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Abstract

A pulse sequence is proposed to select water magnetization with enhanced specificity through a synergetic com-
bination of several filtering principles. This approach relies on a constant-time evolution period implemented
without quadrature detection, which results ir/2 increase in signal-to-noise ratios as compared to traditional
non-selective methods for water filtration. In addition, the quadrature-free constant-time block facilitates the imple-
mentation of the water flip-back strategy, which leads to further gains in sensitivity. The proposed experiment was
applied to unlabeled HEW lysozyme and‘fiN-labeled chymotrypsin inhibitor 2 which was partially or ni¢-

enriched. Water molecules belonging to a spine of hydration between two pseie@t strands were identified,
solving previously reported discrepancies between the X-ray and the refined NMR structure of CI2. The proposed
experiment is particularly suitable for hydration studies of mixtures of labeled and unlabeled components, such as
ligand—macromolecule complexes.

Introduction Most methods select water magnetization primar-
ily based on its resonance frequency by using non-
Problem definition selective frequency labeling (Otting and Withrich,

High resolution nuclear magnetic resonance spec- 1989; Otting et al., 1991b; Otting, 1994; Sklenar,
troscopy is an important tool to characterize the local- 1995) or by selective water excitation via“9(Mori
ization and the exchange kinetics of water molecules et al., 1994, 1996a,b; Otting and Liepinsh, 1995a,b;
bound to biological systems (Pitner et al., 1974; Ot- Liepinsh and Otting, 1999) or 18(pulses (Dalvit,
ting and Wiithrich, 1989; Otting et al., 1991a; Otting, 1995, 1996; Dalvit and Hommel, 1995a,b; Otting
1997). The NMR experiments designed to investi- and Liepinsh, 1995a; Bockmann and Guittet, 1996).
gate macromolecule-water interactions are generally These schemes have been optimized to select only a
composed of three major building blocks. First, the narrow frequency band centered on the water signal,
water magnetization is selected while the biomolecule but they cannot filter out magnetization arising from
magnetization is discarded. Second, magnetization macromolecular protons resonating as well within the
is transferred from water to macromolecular protons. selected band (i.e. the*8 protons of proteins). Ad-
Third, these protons are properly frequency labeled in ditional physical properties other than the resonance
one or two homo- or heteronuclear dimensions. This frequencies must then be exploited to differentiate be-
paper focuses on the first step: selection of the water tween biomolecular and water proton magnetization.
signal. Specifically, isotope filters based on heteronuclear
- coupling constants are very effective in suppressing
*To _whom correspondence should be addressed. E-mail: the 13C-labeled macromolecular components of the
kaptein@nmr.chem.uu.nl solution (Gemmecker et al., 1993; Grzesiek and Bax,
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1993a,b; Karimi-Nejad et al., 1999). However, pro- Methods

teins may only be partially labeled and/or the solu-

tion may contain a complex of labeled and unlabeled The combined constant-time (CT) filter — conceptual

molecules. In these cases, the magnetization of thebasis

unlabeled biomolecular components can be filtered out At the end of the CT block of length T (poiatin the

by exploiting further properties such as diffusion rates, sequence of Figure 1a), the relevant magnetization for

homonuclear scalar coupling constants and transverseproton | of a generic isotropically diffusing biomole-

relaxation, as demonstrated in several recently pub- cule is described by (Santoro et al., 1992; van de Ven,

lished elegant pulse sequences (Kriwacki et al., 1993; 1995; Cavanagh et al., 1996; Wider et al., 1996):

Mori et al., 1996b,'W|der et al.,' 1996). nge, it is Iy fcos(t) [Tk cOS Ik )]

shown how these different selection strategies can be i )

synergistically combined in a constant-time (CT9 t eXp(—T/T) exp(—y*t“G(T — §)D)

evolution block (Bax et al., 1979; Bax and Freeman, where f= exp(—t1/T2inhom) ~ 1, T2inhomis the small

1981; Rance et al., 1984; Santoro et al., 1992; van inhomogeneous contribution to the total transverse

de Ven and Philippens, 1992; Vuister and Bax, 1992) relaxation rate 1/f = 1/T, 4+ 1/T2inhom and the

(Figure 1) resulting in a filter with enhanced specificity Jk indicate homonuclear coupling constants between

for water magnetization. protons | (i.e. aru-proton) and K (i.e. amide angt
protons);y is the gyromagnetic ratio for protons,
and G are, respectively, the length and strength of the
gradients bracketing the CT period (@ Figure 1a

1)
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Figure 1. Pulse sequences to measure dipolar cross-relaxation and/or chemical exchange rates between water and macromolecular systems
which are unlabeled (a) or which ateN-labeled and partially or notiC-labeled (b—d). For all experiments and all nuclei thin and thick bold
vertical bars represent 9@nd 180 hard pulses, respectively, and the WATERGATE (WG) block is implemented using the 3-9-19 pulse train
(Sklenar et al., 1993). The proton carrier frequency used during the CT period is always set on the middle of the water resonance as explained
in the text. T is the total duration of the CT-volution period and if #3C-labeled component is present, in sequences (b=g)sT(1+2n),

wheres = (1/21J130xHa) and n is a positive integer. Gradients are always followed by a delay of at least 0.2 ms and have a sinus amplitude
profile with a duration of 0.5 ms, except foy@&nd G; in panels (a) and (b), respectively, which determine the length of the NOE mixing

time (tmix)- All phases are x unless otherwise specified. (a) Pulse sequence for the quadrature-free (QF) constant-time (CT) 2D-NOESY WG
experiment. The 90water flip-back (WFB) (Grzesiek and Bax, 1993b; Dalvit, 1996) has the shape of the center lobe of a sin(x)/x function and

a duration of 2.144 ms (Grzesiek and Bax, 1993a). The relative strengths of the gradients-ate0@ & 5.00, G 7.40, Gy 1.06, G5 —30.00.

Phases arep; = X, —X; &2 = 4(y), 4(=Y); d3 = =X, X, X, =X; dg = X, X, =X, —=X; ¢5 = X; dg = —X; dRec = X, —X, —X, X. Quadrature

detection (QD) is not needed because this experiment is dedicated to the measurement of water—protein interactions. The pulse sequence can
therefore be written as for States-TPPI (Marion et al., 1989) but thén@@ementation of the phase of the first pulse is eliminated. The receiver
phase can be inverted whenis incremented. (b) Pulse sequence for the 3D e-PHOGSY-QF-CT-soft-NOESY-WFB-HSQC experiment. The
e-PHOGSY spin-echo at the beginning of the pulse sequence is implemented with a relatively short Gaussian pulse (4.04 ms) which allows to
reduce SWA) to 1602.6 Hz, ‘softening’ the NOESY experiment. The QF-CT block is boxed. The WFB-HSQC is implemented essentially as
described in the literature (Grzesiek and Bax, 1993a; Clore et al., 1994; Karimi-Nejad et al., 199R)anih.’ such that the total duration

of the INEPT steps i< 1/2H (5 ms in the tested cases). In addition, the half-Gaussian pulse with phdses a duration of 2.1 ms. The

arrows in thet3C channel indicate shifts of tHéC channel carrier frequency: before the filter #3€ carrier frequency is set at the middle of

the C* region, while after the filter and before the compof€ inversion pulse in the middle 8PN evolution thel3C carrier frequency is set

at a value between the®Gind the C(O) regions (Karimi-Nejad et al., 1999). TRl 180° pulse at the end opteliminates the need for phase
corrections in thé5N dimension; however, ifxtmax is short, the evolution of th&°N-13C couplings is insignificant and both the composite

13¢ 180 pulse and thé®N 180 pulse at the end optcan be eliminated. The arrow in thel channel indicates that tHeéd carrier frequency

is set on water as explained in the text. The relative strengths of the gradients ar6:28, G —1.00, G 5.40, G; 12.60, G 1.06, Gs —7.40,

G7 3.15, G —1.26, G 14.20. Minimal phase cycling igi; = X, —X; 2 = —X, X; ¢3 =X, X, =X, —=X; g4 = —X; d5 = X; dg = —X; ORec =

X, —X, —X, X. For § no quadrature detection is employed similarly to experiment (a). In additipnd, and dprec are inverted whemtis
incremented. Font quadrature detection is obtained using the States-TPPI method and no phase correction is necessary (Marion et al., 1989).
The on-resonance and off-resonance ROE versions of the pulse sequence can easily be obtained modifying the NOE mixing block as shown in
panels (c) and (d), respectively. THeN and13C pulses remain as in (b). For the on-resonance ROE experiment (c) phase cycling is like for

the NOE sequence in (b) biipb = x, —x. All ROE peaks are 180out of phase as compared to the NOE peaks. A 25 ms spin-lock of 9.2 kHz

was employed (Grzesiek and Bax, 1993a). For the off-resonance ROE experiment (d) the phases are as in the NOE version; however, the proton
carrier is moved by an offset correspondingte: 35.5 (Birlirakis et al., 1996) before the spin-lock is applied (first arrow in panel (d)) and is
brought back to the water frequency at the end of the locking period (second arrow in panel (d)). Summation of data acquired with positive and
negative offsets is employed to minimize angular dispersion (Desvaux and Goldman, 1996). The spin-lock includes two 4 ms adiabatic pulses
which scale up/down to/from a field of 7.8 kHz applied for 100 ms. Gradients are as for panel (b), &0t G are 13.4 and 12.6 (relative

units, vide supra), respectively.

or G in Figures 1b-d)g = A + (4u3) where tively to select water magnetization. In addition, if the
A is the stabilization delay following the gradients; strength of the gradients applied at the beginning and
finally, D is the translational diffusion coefficient of at the end of the CT block is increased, the relatively
the macromolecule (Stejskal and Tanner, 1965). faster diffusion of water molecules as compared to the
Water magnetization is set to resonate at zero fre- macromolecule can be advantageously used to differ-
guency offset, is not subject to scalar coupling and is entiate between intermolecular NOEs with water and
usually characterized by g Bignificantly larger than  intramolecular NOEs. The latter depend on the last
that of macromolecular protons when it is not broad- term of Equation 1, as already previously described
ened by chemical exchange with concentrated labile for spin-echos (Kriwacki et al., 1993; Wider et al.,
protons and it is dephased by gradients (seat@ G 1996). Here weak gradients will be employed (Fig-
in Figures la and b, respectively). Unless diffusion ure 1) and therefore the focus will be on the other
experiments are desired (vide infra), these gradientsterms of Equation 1.
can be set weak enough to avoid diffusion losses of  The longer the CT period (T), the more effective
water magnetization while at the same time preventing is the T, relaxation filter and the higher the allowed
radiation damping. t1,max resulting in increased digital resolution. This
Clearly, the cos; t1) term of Equation 1 encodes feature is very appealing for frequency separation
for the frequency filter, while the other cos terms en- purposes considering that the macromolecular sig-
code for the homonuclear coupling filter and the first nals are not split by scalar couplings and that, since
exponential term in T implements the relaxation filter. t1 max/T2inhomiS Usually« 1, the lineshape of the sig-
These three effects act simultaneously and coopera-nals in the frequency domain is mainly determined by
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Figure 2. Plots of [Txcos(Jyk T) versus T, where T is the total duration (in ms) of the constant-time evolution periodlgoostJiyT)
represents the-proton magnetization suppression factor obtained through homonuclear scalar coupling evolutienpybtioas with respect

to couplings to amide anf-protons (see Equation 1) (Santoro et al., 1992; Mori et al., 1996b; Otting, 1997). The different plots refer to
different representative conformations (Chakrabarti and Pal, 1998) and amino acid types. For all panels solid lines correspainggo

(Jqepyn ~ 4 Hz), dot-dashed lines (- — -) fsheets (Joyn ~ 9 Hz) and dashed lines to random-coil conformationg,(k ~ 7 Hz)
(Withrich, 1986; Case et al., 1994). Plots (a), (c) and (e) treat the case of amino acids with ddgroten (lle, Thr and Val). In (a) and (c)

the Jyuyp is set to 3.72 Hz and 12 Hz, respectively, which is within the range expected for single staggesield-chain conformations (De

Marco et al., 1978; West and Smith, 1998). Plot (e) shows the minimum (lle) and maximum (Thr) attenuation factors expected for random-coil
conformations based on thg]s values reported by West and Smith (1998). Plots (b), (d) and (f) treat the case of amino acids with two
p-protons (14 amino acids). In (b) thge],s2,3 are both set to 3.72 Hz, while in (d) thg.],s23 are set to 3.72 and 12 Hz (De Marco

et al., 1978; West and Smith, 1998). Plot (f) shows the minimum (Leu) and maximum (Ser) attenuation factors expected for random-coil
conformations based on thg] s values reported by West and Smith, 1998. Plot (g) shows the data calculated for Pro in a puckered down
conformation (filled dots) and for Pro in a puckered up conformation (filled squares) (Cai et al., 1995). For the twist form of Pro, data are
just the weighted average of those for the up and down forms (Cai et al., 1995). The other graphs in panel (g) refer to a Gly residue with
non-degenerate Hchemical shifts and theHleu’ set to 15 Hz (Withrich, 1976). Plot (h) has been computed for an Ala residue setting all
Jyopp to 7 Hz (Wthrich, 1976).

the window function employed to apodize the time do- selective pulse shapes (Hajduk et al., 1993; Otting,
main FID (van de Ven, 1995; Cavanagh et al., 1996). 1997).

However, an excessively long CT period (T) is not

advisable in order to minimize water magnetization The Quadrature-Free (QF) approach — conceptual
losses caused by chemical exchange. In addition, T basis

can be fine tuned to optimize the channeling ofthe A major drawback of experiments with an additional
proton magnetization into antiphase coherences which dimension, such as in the CT approach, is a loss of
do not lead to longitudinal magnetization during the signal-to-noise ratio by a factor af2 as compared
NOE mixing time (Mori et al., 1996b; Otting, 1997).  to selective schemes. Besides, the sensitivity of pulse
For this purpose, the term in the homonuclear coupling sequences with non-selective water excitation is even
constant of Equation 1 has been computed for different further compromised by difficulties in implementing
amino acid types in several representative backbonewater flip-back pulses because quadrature detection
and side-chain conformations as identified by recent does not allow water magnetization to be longitudi-
statistical surveys (Cai et al., 1995; Chakrabarti and nal during the NOE mixing time for all FIDs (Otting,
Pal, 1998; West and Smith, 1998) (Figure 2). As seen 1997). This limitation requires that long interscan de-
in Figure 2, for T of approximately 50 ms, homonu- lays are used to allow for water longitudinal relaxation
clear J couplings contribute a significant attenuation of unless relaxation agents are added to the solution (Ot-
a-proton magnetization for the majority of the cases. ting, 1997). These problems can be overcome by
Furthermore, for thé3C-labeled components eventu- introducing additional water selective pulses in the
ally present, Equation 1 is multiplied by an additional sequence (Gruschus and Ferretti, 1998, 1999) or by
cogntdiscpe T) factor which can be minimized by  exploiting radiation damping (Lippens et al., 1995;
setting T equal tas (14+2n) wheres = (1/2%)3ca0) Fulton and Ni, 1997). Here an alternative simple solu-
and nis a positive integer. Moreover, the T dependencetion is presented which does not require any additional

of terms representing scalar coupling in Equation 1
can be exploited to characterize NOEs arising from
H® protons, for instance by acquiring two spectra with
different values of T (Mori et al., 1996b).

The CT-based filter benefits also from the advan-
tages typical of non-selective experiments (Otting,
1997) such as the constructive use phoise and t-
ridges for the identification of artifacts which would

pulse and does not rely on radiation damping, thus
maintaining water magnetization in well-defined and
controlled states also during the mixing periods.

The CT-based experiment is dedicated to the in-
vestigation of water—macromolecule interactions and
therefore the only signal of interest after the CT-filter
is that of water itself. Water magnetization can be set
to resonate at zero frequency offset relative to the pro-

appear as subtraction errors when only selective waterton channel carrier frequency and therefore no quadra-
excitation is employed to filter water magnetization ture detection is indeed needed for the @&xolution.
(Otting, 1997). Furthermore, the CT-block is not The pulse sequence can for instance be written in the
affected by the complications caused by negative ex- States-TPPI manner (Marion et al., 1989) and then
citation sidelobes which are sometimes observed for the phase incrementation of the°@tH) pulse pre-
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Figure 3. Effects of carrier frequency miscalibration on the water resonance. Dashed lines refer to the signal observedvlenguadrature
detection (QD) is used to distinguish between positive and negafieéfsets (Av). The dashed signals are simulated using a representative
Gaussian lineshape with a 23 Hz width-at-half-height and with peak intensity arbitrarily &t Dotted lines indicate the signal components
at two opposite frequency offsets into which the dashed resonance splits in the absence of QD. The sum of the dotted peaks is the signal
observed when QD is not used and is shown with a solid line. The computation is performed for two representative carrier frequencies which
always correspond to the point witkv = 0. In case (a) the carrier frequency is correctly placed at the center of the water signal and therefore
the two dotted lines overlap exactly, leading to a solid line signal enhanced by a fagt@ras compared to the dashed QD peak. In case (b)
the carrier frequency is misplaced at 5 Hz downfield relative to the center of the water signal. In this case the two dotted peak components at
oppositeAv do not overlap exactly and the resultant signal observed without QD (solid line) is frequency shifted and broadened relative to the
dashed signal measured with QD. In case (b) the signal enhancement allowed by the elimination of QD is therefore less than the theoretical

upper limit of /2 obtained in case (a).

ceding the CT-block can be eliminated (Figure 1). As
shown by Figure 3a, this modification leads to a gain
in signal-to-noise ratio by a factor af2 and allows

a facile implementation of the water flip-back strat-
egy, which provides an additional gain in sensitivity
without adding any relaxation agent to the solution. It
should be noted that the efficiency of the ‘quadrature-
free’ (QF) approach relies upon an accurate calibration
of the proton carrier frequency in the middle of the
water signal, as obtained for instance by optimizing
the offset of a 50 ms long Gaussian 2@ilse in an e-
PHOGSY (Dalvit and Hommel, 1995a; Dalvit, 1996)
spin-echo on water of the type: 9bH,hard)-Grad-
180°(*H,Gaussian)-Grad-Acquire. Figure 3b shows
that when the proton carrier frequency is not correctly
calibrated, the gain in the signal-to-noise ratio is less
than the expected theoreticdP factor.

The data set acquired with the QF approach can be
processed as ‘States’ using NMRPipe (Delaglio et al.,
1995). If only the receiver phase is inverted when t
is incremented (Figure 1a), the FT is executed with
sign alternation. If not only the receiver phase but
also the phase of the fir8H pulse (and consequently
that of the first water flip-back pulse; see Figure 1b)
are inverted whentis incremented, the FT is car-

ried out without sign alternation. In both cases, after
Fourier transform (FT) in NMRPipe a45° zero or-
der phase correction is required in the dimension
provided that { (Figure 1) for the first serial file is
set to zero. The-45° zero order phase correction
originates because the complex data points are inter-
preted as having real and imaginary components of
equal magnitude. After processing the 2D (Figure 1a)
or 3D (Figure 1b) matrix, the row or the plane, respec-
tively, corresponding t®; = proton carrier frequency

is extracted.

The exactvy point number corresponding to the
proton carrier frequency can be found after process-
ing the multidimensional matrix by taking a vector
alongv; at one of the edges where mainly only noise
is present, executing inverse Fourier transform (FT),
adding a large real constant and executing FT again to
return to the frequency domain. A spike will appear at
the carrier frequency (Wishart and Sykes, 1994). As
an example, using NMRPipe (Delaglio et al., 1995)
with zero filling to 2048 points, the carrier was found
to correspond to point 1025, which coincides with the
maximum of the water peak along. This is true for
all test spectra recorded both with and without quadra-
ture detection foms, provided that the setting of the
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Figure 4. (a—d) Downfield and (e—h) upfield regions of water—protein NOE spectra of the HEWL sampleéGitBénels (e-h) are vertically

scaled by a factor of 10 relative to panels (a—d). All experiments were acquired on a DRX500 Bruker spectrometer using variants (see text) of
the 2D sequence shown in Figure 1a and the following parameters. A spectral width of 8012.82 Hz was used for both dimensiand.tFor t

350 and 1024 complex points were acquired, respectively, with 8 scans per FID. The length of the NOE mixing time was 52 ms. The inter-scan
delay was 2 s, the number of dummy equilibration scans was 128, resulting in a total acquisition time per 2D spectrum of approximately 3 h
and 40 min. For both dimensions a squared sinebell window function and zero filling to 2K points was applied. No water filter was employed
during the processing. The 1D spectra shown in this figure are horizontal slices taken-giroton carrier frequency (see text). Panels (a)

and (e) derive from a 2D non-constant-time, quadrature detected experiment without water flip-back. Panels (b) and (f) are extracted from
a 2D matrix acquired as the previous panels but with constant-time frequency labeling (Figure 1a). Panels (c) and (g) are water traces from
a 2D experiment carried out as panels (b) and (f), but without quadrature detection. Panels (d) and (h) differ from (c) and (g) only for the
introduction of the WFB pulse (Figure 1a). Dots indicate representative contributions from protein—water NOESs as previously assigned (Otting
etal., 1997), while stars indicate representative contributions from chemical exchange between protein labile protons and water. Arrows denote
representative contributions arising through NOE frofhrelsonances close to the water signal.

carrier is calibrated as explained above. If the imagi- inhibitor 2 (CI2) was generously made available by

nary data is discarded after phasing, zero filling has to the Cambridge Centre for Protein Engineering (Med-

be executed at least up to the second higher power ofical Research Council, U.K.). Two CI2 samples were

2 and Hilbert transform has to precede the inverse FT. prepared, one uniformly°N-labeled and the other
(> ~20%12C, < ~80%'3C), 1°N-labeled with pro-
line residues significantly less than 839€-enriched.

Materials Both samples contain 7 mg of protein dissolved in
500 L of a 90% 1H,0/ 10% 2H,O (v/v) 50 mM

Hen egg-white lysozyme (HEWL) was purchased acetate buffer at pH 4.6.

from Fluka AG, Switzerland, and was used as re-

ceived to prepare a 9.4 mM sample in 50Q of

90%1H,0/ 10%2H,0 (v/V) at pH 3.8. Chymotrypsin
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Results and discussion very effective, but a few cross peaks still remain in the
region close to water (Figure 5b), highlighting the im-
The 2D CT filter — implementation and validation portance of combining these filters with the selection

The ideas outlined above have been implemented in of a very narrow frequency band as allowed by high
the pulse sequences shown in Figure 1a for unlabeleddigital resolution along;.
samples and in Figure 1b for samples which - Finally, the relative efficiency of the relaxation and
labeled and are either partially or ndAC-labeled. the scalar coupling filters can be appreciated by in-
The pulse sequence of Figure 1a will be discussed specting Figure 5c, which shows the expanded region
first. This 2D scheme was tested on the HEWL sam- of a spectrum acquired with the same sequence em-
ple (Figure 4). The 1D spectra shown in Figure 4 ployed for Figure 5b but using a 4.2 ms Gaussian
are horizontal slices taken ay = proton carrier 180°(*H) pulse in the CT period. This selective pulse
frequency. causes the cos(kT) factors in Equation 1 to be re-
The spectrum shown in Figures 4a and e serves placed by costJkt;) terms, where the indexdenotes
as reference and was therefore acquired with the se-a generic proton resonating close to water. Thus, in the
guence of Figure la using States-TPPI quadrature spectrum of Figure 5c only the;Tilter is effective,
detection (Marion et al., 1989) of; and without showing that transverse relaxation is not sufficient by
the water flip-back (WFB) pulse. In addition, the itself to exclusively select water magnetization, there-
frequency labeling initis not constant-time: gradi-  fore highlighting the importance of the homonuclear J
ents G were eliminated and the 188H) pulse with filter effects.
phased, was placed right before the second Ga-
dient. Another spectrum (Figures 4b and f) was then The 2D QF-CT filter —implementation and validation
acquired using the same sequence employed for spec-The above discussion illustrates the usefulness of
tra (a) and (e), but with a 52 ms long constant-time the CT frequency labeling block for water filtering
t1 evolution period as described in Figure 1la. In Fig- purposes. An additional advantage derives from the
ure 4 comparison of panels (a) and (e) versus (b) elimination of quadrature detection (vide supra), as
and (f), respectively, reveals that the peaks previously demonstrated by panels (c) and (g) of Figure 4, which
(Otting et al., 1997) ascribed to arise mainly from di- show the water trace of a 2D spectrum acquired with
rect chemical exchange (stars) and from direct dipolar the same CT sequence used for spectra (b) and (f)
cross-relaxation (dots) with water are only minimally but eliminating the 99phase incrementation of. In
affected by the introduction of the CT period. The CT order to facilitate the comparison of spectra acquired
block preserves on the average more than 83% of thewith and without quadrature detection, the difference
intensity of these signals; this percentage is expectedspectrum between spectra (b) and (c), the latter scaled
to be even higher when more dilute ©.4 mM) so- by a factor of 14/2, is reported below trace (a). Simi-
lutions are used (Liepinsh and Otting, 1999). Besides, larly, the difference spectrum between spectra (f) and
the CT significantly reduces contributions frorikC (9), the latter scaled by a factor of\I2, is reported
protons resonating close to water, as shown by the below trace (e). The flatness of the difference spectrum
arrows of Figure 4 for representative peaks which con- clearly demonstrates that discarding quadrature detec-
tain also a component arising through NOEs from the tion does not introduce any significant artifact while
I88 C*H proton resonating at 4.67 ppm (Kundrot and increasing the signal-to-noise ratio by factor, as
Richards, 1987; Redfield and Dobson, 1988). expected for an on-resonance water signal. Further-
The filtering properties of the CT block can also more, as illustrated by Figures 4d and h, an additional
be clearly observed in Figures 5a and b, showing ex- gain in sensitivity is obtained through the implemen-
panded 2D regions of spectra (a) and (b) of Figure 4, tation of the WFB strategy, which is facilitated by
respectively: in the absence of CT (Figure 5a) the the elimination of quadrature detection. The observed
intermolecular cross peaks between water and pro-gain in sensitivity resulting from the WFB pulse is
tein protons are surrounded by a highly dense crowd > 50% when the inter-scan delay is set to 2 s and it
of intramolecular cross peaks; in the presence of CT increases for shorter inter-scan delays.
(Figure 5b) the intraprotein cross peaks are dramati-
cally attenuated as the result of the synergetic effect of The 3D QF-CT filter — implementation and validation
transverse (J) relaxation and of homonuclear scalar When a'°N-labeled sample is available, the 3D pulse
couplings (J). Together, the;Tand the J filters are  sequence of Figure 1b can be applied. A short spin-
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Figure 5. (a, b) Expanded regions of the 2D spectra corresponding
to Figures 4a and b, respectively; (c) as (b) but acquired after replac-
ing the 180 (XH) hard CT pulse with a 18¢*H) Gaussian of 4.2 ms
long. All expansions are plotted with the same threshold, number
of contour levels and level multiplier. Filled triangles indicate the
position of the water row.

echo of the elegant e-PHOGSY type (Dalvit and
Hommel, 1995a; Dalvit, 1996) is employed to de-
crease the spectral width needed in thelimension
and achieve high digital resolution with only a small
number of sampled, tpoints (Wagner and Wiuthrich,
1979; Briuschweiler et al., 1987; Griesinger et al.,
1987; Oschkinat et al., 1988; Kessler et al., 1989).
The water flip-back HSQC block is essentially as pre-
viously described (Grzesiek and Bax, 1993a; Clore
et al., 1994), except for the approach taken to de-
couple3C spins during®N evolution which follows
Karimi-Nejad et al. (1999). The selection properties of
this combined short e-PHOGSY/quadrature-free CT
approach (Figure 1b) can be appreciated by compar-
ison with the traditional single long and frequency
selective e-PHOGSY spin-echo (Dalvit and Hommel,
1995a; Dalvit, 1996). For this purpose, the uniformly
15N-labeled CI2 sample was employed.
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Figure 6a displays the spectrum obtained using
the sequence of Figure 1b in which the CT-block
(see dashed box) was eliminated and the spin-echo
extended to result in a 2D e-PHOGSY experiment
(Dalvit and Hommel, 1995a) characterized by a
50.59 ms long 180 Gaussian pulse. This refocus-
ing pulse decouples Hprotons resonating at the
water frequency from amide and®Hbrotons. There-
fore, in the e-PHOGSY spin-echo the filtering effect
of homonuclear J is not exploited. In addition* H
protons resonating at the water frequency spend on
average approximately only half of the duration of
the pulse as transverse magnetization, reducing also
the filtering effects of the differential sTrelaxation.
Thus, the cross peaks in the spectrum of Figure 6a
arise not only from interactions with water, such as
the exchange peak of K21 (vide infra), but also from
dipolar cross-relaxation with Hprotons resonating
close to water, such as for instance the 148g#oton
which is within NOE distance from 149 The cross
peak of 149 appears therefore as an artifact in the e-
PHOGSY-NOE-WFB-HSQC spectrum of Figure 6a.
In contrast, this artifact is eliminated in the spectrum
shown in Figure 6b, which was acquired in exactly
the same time using the 3D QF-CT-based experiment
of Figure 1b. This observation is also supported by
Figure 6c¢, which contains an expansion of the rows
through the cross peak of 149 in panels (a) and (b) (top
and bottom, respectively). Other contributions arising
from H* protons are present in the spectrum of Fig-
ure 6a (see arrows), which are also reduced in the
QF-CT experiment (Figure 6b).

The filtering efficiency of the sequence of Fig-
ure 1b does not significantly compromise the sensitiv-
ity of the experiment, as proved for CI2 by the minimal
differences in signal-to-noise ratios observed between
spectra (a) and (b) of Figure 6 for the cross peaks
which arise from direct interactions with water, i.e.
the peak of K21 (Figure 6d) which contains mainly
contributions from chemical exchange with water, as
indicated by a positive cross peak in the ROE spec-
trum (Figure 6e) acquired using the pulse sequence of
Figure 1c.

Filtering water from mixtures oFC*H* and12C*H®
protons

Finally, we address the issue of samples contain-
ing mixtures of unlabeled an#’C-labeled compo-
nents. Clearly, the QF-CT-filter discussed above (Fig-
ure la,b) can be applied to all*Hprotons bound

to both 12C* and 13C* carbon atoms. In addition,
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Figure 6. Water-protein B NOE spectra of the uniformly
15N-labeled sample of CI2 at ZIC. Experiments were performed
at 500 MHz on a Bruker DRX500 spectrometer. Panel (a) shows the
spectrum acquired using a 2D modification of the pulse sequence
of Figure 1b, in which the CT block has been eliminated and the
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o } * s are set to the same strength as the weak gradiepis Gigure 1b
‘ °K21* Y 0 and the strength and phase of the long Gaussian pulse were opti-
R67 o 149 3 mized to maximize the amount of refocused water magnetization.
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15N dimension 30 complex points were acquired using a spectral
width of 1400 Hz. For the directly detectedNHdimension 512
complex points were recorded for a spectral width of 10000 Hz.
An interscan delay of 1 s was used with 128 dummy scans and
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560 = 140 x 4 scans. The residual water peak was convolution
filtered prior to processing. Phase-shifted squared sinebell apodiza-
tion functions were used in both dimensions and zero filling to 1K
and 128 complex points was applied forand b, respectively. The
15N dimension was indirectly referenced (Wishart et al., 1995). The
arrows indicate representative contributions arising through NOE
with H* protons resonating close to the water signal (Kjaer et al.,
1987; McPhalen and James, 1987). The stars denote cross peaks
e s 87 e84 o1 T8 s T 5% containing mainly contribution from chemical exchange with water
magnetization as proved by NOE/ROE comparison (see panel (e)
and Figure 7c). All peaks with a star but K21 are aliased one or
C 149 d \ K21 € Fg9 G83 more times. Amino acid labels indicate residue assignments based
/ \ R°81 on 15N—separated TOCSY and NOESY spectra and previous assign-
K21 |3 : .
/] o ments (Kjaer et al., 1987). Panel (b) shows a spectrum acquired
R67 = using the pulse sequence of Figure 1b which combines a short
IRIRECIRGE Szel0snes e 9’3 so a7 e-PHOGSY spin-echo (180Gaussian of 4.04 ms) with a CT pe-
= - (oom? ™ (eem? riod of 46.55 ms. The total time between the twd® @) pulses
preceding the NOE mixing time is therefore still 52 ms, as for the
classical e-PHOGSY experiment of panel (a). Using 70 complex t
for the fraction of K protons connected t8C® the points for a spectral width of 1602.6 Hz, 4 scans and keeping all
. . . . other parameters as for the spectrum of panel (a) resulted in exactly
§|multaneous .'SOtOpe fllter can be also 'eXplo.Ited _as the same acquisition time as for the e-PHOGSY experiment (a):
implemented in the experiment schematized in Fig- 13 h, 48 min, 51 s. The processing of the HSQC planes of this
ure 1b. The sequence of Figure 1b was applied to the 3D experiment was as for the e-PHOGSY spectrum (a) and far t
sample of & ~20% 12C’ < ~80% 130),15N-Iabeled 90C_’ phase shlfte_:d squared sinebell with zero filling to 256 comple_x
. . . . points was applied. Panel (b) shows the HSQC plane corresponding
Cl2, mtemlona”y using a relatlvely short (17'5 mS) to the proton carrier frequency, which was found as described in
CT period in order to critically test the isotope filter.  the text. Symbols have the same meaning as in panel (a). In panel
When 13c¢ spins are decoupled by CPD the water- (c) upper and lower spectra correspond to traces through the cross
NOE spectrum contains as well many Cross peaks peak of 149 in spectra (a) and (b), respectively. In panel (d) upper
.. and lower spectra correspond to traces through the cross peak of
arising from H' protons rather than from water, as 21 in spectra (a) and (b), respectively. The arrow indicates the
for instance the cross peak of 149 (Figure 7a). When ranges of relative intensities obtained by repeating the experiments,
instead the isotope filter is applied, the artifacts caused also using different truncation levels and/or number of points for the
by 13ce_pound protons are attenuated (Figure 7b). Gaussian pulses. Paqel (e) show; an expansion of the ROE version
. j . . of spectrum (b), acquired according to Figure 1c and processed as
The inset of Figure 7b illustrates that the isotope spectrum (b).
filter cannot by itself completely eliminate artifacts
originating from H protons because of the incom-
pletel3C labeling. Moreover, the Pro residues are only Pulse sequence of Figure 1b then combines efficiently
minimally 13C labeled leading to significant residual and synergistically four effects which contribute to the
H contributions in the isotope-filtered spectrum (Fig- clean selection of water magnetization: frequency se-
ure 7b, see arrows). Itis therefore advisable to revert to lection, differential relaxation, antiphase defocusing

experiments acquired as explained for Figure 6, with by homo- and heteronuclear scalar coupling.

longer CT periods and higher digital resolution. The A further filtering effect can be added to the ex-
periment of Figure 1b if the mixing period is adapted



199

° o R8I HN Q
*

18,0 140
(ppm)

122.0

126.0

130.0

na.¢

116.0
(ppm)

Figure 8. Two antiparallel pseud@-sheet strands of the X-ray
determined structure of ClI2 (2ci2, McPhalen and James, 1987),
showing the water molecules which account for the observed NOEs
= in solution. Not all the water molecules indicated within brackets
are necessary to explain the detected cross peak¥ wof R67 and

R81 (see text).
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to off-resonance ROE transfer characterized by an ef-
fective tilt of 35.5 (Figure 1d and Figure 7c). This
angle results in NOE/ROE cancellation of the cross
peaks which arise from dipolar cross-relaxation with
wte > 1 (Birlirakis et al., 1996). The peaks observed
in Figure 7c¢ for the 35.50ff-resonance ROE spectrum
arise instead mainly from chemical exchange with
water. This observation is also supported by direct
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L FOIE (5] comparison of NOE and on-resonance ROE spectra.
5 Other mixing blocks, for instance for exchange-relay
e s s s s T T s editing (Hwang et al., 1997; Dalvit, 1998; Melacini

HN Cppm)

et al., 1999a, b; Phan et al., 1999), can be similarly

Figure 7. Water—protein Y NOE spectra of °N-labeled sample incorporated in the pulse sequence of Figure 1b.
of CI2 only partially13C enriched (see Materials section). Experi-

ments were performed at 2C and 500 MHz on a Bruker DRX500 .
spectrometer. Panel (a) shows the spectrum acquired with the pulse Hydration of CI2

sequence of Fsigure 1b in which the firstMéfC pulses were Inspection of the ROE spectrum (Figure 6e) reveals
eliminated and3C composite-pulse-decoupling (CPD) was applied negative ROE/NOE ratios for the’\i-protons of R67,

throughout the CT period when gradients were absent. In order to .
reliably test the efficiency of the isotope filter in purging the NOEs F69, R81 and G83, indicating that these cross peaks

originating from Ht magnetization, a short CT period (17.5ms)was contain mainly contributions either from direct in-
used with only 4 complex points for a spectral width of 1602.6 Hz. termolecular NOEs with water protons or from in-

An interscan delay of 1 s and 16 scans were employed. Panel (b) _ ; ;
shows a spectrum acquired as (a) but without CPD (Figure 1b). In tramolecular NOEs exchange relayed by labile protein

the inset upper and lower spectra correspond to traces through theProtons (Otting, 1997). Using an NO_E cut-off distance
cross peak of 149 in spectra (a) and (b), respectively. Panel (c) shows of 4.5 A and the X-ray structure 2ci2 (McPhalen and
the off-resonance ROE versiofi £ 35.5”) of (b) acquired with 8 James, 1987), the latter case was ruled out for the
complex points for{, a CT block 45.5 ms long and 8 scans. Acqui- N

sition parameters which are not mentioned here remained as for theH protons of 367’ F69, R81. The observed NOEs
experiments in Figure 6b. The processing was carried out similarly tO these I are instead fully accounted for by the X-
as described in Figure 6b and symbols also have the same meaningray detected water molecule oxygen atoms (McPhalen
as in Figure 6. All panels are displayed with the same threshold and gn( James, 1987): W88 is within 3.7 A from th¥ &f
ploting parameters. R81, W89 is within 2.1 A from the M of R67, W90

is within 2.0 A from the H of F69, W102 is within
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3.8 A from the H' of R67 and within 2.2 A from search Council, U.K.) for generously making CI2
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in nine other X-ray structures, including CI2 mutants George for the preparation of CI2 samples and for
(PDB codes: 1coa (Jackson et al., 1993), 1cq4, lypa, helpful discussions, to Ing. Nico Zwanenburg and to
1lypb, 1ypc), CI2 fragments (PDB code 1ciq) and ClI2 Ing. Johan van der Zwan for expert technical assis-
complexed with subtilisins (PDB codes lalo, laly, tance. Dr. Marco Tessari is gratefully acknowledged
2sni (McPhalen and James, 1988)) and they are part offor insightful discussions.
a spine of hydration between two antiparallel pseudo
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