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Abstract

In experiments with proteins of molecular weights around 100 kDa the implementatidiNotHi]-TROSY-
elements in}°N]-constant-time triple resonance experiments yields sensitivity enhancements of one to two orders
of magnitude. An additional gain of 10 to 20% may be obtained with the use of ‘sensitivity enhancement elements’.
This paper describes a novel sensitivity enhancement scheme which is based on concatenatié8bfth&N
magnetization transfer with the ST2-PT element, and which enables proper TROSY selectiotPhif ttdtiplet

components.

Abbreviations3D, three-dimensional; ct, constant-time; INEPT, insensitive nuclei enhanced by polarization trans-
fer; PFG, pulsed field gradient; rf, radio-frequency; ST2-PT, single transition-to-single transition polarization
transfer; TPPI, time-proportional phase incrementation; TROSY, transverse relaxation-optimized spectroscopy.

For protein sizes around 100 kDa the implementa-
tion of [*°N,'H]-TROSY elements (Pervushin et al.,
1997) in [°N]-constant-time (ct) triple-resonance ex-
periments yields sensitivity enhancements of one to
two orders of magnitude (Salzmann et al., 1998; Salz-
mann, 1999). This intrinsic gain is due to the opti-
mization of thel®N transverse relaxation during the
long 1°N-to-13C and?3C-to-1°N magnetization trans-
fer periods. There is room for further improvement us-
ing ‘sensitivity enhancement elements’ (Palmer et al.,
1991, 1992; Kay et al., 1992; Yang and Kay, 1999a),
since no transverse relaxation optimization is applied
during the magnetization transfer steps betw&dh
andH. In our previous implementations of TROSY
into triple resonance experiments (Salzmann et al.,
1998, 1999a,b), the single transition-to-single transi-
tion polarization transfer element (ST2-PT; Pervushin

ponent of the'H doublet. Similar to the sensitivity
enhancement schemes (Kay et al., 1992; Palmer et al.,
1992; Muhandiram and Kay, 1994) that were pre-
viously introduced into conventional triple-resonance
experiments (Montelione and Wagner, 1989, 1990;
Ikura et al., 1990; Grzesiek and Bax, 1992), the ST2-
PT element increases the overall duration of a triple
resonance experiment by 5.4 ms, so that part of the
intrinsic sensitivity gain is offset by the additional
relaxation losses. To overcome this limitation, an al-
ternative signal transfer and selection element was
recently proposed for triple-resonance experiments
containing f°N,'H]-TROSY elements (Yang and Kay,
1999a,b), which is based on a two-spin order pathway
in the place of the multiple-quantum coherences used
inthe ST2-PT element. This procedure did result in an
additional sensitivity increase of about 10% due to the

etal., 1998) was used to selectively transfer the narrow reduction of the overall duration of the pulse sequence,

component of the®N doublet to the narrow com-

*To whom correspondence should be addressed.

but this gain was achieved at the expense of losing
proper TROSY selection of the narrow components in
both thew1(**N) and thewsz(*H) dimensions. The re-
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sulting spectra thus contain also a broad peak for each
I5N-1H group, which is the composite of the broad
components of th&N andHN doublets. These broad
peaks are suppressed by rapitl relaxation for'>N-

1H groups located in the core of large proteins, but
tend to be preserved for more flexible parts of large
proteins, or when working with smaller molecules.
Proper TROSY selection of the spectral components is
therefore clearly desirable. Here, we describe an alter-
native sensitivity enhancement procedure that does not
compromise the single-transition component selection
by the ST2-PT element. It is based on incorporating
the first part of the ST2-PT element into thi&c* —

15N magnetization transfer period, which shortens the
overall duration of the triple-resonance experiment by
5.4 ms, with a concomitant 10 to 20% increase in
sensitivity.

The new approach to sensitivity optimization is
illustrated with the sensitivity-enhanced®N,1H]-
TROSY-HNCA experiment for?H,*3C °N-labeled
proteins. The initia'H magnetization at time point
a (Figure 1) is transferred vi&®N to 13C* by two
successive INEPT steps from time poiat$o ¢, and
c to d, respectively. Between time pointband e,
3¢ evolves only with thé3C* chemical shift, since
15N, 13cO and?H are decoupled during, and short
values fortomax are chosen to minimize the evolu-
tion under thetJ(13C*,13CP) scalar couplings (Wider,
1998). During>(13C) thel®N spin-selective state with
regard to®N-1HN is preserved, since no rf-pulses
are applied ontH (Pervushin et al., 1997). After
the 90(*3C) and 90(*°N) pulses at time poing the
15N chemical shift is recorded during the g(*°N)
evolution period (Vuister and Bax, 1992) up to time
pointf, with tymax= T — 2t. During the period from
time pointse to g, the®N magnetization is refocused
with regard to the scalar couplings (*°N,13C%) and
2J(*5N,13c%). From time pointd to g this refocusing
period is concatenated with the first half of the ST2-
PT element (Pervushin et al., 1998). After thé @81)
and 90(*°N) pulses at time poing there follows the
second half of the ST2-PT element, and at time point
h the transfer of°N single-transition coherence téf
single-transition coherence is completed.

The initial [**N,'H]-TROSY-HNCA experiment
(Salzmann et al., 1998) was designed for maximum
resolution in thel®N dimension by making use of
both the®>N — 13C* and the!3C* — 1°N mag-
netization transfer steps for the 8N evolution pe-
riod t;. In this implementation théN spin-selective
state stays transverse during tH€ evolution and
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Figure 1. Sensitivity-optimized J°N,1H]-TROSY-HNCA experi-
ment for uniformly2H,13C,15N-labeled proteins in KO solution.

The narrow and wide black bars indicate non-selectiveed@ 180
pulses, respectively. The radio-frequency (rf) pulsestidn 1°N,
13¢ce 13co and?H were applied at 4.8, 119, 55, 174 and 3.8 ppm,
respectively. On the line markekH, sine bell shapes indicate se-
lective 90 pulses with a duration of 1 ms and a Gaussian shape
truncated at 5%, which are applied on the water resonance. The
line marked PFG indicates Gaussian-shaped pulsed magnetic field
gradients applied along the z-axis with the following durations and
amplitudes: G, 800ps and 15 G/cm; &, 800ps and 9 G/cm; @,

800 pus and 22 G/cm. The delays ate= 2.7 ms,ty = 9 ms,

and T= 18 ms. The phase cycle 81 = {y, -y, X, =X}, Vo =
{-y}h W3 ={-y} ¢1 ={4x, 4(—=x)} and ¢rec = {y, -y, =X, X,

-y, ¥, X, —x}. For all other rf-pulses the phase is invariant through-
out the experiments, either with phase x or as indicated above the
pulses. In the; (15N) dimension a phase-sensitive spectrum is ob-
tained by recording a second FID for each increment; pfwith

v ={y, =y, =X, x}, ¥o = {y}, ¥3 = {y}, and the data is
processed as described by Kay et al. (1992). Quadrature detection
in the t,(13C*) dimension is achieved by the States-TPPI method
(Marion et al., 1989) applied to the phage The water magnetiza-
tion stays aligned along thez-axis throughout the experiment by
the use of water flip-back pulses (Grzesiek and Bax, 1993) at times
a andb, and beforef. Residual transverse water magnetization is
suppressed by a WATERGATE sequence (Piotto et al., 1992) im-
mediately before data acquisition. Fei-decoupling, WALTZ-16
(Shaka et al., 1983) was used with a field strength of 2.5 kFRO
decoupling was performed using off-resonance SEDUCE-1 (McCoy
and Mueller, 1992) with a field strength of 0.83 kHz, which allows
the application of rf-pulses on tH€C* channel with a field strength

of 20.83 kHz. The delayty is optimized for maximumtN —

13co magnetization transfer efficiency, and T is chosen such that
the desiredlmax(lSN) value and thus the desired resolution in the
w1(*°N) dimension is obtained.

is therefore subject to transverS¥ relaxation dur-

ing the time periodt,. For measurements that do
not require the highest possible resolution in the
w1(*°N) dimension,13C%(t;) chemical shift encod-
ing via single-quantum coherences is preferable, since
the 1N spin-selective state is then longitudinal dur-
ing t2(13C). This approach, which was previously used
in the [13C]-ct-[1°N,’H]-TROSY-HNCA experiment
(Salzmann et al., 1999a), is adopted in the scheme
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of Figure 1. Therefore, to obtain a proper reference
for assessment of the novel sensitivity enhancement
scheme of Figure 1, we recorded reference spectra
using the scheme of Salzmann et al. (1999a) with-
out ct'3C-evolution. The differences between the two
schemes compared in Figure 2 are located between the
time pointse and g, where the scheme of Figure 1
exploits two coherence pathways while recording the
15N chemical shift durings, and the first half of the
ST2-PT element is concatenated with thi€* —
I5N-INEPT. The anticipated gain in sensitivity can be
analyzed with the use of the magnetization transfer
functions of Equations 1 and 2, whdgeandfg are the
transfer efficiencies (Ernst et al., 1987) for the scheme

(b)

1.0

1.0

of Figure 1 and the one used to record Figure 2b,
respectively.

fa = sin [T[J‘JN(;T] COE[TEZJNCT]'

exp[-RY(T — 21)] - ¢ (1)
fB =sin [T[lJNcT] COS{TEZJNCT]'
exp[-RYT] - ¢ ()

Lne, 2Une stand forlJ(15N,13C*) and2J(1oN,13Ce),
T is the ct-delay as defined in Figure 1'5“H‘s the
transversé™N relaxation rate of the narrow compo-
nent of the!®>N doublet selected in TROSY (Salzmann
et al., 1998);t = 1/41J(**N,1H), and¢ accounts for
all magnetization transfer steps and evolution times
that are identical in the experiments used to record the
spectra a and b in Figure 2. The sensitivity gain of
the [N, H]-TROSY-HNCA experiment of Figure 1
is then given by

JA

/B P
For an effective rotational correlation time of =
70 ns, 2 = 54 ms, and R calculated as described
by Salzmann et al. (1998), which includes the con-
tributions from dipolar relaxation with remote amide
protons, gains of 10% or 15% are expected -
IHN_moieties located either in &-sheet or in an
a-helix of a?H,13C,15N-labeled protein.

The predictions from Equation 3 have been eval-
uated with experimental data of the type of Fig-
ure 2. Cross sections along they(*H) dimension
from 3D [*°N,!H]-TROSY-HNCA spectra of the
uniformly 2H,13C 5N-labeled 110 kDa protein 7,8-
dihydroneopterin aldolase froi8taphylococcus au-
reus (DHNA) (Hennig et al., 1998), recorded with
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Figure 2. Comparison of }°N,1H]-TROSY-HNCA data obtained
using the following schemes: (a) Figure 1; (b) The experiment of
Salzmann et al. (1999a) without ct evolution!dC®. Correspond-

ing cross sections along theg(lH) dimension are shown. Both
spectra were recorded at 20 with the same 0.5 mM sample of
uniformly 2H,13C 15N-labeled 7,8-dihydroneopterin aldolase from
Staphylococcus aureU®HNA) (Hennig et al., 1998) in a mixed
solvent of 95% HO/5% D,O at pH 6.5, using a Bruker DRX-750
spectrometer. Identical parameter settings were used for (a) and (b):
data size 26¢) x 32(tp) x 1024¢3) complex points;tymax(*°N)

= 10.8, thymax13C) = 6.4, t3maxd*H) = 75.6 ms; 32 scans were
acquired. In panel (a) the sequence-specific assignments are indi-
cated by the one-letter amino acid code and the sequence number,
the 15N and13C® chemical shifts are indicated in parentheses, and
the secondary structure type for the residue is given. The relative
peak amplitudes are indicated with a horizontal line and a number.

8.5 !

the experiment of Figure 1 (Figure 2a), show sen-
sitivity improvements of 10% to 20% for individual
cross peaks when compared with data acquired using
the scheme of Salzmann et al. (1999a) withod®et
evolution (Figure 2b). The data for Met10 and Arg79
(Figure 2), which are located in fasheet and an-
helix, respectively (Hennig et al., 1998), indicate that
the predicted gain fob°N-H groups is qualitatively
confirmed by the experiment.

In principle, the ctty(*>N) evolution period in
the [°N,'H]-TROSY-HNCA experiment of Figure 1
could be incorporated into th®N— 13C*-INEPT
transfer between time pointsandd rather than into
the13C* — 15N INEPT period, but data recorded with
this alternative scheme showed decreased sensitivity
when compared to the'JN,'H]-TROSY-HNCA ex-
periment of Figure 1 (data not shown). This is due to
the presence of orthogonal transverse components of
the 15N magnetization after thia(*°N) chemical shift
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