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Abstract

Modern NMR experiments for applications with biological macromolecules in solution typically include multiple magnetization
transfer steps. When working with large structures, a significant fraction of the magnetization is lost during these transfers. For the
design and optimization of complex experimental schemes, the magnetization transfer efficiencies have therefore commonly been
calculated from the spin relaxation times. This paper now suggests a new method for measurement of individual transfer efficiencies
directly with the system of interest, using short, reliable experiments. Initial applications of this approach with a 110,000 Da protein
indicate that there is a wide range of transfer efficiencies among individual spin pairs in a structure of this size, which leads to a
correspondingly large variation of the individual signal intensities and the need for techniques to enhance the weak signals.

© 2003 Elsevier Inc. All rights reserved.

1. Introduction

Knowledge of magnetization transfer efficiencies is
one of the foundations of the design of pulse sequences
with multiple magnetization transfer steps, and serves
quite generally as a basis for optimizing NMR experi-
ments for use with biological macromolecules [1,2].
When working with large structures, fast transverse spin
relaxation during transfer steps becomes a major source
of signal loss [3]. Conventionally, the magnetization
transfer efficiencies have been estimated from the spin
relaxation rates. However, the determination of the
appropriate relaxation rates is often tedious and inac-
curate, especially for rapidly relaxing resonances. In this
paper, we present direct measurements of the efficiencies
of discrete magnetization transfer steps with the use of
short, sensitive experiments, such as one-dimensional
(1D) '"H NMR spectra or two-dimensional (2D) heter-
onuclear correlation experiments. From these data we
estimate the measuring times required for obtaining
detectable signal intensities in complex multi-dimen-
sional experiments, whereby special consideration is
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focused on the weak signals typically obtained for well-
structured core regions of large protein molecules, or for
molecular regions undergoing conformational exchange.
As a practical application we studied the magnetization
transfers in ['H,">N]-TROSY-HNCO experiments with
the protein 7,8-dihydroneopterin aldolase (DHNA)
from Staphylococcus aureus [4], which has a molecular
weight of 110,000 Da.

2. Methods and materials

Magnetization transfer efficiencies, ¢, have been
measured from comparison of experiments with and
without transfer between distinct spin states, and
otherwise identical instrument settings, so that ¢ is the
ratio of the integrals of corresponding peaks in the two
spectra. For a quantitative comparison of different
spectra we used the scaling of the digital Fourier
transformation described in [5]

1 N-1 o
S, = v ZS" eﬂznu/zv7 (1)
k=0

where S; is an individual data point in the frequency
domain spectrum, s; are the time domain data points,
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and N denotes the number of points in the time domain
after zero filling. Here, we make use of the well-known
fact that the integral over a frequency domain peak
represents the amplitude of the first data point in the
corresponding FID at the start of the data-acquisition.
In a particular experiment j, the magnetization at the
start of an evolution period or the detection period can
thus be represented by the sum of the intensities of the
data points S, that contribute to the peak r

o1

In Eq. (2), g accounts for the receiver gain used, # for the
number of scans accumulated, and / for the value of the
time domain weighting function at time zero. In writing
Eq. (2) it is assumed that the baseline of the spectrum
has been set to zero intensity using a baseline correction
routine. Eq. (2) affords proper scaling for a direct,
quantitative comparison of peak volumes obtained with
different experiments. The summation extends over all
data points that contribute to the peak r, either in a one-
dimensional or a multi-dimensional spectrum. In multi-
dimensional experiments, / is the product of the first
points of the window functions applied in the different
dimensions.

For the determination of the transfer efficiency from
spin X to spin Y for a particular transfer element, two
experiments are recorded which differ only in that one
scheme, i, does and the other scheme, k, does not include
this transfer element. For the signal r the transfer effi-
ciency, &yy, is then calculated from the ratio of the
magnetizations, M], and M

M"
ey = M 3)

It is well known that individual commonly used soft-
ware packages for processing NMR data may apply
different scaling during processing of the data (for ex-
ample, see [6]), and hence care has to be taken to trace
the proper scaling of the peak volumes.

A special case of practical interest is obtained when
the reference experiment is a 1D 'H NMR spectrum
recorded with a sufficiently long interscan delay to reach
equilibrium polarization between scans. An identical
reference intensity, M|p, is then obtained for all reso-
nances of non-equivalent protons in the spectrum, and
Mp can be determined from the peak volume of a well-
separated single peak or a well-separated group of
peaks, where the volume of the latter has to be divided
by the number of resonances contributing to the group.
For a signal r, the total magnetization transfer efficiency
of any experiment j, £, can then be defined as the ratio

=M 4
P My (4)

Using Eq. (4), the overall magnetization transfer effi-
ciency of a given pulse sequence can be assessed for each
individual signal r, and the total measuring time
required to record data with a predetermined signal-
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Fig. 1. Experimental schemes of two versions of the 3D [N,'H]-
TROSY-HNCO experiment used in this paper. (a) Conventional ex-
periment with ST2-PT element, in which the delay t was optimized for
maximal signal transfer. The radiofrequency (rf) pulses on 'H, SN,
13C’, and 3C* are applied at 4.7, 118, 174, and 55 ppm, respectively.
Narrow and wide black bars indicate non-selective 90° and 180° rf
pulses. Sine bell shapes on the line marked 'H indicate selective 90°
pulses on the water resonance. The use of water flip-back pulses [12]
after the initial INEPT transfer and before ¢; ensures that the water
magnetization stays aligned along the +z-axis throughout the experi-
ment. Bell shapes on the line marked '*C’ represent the center lobe of a
sine function; a duration of 120 and 60 us was used for the 180° and
90° pulses, respectively. The field strength for the '*C* pulses was
13kHz. The line marked PFG indicates pulsed field gradients applied
along the z-axis with the following durations and strengths: G;: 500 ps,
24 G/em; Gy: 500 ps, 16 G/em; Gj3: 200 ps, 40 G/cm. The delay T is set
to 17ms. All rf-pulses are applied with phase x, unless marked other-
wise above the pulse bar, with ¢, = {y,—y,x,—x}, ¢, = {x,x,
x,x,=x, =X, —x,—x}, ¢3={-v}, oy ={-»}, and ¢, = {y,—-
x,—¥,¥,X%, —x}; a phase-sensitive spectrum in the N(¢;) dimension
was obtained by recording a second FID for each 7 value, with the
phases ¢, = {y, —y, —x,x}, ¢35 = {y}, or ¢4 = {y}. Quadrature detec-
tion in the '3C'(#;) dimension was achieved by applying the States-
TPPI method to ¢, [18]. The data was processed as described in [14].
Residual transverse water magnetization was suppressed by a WA-
TERGATE sequence [19] immediately before data acquisition. (b)
The experiment is truncated by omission of the ST2-PT element.
Same settings as in (a), except that the phase cycle ¢, =
{x, =x}, ¢, = {x,x, —x, —x}, ¢5 = {y}, and¢,. = {x, —x, —x,x} is used,
and quadrature detection in the N(z) and *C'(r;) dimensions is
achieved using the States-TPPI method with phase ¢5 and phase ¢,,
respectively.
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to-noise ratio can be estimated from the 1D 'H NMR
spectrum of the sample of interest.

As an illustration, the procedure of Egs. (1)—(4) for
the measurement of magnetization transfer efficiencies
was applied to a TROSY-type HNCO experiment. The
experimental scheme used is shown in Fig. la. The ori-
ginal pulse sequence [7] was supplemented by an addi-
tional 180° pulse at the carbonyl frequency (last pulse on
the line labeled 1*C’ in Fig. 1a) [8]. Based on the analysis
of the transfer efficiencies, a truncated version of the
experiment is proposed as an alternative for studies of
large molecules (Fig. 1b). In this pulse sequence, the
ST2-PT element [9] was climinated so as to obtain a
minimal number of transfer steps. In principle, all four
multiplet components of an amide moiety will therefore
be detected, but in large structures the undesired broad
components may be largely suppressed by rapid relax-
ation [3,10].

For the [PN,'H]-TROSY-HNCO experiment, the
relevant magnetization transfer efficiencies were ob-
tained from two pairs of experiments. A 1D 'H NMR
spectrum and a 2D ['H,’>N]-TROSY spectrum [9,11]
acquired with an interscan delay of 16s were used to
determine the transfer efficiency from 'HN to N and
back to 'HN, . A 2D ['H,'>N]-TROSY spectrum and
a 3D-['H,">’N]-TROSY-HNCO experiment recorded
with an interscan delay of 2 s (Fig. 1a) were then used to
determine the transfer efficiency from >N to *C’ and
back to SN, & In all four experiments, the water was
kept along the positive z-axis during most of the pulse
sequence and during acquisition [12]. In the 1D 'H
NMR experiment, this was achieved using a carefully
adjusted 90°_, Gaussian-shaped pulse immediately be-
fore the 90°, hard excitation pulse.

3. Results

All spectra for the analysis of the transfer efficiencies
in a 3D- ['H,">’N]-TROSY-HNCO experiment were
measured on a Bruker DRX 750 MHz spectrometer at
20°C. The spectra were obtained with an aqueous
solution (pH 6.5) of the homooctameric 2H/!3C/">N-
labeled dihydroneopterin aldolase from S. aureus
(DHNA), which has a molecular weight of 110 kDa [4].
The four experiments used to determine the transfer
efficiencies ¢fj and & have been described in Section
2. The residue-dependent transfer efficiencies were cal-
culated using Eq. (3). In Fig. 2, the transfer efficiencies
from 'H to >N and back to 'H, &}y, are plotted versus
the efficiency of the transfer from "N to '*C’ and back,
elc- Most values for & lie between 0.1 and 0.01, and
for el 0.1 and 0.03. The transfer efficiencies &f and
eyc show obvious correlation, which reflects the large
variability of the relaxation rates of individual spins in
the 110kDa protein DHNA. It is noteworthy that the
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Fig. 2. Plot of magnetization transfer efficiencies from 'H to N and
back to 'H, &}y, versus the efficiency of the transfer from *N to 1*C
and back to 13C, &> measured for individual residues in the 110 kDa
homooctameric 2H/'3C/"*N-labeled dihydroneopterin-aldolase from S.
aureus (DHNA) [4]. Each dot represents the combination of the two
transfer efficiencies, éfpy and &, for a given residue r in the 3D-
['H,’>'N]-TROSY-HNCO experiment of Fig. la with 7 =2.7ms.
Along the straight broken line, the total transfer efficiency is 0.0005.

magnetization transfer efficiencies for individual resi-
dues in DHNA vary over about two orders of magni-
tude.

The presently proposed approach for estimating
overall transfer efficiencies depends on various known
scaling factors (Egs. (1) and (2)), which do not depend on
knowledge of either the individual transfer efficiencies or
the relaxation rates. For a comparison of the new ap-
proach and the conventional method using relaxation
rates [13], only the C-terminal residue Lys 121 of DHNA
could be used. Due to the flexibility of this residue and
the resulting intense NMR signals, it was possible to
estimate the relaxation rates of its amide moiety from the
line widths in the 2D ['°N,'H]-HSQC, 2D ['°N,'H]-
HMQC, and 2D ['*N,'H]-TROSY spectra: transverse
'H relaxation rate, R =43s7!; mixed 'HN and PN
zero- and two-quantum relaxation rate, RS/IQ =39571;
transverse '°N relaxation rate, RY = 44 s~!; transverse
relaxation rate for the narrow “TROSY component” of
the N doublet, RY'T = 18s7!. The transfer efficiencies
e > obtained with Eq. (3) and with the conventional
method using relaxation rates [13] are 0.28 and 0.25,
respectively, and the transfer efficiencies sklycsm become
0.16 and 0.15, i.e., the values from the two approaches
coincide within the error limits.

The measurement of the magnetization transfer effi-
ciencies in the 3D ['H,"’N]-TROSY-HNCO experiment
showed a substantial loss of magnetization during the
transfer between 'H and "N (Fig. 2), which suggests
that for these experiments the length of the transfer
period 7 should be chosen shorter than the standard
value of 1/4/np [2,10]. In TROSY-type experiments,
however, the selection of only the most slowly relaxing
transition is thereby compromised, and the undesired
other multiplet components may show up for 7 <
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8r RY, and RIZVIQ are not known, we use a single exponential
NH| (a) (b) with an average relaxation rate R,
0.2 50 Hz 5
. sin (2tJygm) + 1
ey = 0.55e %7 sin (2t/yum) (M) :
i 50 Hz 2
100 Hz (5)
N | —
0.1 {50 Hz N . _. -] In Fig. 3a, ¢} is plotted as a function of 7 for different
/- -~ 2 200Hz§\ values of R,. For example, using an average transfer
pr, et ... > J /£ efficiency e = 0.04 (see Fig. 2) for the signals in the
200HzZ el DHNA spectrum, Eq. (5) with 7 = (4JNH)_l ~ 2.7ms
. . o .

0.00 n 2 T[ms] 1 > yields a value for R, pf approximately 150s™', which
corresponds to an optimal value for 7 of about 1.6 ms
Fig. 3. Calculated efficiencies, &y, for the magnetization transfer from (Fig. 33). With this approach the transfer eﬁiciency for
'H to >N and back to 'H versus the length of the transfer delay t for the weakest peaks in DHNA can almost be doubled
the two pulse sequences shown in Fig. la (a) and Fig. 1b (b), Egs. (5) when compared to using v =2.7ms (Fig. 3a). These

and (6) were used, respectively. The transfer efficiencies are shown for
four different average transverse relaxation rates R, = (3R +
RY + ZRQAQ) /6, which are represented by different types of lines:

findings are confirmed by the spectra shown in Figs. 4a
and b which were recorded using the ST2-PT element

R> =505 (solid); R, = 100s~! (long-dash); R, = 150s~! (dash-dot); (Fig. 1a) with T = 2.7 ms (Fig. 4a), and with 7 = 1.6 ms,
and R, =200s~! (dot). In (b) the magnetization transfer has been respectively (Fig. 4b). The 2D ['H,"3C]-strips in Figs.
multiplied with a factor of /2 to account for the reduced noise in the 4a—c were taken at the amide proton positions of the

experiment of Fig. 1b (see text). residues Val 70 to Glu 74, which are located in the core

of DHNA. While the rapidly relaxing resonances of Asn
71 and Leu 72 are hardly detectable in Figs. 4a and d

1/4Jnn [3,9]. However, depending on the actual exper- both residues are readily detected in the spectrum with
imental conditions, the resulting additional peaks may 7 = 1.6 ms (Figs. 4b and e).

be very weak [10]. The total transfer efficiency for the In an alternative, truncated experiment, the ST2-PT
transfers from 'H to N to 'H in a TROSY experiment element was completely removed (Fig. 1b), so that in
(Fig. la) with 7 different from 1/4/yy can be estimated principle all four multiplet components of an amide
with Eq. (5); since the individual relaxation rates R?, moiety will be observed [3,10]. In very large structures,
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Fig. 4. (a)~(c) w3("H)/w,(*3C') strips from 3D ['H,"SN]-TROSY-HNCO spectra for the residues Val 70 to Glu 74 in the 110kDa protein DHNA
measured at 750 MHz. (a) Experiment of Fig. la with 7 =2.7ms. (b) Experiment of Fig. la with t = 1.6ms. (c) Experiment of Fig. 1b with
7= 1.6ms. The interscan delay was set to 25, time domain data size 38 ('>N) x 30 ("*C) x 1024 (‘*H) complex points, 1 max = 16mS, 5 max = 12ms,
and #3 max = 83 ms, eight transients were accumulated per (¢1..2) value. (d)—(f) Cross sections along the w3 ('H) dimension through the resonance of
Asn 71 at w("*C) = 175 ppm from the experiments (a)—(c), respectively.
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the broad components will nonetheless be largely sup-
pressed by rapid relaxation [10,15]. This experiment
discards half of the >N magnetization available at the
end of the N evolution time, and the efficiency of the
'H to "N to 'H magnetization transfer becomes

0.55 .
=2 e 2 sin (2t Jwy ). (6)

FV
“HN,trunc — 4

Eq. (6) reflects only the fate of the desired signal but
does not take into account the noise in the final spec-
trum, which is larger by a factor /2 for phase-modu-
lated (Fig. 1a) than for amplitude-modulated frequency
labeling (Fig. 1b) [2,14]. The magnetization transfer ef-
ficiencies plotted in Fig. 3b have therefore been multi-
plied 1/2 to make the Figs. 3a and b directly comparable
with regard to the expected signal-to-noise ratios. Fig. 3
then indicates that for relaxation rates larger than about
150Hz, the experimental scheme of Fig. 1b should
provide higher sensitivity, which is borne out by the
experiment in Figs. 4c and f.

4. Discussion

Readily accessible estimates of magnetization transfer
efficiencies is an important element of obtaining optimal
results from complex NMR experiments with large
molecules. Knowledge of the transfer efficiencies allows
to optimize the actual pulse sequence and/or to estimate
the experimental time for a desired S/N ratio of the
signals of interest. The presently proposed direct mea-
surement of discrete magnetization transfer steps by
short, sensitive experiments permits even the analysis of
very rapidly relaxing signals.

Based on knowledge of the transfer efficiencies, ex-
periments can be better planned. For example, if reso-
nance lines with a particular total transfer efficiency
should just be visible in a multi-dimensional NMR ex-
periment, the minimal total number of scans for the
whole experiment can be estimated based on a 1D 'H
NMR spectrum. Thus, assuming a total transfer effi-
ciency of 0.0005 (broken line in Fig. 2), 2000 times more
signal intensity is required for a 3D ['°N,'H]-TROSY—
HNCO than for a 1D '"H NMR spectrum. Assuming a
signal-to-noise value of 20:1 for the resonances of in-
terest in a one-scan 1D 'H spectrum, not less than a
total of 10,000 scans will have to be accumulated in
order to observe the related signals with 3D [°N,'H]-
TROSY-HNCO. Once, the transfer efficiencies for a
range of proteins with similar molecular weights will be
known, experiment planning may be based on a statis-
tical analysis of the different ranges of known transfer
efficiencies, instead of measuring them anew with each
protein under investigation.

Another application of transfer efficiencies is the op-
timization of experiments. The dissection of a TROSY-

type HNCO experiment with DHNA revealed a sub-
stantial loss of magnetization during the transfer from 'H
to N (Fig. 2) due to rapid relaxation. Further analysis
showed that the length of the transfer period 7 (Fig. 1) can
be reduced even in TROSY-type experiments, since in
large structures the resulting additional peaks [11] are
typically very weak. One class of such experiments are the
TROSY-type 3D triple-resonance experiments, where
the rapidly relaxing line of the ’N-doublet is very effi-
ciently attenuated during the N constant time evolution
period [8,16]. Appearance of the more rapidly relaxing
line of the 'H doublet may be tolerable in 3D spectros-
copy, since resonance overlap is usually not severe and
the undesired additional resonance line is readily recog-
nizable because of its opposite sign. In principle, this
resonance could be suppressed by suitable adjustment of
the phase of the last pulse on "N, which would, however,
also slightly reduce the signal of interest [17].

The optimization of the transfer efficiency e} in 3D
['H,’"NJ]-TROSY-HNCO experiments of the 110kDa
protein DHNA is documented in Fig. 4. Among the
three experiments shown, the first two were measured
with inclusion of the ST2-PT element (Fig. la) with
1 =2.7ms (Fig. 4a) and 7 = 1.6 ms (Fig. 4b), respec-
tively, and the third one with the truncated scheme of
Fig. 1b with t = 1.6 ms (Fig. 4¢). The truncated scheme
shows by far the best sensitivity for the broad reso-
nances. The cross sections through the resonance of Asn
71 (Figs. 4d—f) demonstrate how much sensitivity can be
gained for rapidly relaxing resonances from the core of
large molecules. When compared to the standard set-up
with t = 2.7 ms, the average intensity of the ten weakest
peaks in the 3D ['H,""N]-TROSY-HNCO spectrum of
DHNA is increased by a factor of 1.6 +£0.4 for the ex-
periment with ST2-PT element (Fig. 1a) with t = 1.6 ms
(Fig. 4b), and by 1.94+0.7 for the direct antiphase de-
tection with the scheme of Fig. 1b (Fig. 4c). When all
resonances in the DHNA spectrum are considered, the
corresponding average gains were 1.54+0.3 and
1.3+ 0.4, respectively. These signal enhancements apply
to all TROSY -type 3D triple resonance experiments that
use a constant time N evolution period. Here, 3D
['H,’>"N]-TROSY-HNCO was for practical reasons
used as an illustration.

As has been mentioned repeatedly in the text, transfer
efficiencies have conventionally been estimated from the
relaxation rates. Measurements of the various required
relaxation rates are, however, far more time consuming
than the technique proposed in the present paper. For
example, for a TROSY-type ['H,"°N]-correlation ex-
periment, &jy would be estimated with [16]

_opMQ _9pN _yrMQ _opH
. 0.55 i [ € 2Rt +e 2R}t e 2R, +e 2Rt
& = 0.55¢ 2
HN 2 2 ’

(7)
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where RY, RY, and R)'? are the transverse relaxation
rates for 'HN, N, and the mixed zero-quantum and
double-quantum state of '"HY and SN, respectively. The
factor 0.55 in Eq. (7) accounts for the fact that only 50%
of the coherence is used during N evolution, and that
use of the natural N polarization yields 10% signal
enhancement [9]. The transfer efficiency from '’N to *C’
and back could be calculated with

&ie = 0.5¢ 2R T sin (TUnen ) sin((T + 27)JxeT), (8)

where R)T is the transverse relaxation rate for the nar-
row component of the N doublet, and Jyc the inter-
residual scalar coupling between "N and '3C’. The
factor 0.5 accounts for the fact that the chemical shift
evolution of the "N magnetization is measured with
amplitude modulation, which causes a loss of on aver-
age 50% of the magnetization.
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