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Transverse relaxation optimized spectroscopy' (TROSY) tech-
niques in tandem with high levels of deuteration facilitate NMR
studies of increasingly large protein molecules and macromolecular
assemblies.” Since the original development of '’N—'H TROSY,'
the principles of TROSY have been extended to several other spin
systems encountered in proteins.>~> Methyl-TROSY? coupled with
selective '*CHj labeling of Ile, Leu, and Val side chains in otherwise
deuterated proteins has proven especially valuable for a number of
NMR studies of structure and dynamics of very large protein
systems.6_°

The principle of TROSY is based upon isolation of slowly
relaxing components of NMR signals.! In terms of experimental
design that means that the slowly relaxing coherences evolving
during the indirect detection period (#;) of a 2D NMR experiment
are to be selectively transferred to the slowly relaxing components
evolving during signal acquisition (#,) in a manner that precludes
an intermix between the “slow” and “fast” parts of the signal. In
the case of Methyl-TROSY, this is achieved by the simple
HMQC'*!" experiment.” However, preservation of both orthogonal
components of the coherences evolving during #; periods (preserva-
tion of equivalent pathways, PEP), accompanied by an ~+/2
increase in sensitivity,'*'? intrinsic to all implementations of
'>N—"H TROSY, is not easily achieved for '*CH; methyls attached
to large macromolecules. Here, we describe a 2D NMR experiment
for time-shared TROSY-based detection of amide (‘H—'°N) and
methyl ("*CH3) groups in large proteins that utilizes gradient-
enhanced preservation of equivalent pathways for both types of
spin systems simultaneously.

Formally, the gradient-selected PEP-HMQC pulse scheme shown
in Figure 1 satisfies the main requirements of the TROSY
magnetization transfer. Both orthogonal parts of the slowly relaxing
component (central line of the multiple-quantum methyl triplet)
present during the #, period are transferred to the slowly relaxing
proton coherences for acquisition (#,), so that between points a and
d in the scheme of Figure 1,

3
{ C)va - 4C),H;H/,HI:} COS(thI) -
W=
z { —H+ ZH;H’ZH’Z‘} cos(wcty) (1)
if=
and
{CAH,’)-' - 4C/\J—]’\H/Hk} sin(wet) =
=

i‘,il {%H’x - ZHLH{HIE} sinfwcty)  (2)

where C.and H. are product operators for carbon and proton nuclei,
respectively, r = x,y,z, and the sums run over all the methyl protons
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Figure 1. Pulse scheme for gradient-enhanced preservation of equivalent
pathways in '*CHj; 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 decoupling is achieved using a 2-kHz field.
Delays are: 7, = 2.0 ms; 0 = 500 us. The durations and strengths of pulsed-
field gradients in units of (ms;G/cm) are as follows: G1 = (1;15), G2 =
(0.3;10), G3 = (0.4;20), G4 = (0.25;15), G5 = (0.3;12), G6 = (0.4;—10).
Phase cycle: ¢1 = 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 f; value a pair of spectra are recorded with ¢3 = x;G6 and ¢3 =
—x;—G6 and manipulated postacquisition.'>'* The phase ¢1 is inverted
for each t; point.

(i # j # k), relaxation and the effect of gradients are neglected,
and we concentrate only on the slowly relaxing parts of the signal.
The phase-modulated signal represented by the sum and difference
of eqs 1 and 2 can be acquired and processed using the standard
gradient enhanced sensitivity scheme.'>"'* The two orthogonal
pathways have very different relaxation properties and have to be
“balanced” by the use of gradient coherence selection. Of note,
since the slow- and fast-relaxing components of the signal evolve
during #, in the opposite senses, the fast-relaxing part can be selected
for, if desired, simply by inversion of the sign of the gradient G6
(Figure 1).

However, this experiment does not lead to sensitivity gains when
compared to methyl-HMQC due to significant relaxation losses
occurring during the time period between points b and ¢ (Figure
1) when a part of the “slow” methyl coherences is temporarily
transferred to “fast” components in one of the two orthogonal
pathways. This represents a serious limitation of the scheme in
Figure 1. In fact, the average signal-to-noise ratio achieved in the
spectra recorded with the scheme of Figure 1 was only ~75 £
25% of that obtained in HMQC experiment recorded on both {U-
['N,?H]; Tle-['>*CH;]; Leu,Val-['>*CH3/'>CD;]}-labeled 8.5-kDa
Ubiquitin (UBI, 27 °C) and 82-kDa Malate Synthase G (MSG,
37 °C). In smaller proteins, a portion of these losses arises from
gradient selection of the “slow” part of the signal that contributes
only ~75%(85%) of the total methyl signal in UBI at 27 °C(5 °C).

The PEP-HMQC scheme of Figure 1 can be put to good use
when integrated into a more complicated pulse scheme for
simultaneous detection of '*CH; and 'H—'°N regions in NMR
spectra of large proteins. Such a pulse scheme is presented in Figure
2a, where TROSY-type magnetization transfer in '>*CHj groups (see

10.1021/ja8036178 CCC: $40.75 [ 2008 American Chemical Society
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Figure 2. (a) Simultaneous 2D 'H—'°N/"*CH; TROSY pulse scheme (see Figure 1 for definitions). The 'H, '°N, and '*C carrier frequencies are positioned

at 4.7, 119, and 23 ppm, respectively. The first water-selective 'H pulse has an E-BURP-

1'¢ shape and duration of 7 ms. Two 'H pulses marked with

asterisks are 1.25 ms time-reversed SNEEZE'” (phase y) and SNEEZE'” shapes, respectively, (600 MHz) with the center of excitation shifted to 8 ppm via
phase modulation of RF field for excitation of amide protons and the water signal. The pulse marked with double asterisks (¢3) is a 1.25 ms RE-BURP'®
pulse centered at —1.1 ppm via phase modulation of RF field for selective refocusing of methyl protons. Delays are as follows: 7, = 2.3 ms; 7, = 2 ms;
0=133ms; d = 0.5 ms; ¢ = 3.1 ms; e = 2.5 ms; €3 = 2.6 ms; €4 = 2.0 ms. Delays A; are carefully adjusted to avoid evolution of methyl 'H chemical
shifts before and during #; period: A; = 30 + pwn; A> = 30 + pwn + Pg3, where pwy is the length of nitrogen pulse, and Py3 is the length of the RE-BURP
pulse. Durations and strengths of pulsed-field gradients in units of (ms;G/cm) are as follows: G1 = (1;15); G2 = (0.3;5); G4 = (0.35;24); G5 = (0.35;16);
G6 = (0.25;15); G7 = (0.3;20); G8 = (0.35;—8). Phase cycle: ¢1 = 2(x),2(—x); ¢3 = y,—y; ¢4 = ¢5 = x; rec. = 2(x),2(—x). Quadrature detection in #; is
achieved via a gradient enhanced sensitivity scheme: for each #; value a pair of spectra are recorded with ¢4, ¢5 = x;G8 and ¢4, ¢5 = —x;—G8 and
manipulated postacquisition.'*™'* The phase ¢1 is inverted for each ¢, point. For active suppression of the anti-'H—'>N TROSY component (not employed
for MSG) the element enclosed in the dashed box should be included together with the adjacent open 'H 77 pulse.'® Then, G3 = (0.3;12); ¢2 = 2(45°),2(225°),
and ¢4 should be incremented by 45° in order to ensure the same phase for methyl and amide signals in . (b) Simultaneous "H—">N/'*CHj correlation map
recorded using the pulse sequence shown in (a) on the 0.5 mM sample of {U-['°N,?H]; Ile-['>*CH;]; Leu,Val-['*CH3/'>CDs]}-labeled MSG (37 °C, 600
MHz, 90% H>0/10% D-0, glyoxylate concentration = 250 uM). Spectral width is adjusted so that all the peaks of isoleucine methyls are aliased. Labeling

of Fy axis with '>N/'3C in units of ppm is solely for illustration purposes.
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Figure 3. Typical examples of chemical shift changes occurring upon
addition of glyoxylate to MSG for (a) the amide peak of W509 and (b)
V701 y1 methyl. The spectra were recorded as described in Figure 2.

above) is synchronized with the TROSY transfer in "H—'°N amides
implemented as described by Yang and Kay.'®

Separation between chemical shifts of amide and methyl proton
signals in #; preserves “slow” multiple-quantum coherences of
'3CH; without disturbing the slowly relaxing component of "H—"°N
amides through the use of selective proton pulses (Figure 2a).
Gradient strengths are adjusted for simultaneous selection of slowly
relaxing components of 'H—'">N and '*CHj signals. Although the
proposed experiment proves on average 24%(35%) less sensitive
than individual '"H—"N TROSY'> (HMQC>'°) experiments re-
corded on MSG (H;O, 37 °C), it translates to approximately the
same sensitivity per unit of acquisition time. Optimal sensitivity in
methyl-TROSY spectra of large proteins is, however, achieved when
the spectra are recorded in D,0, an advantage that has to be traded
for the convenience of observing both "H—"'N and '*CHj correla-
tion maps simultaneously.

The scheme of Figure 2 is well suited for NMR studies of ligand
binding to large proteins labeled with '°N and selectively labeled
with '*CHj; at a number of methyl sites. Methyls are more likely
to be positioned in the vicinity of protein binding sites than
backbone amides'® that are, nevertheless, more frequently used for
NMR-based screening. The experiment of Figure 2 allows one to
derive parameters of ligand binding to large proteins from the amide
and methyl regions of a single 2D spectrum. Figure 2b shows such
a 2D "H—"°N/">CHj correlation map obtained for the first titration

point of a 723-residue MSG with its native substrate glyoxylate.
Figures 3a,b show typical examples of ligand-induced changes in
chemical shifts of MSG. The methyl shift-derived dissociation
constant of the enzyme—substrate complex (Kq = 543 £ 27 uM
from 12 methyl peaks) is in excellent agreement with its amide-
derived counterpart (Kg = 546 £ 31 uM from 14 amide peaks).
We expect that the simultaneous '"H—'>N/"*C detection scheme
described here will serve as a useful addition to the array of
available TROSY-based techniques that facilitate NMR studies of
large proteins.
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