
numbers. The spectra in panels (¢) and (d) are labeled with 13C and
5N chemical shifts along the F; dimension, respectively, so that only
(negative) HN-methyl NOE cross-peaks are characterized by correct
frequency labeling (in ppm) facilitating the identification of "*N/'*C
chemical shifts of destination nuclei

monomeric proteins as MSG tend to be overlapped fre-
quently precluding unambiguous assignments. Furthermore,
the problems of NOE assignments and establishing the
correct 'H-">C connectivity are often aggravated by overlap
of resonances in either 'H,—'>C,~"°N-'HN HMQC-
NOESY-TROSY or (‘Hp)-"C,—""N-'"HN HMQC-
NOESY-TROSY experiment or both. Such ambiguities

@ Springer

frequently make NOE assignments unreliable. Obviously,
the HN-methyl NOE symmetry may be restored by
recording additional 3D 'HN—("’N)-'*C,-'H,, and
("HN)-""N-"*C,,—'H,,, HSQC-NOESY-HMOQC data sets at
the expense of approximately twice more instrument time.
Instead, the cross-peak symmetry is conveniently restored in
the time-shared NOESY datasets recorded with simulta-
neous amide-methyl detection schemes of Fig. 2.

Figure 3a, b, d and e shows F,(‘H)/F;(*HN/'H,,) 2D
planes of the 3D SIM-'H,/'HN-NOESY-"°C,-'H,/
N-"HN TROSY spectrum of {U-['’N,?H]; Ile-['*CHj;];
Leu,Val-['>*CH3/'?CD;]}-MSG drawn at F,(">N/°C,,)
chemical shifts of F216 amide (3a), L21061 methyl (3b),
A113 amide (3d) and L2362 methyl (3e). Symmetrical
cross-peaks identify NOE interactions between the amide
of F216 and L21061 methyl (3a and 3b) and between the
amide of A113 and 123662 methyl (3d and 3e). The dis-
tances between the geometric center of L21001(1.23662)
methyl protons and the amide proton of F216(A113)
measured from the X-ray structure of MSG (Howard et al.
2000) correspond to 3.1 Aw@.1 A). Clearly, symmetry is of
great help for NOE cross-peak assignments. Symmetric
peaks can be located in the 3D data matrix by inspection of
Fi("H)Y/F>(*>N) 2D planes drawn at F’ 5(\NH) chemical shift
equal to the F;(‘H) chemical shift of the cross-peak of
interest as it is illustrated in Fig. 4c for the L21001-
F216HN interacting pair and Fig. 4f for the L23662-
A113HN pair. Note that in F;(*H), "HN chemical shifts
will differ from their values in F5("HN) by —'Jyu/2, where
!Jxw is a one-bond "’N='H coupling constant (+0.08 ppm
at 600 MHz; 'Jyy < 0), by virtue of the non-TROSY-type
acquisition in the F;("H) dimension and the TROSY-type
acquisition in F5("HN) (see Fig. 2a).

The vast majority of NOE cross-peaks in MSG can be
assigned using the symmetry properties of a single
time-shared SIM-'H,,/'HN-NOESY-"C,,,~'H,,/'’N-"HN
TROSY experiment. In some cases (and especially for
intra-residual NOE interactions), it may be helpful to refer
to the 3D SIM-')C,/"’N-NOESY-'°C,—'H,/'°N-'HN
TROSY data (experiment of Fig. 2b). This latter experi-
ment is, however, less sensitive than its proton-based
counterpart and is a source of primarily intra-residual NOE
interactions. Figures 4a—d show how NOE assignments can
be obtained using both experiments for the intra-residual
interaction between the amide of V581 and its y2 methyl
group. The signs of HN-methyl cross-peaks (shown with
red contours in Fig 4c and d) are opposite to the signs of all
the other cross- and diagonal peaks in this spectrum. Note
that >N chemical shifts of NOE cross-peaks in the F;
dimension, will differ from their values in F>('°N) by "Jyn/2
(—0.8 ppm at 600 MHz), as a result of the non-TROSY
type of acquisition in F;(*°N) and the TROSY-type
acquisition in F>("°N).
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In summary, we have presented a pair of NOESY
experiments with simultaneous TROSY-based detection of
amide and methyl groups for identification of HN-methyl
NOE interactions in high-molecular-weight proteins. The
symmetry of cross-peaks in the resulting data sets is of
great aid for assignments of HN-methyl NOE:s in large and
complex protein structures. The pulse schemes are
designed to preserve the slowly decaying components of
both "H-""N and methyl '*CHj; spin-systems in the course
of indirect evolution (z,) and acquisition period (z3) of 3D
NOESY experiments. More than 300 HN-methyl NOEs
and more than 100 long-range (li — jl > 3) HN-methyl
interactions could be identified and assigned in
{U-['N,’H]; Tled1-[°CHs]; Leu,Val-['’CHs,'*CDs]}-
labeled MSG from a single 'N/'*C time-shared 3D
NOESY data set acquired using simultaneous amide-
methyl detection scheme providing important distance
restraints for the derivation of backbone global fold. We
hope that the experiments described here will serve as a
valuable addition to the array of NMR techniques suitable
for the studies of large proteins.
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