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Editing of Chemical Exchange-Relayed NOEs in NMR Experiments
for the Observation of Protein—-Water Interactions
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An e_xperimental approach for tht_e editing of exchange-relayed  result in crosspeaks with the same sid#)( The approach
NOEs in water-selective NOE experiments is presented. The pro-  currently taken to rule out exchange-relayed contribution to th
posed pulse sequence is based on the application during the NOE  ohserved NOEs is based on the three-dimensional structure
mixing time of continuous wave irradiation, which saturates res-  {ha macromolecule and restricts the assignment of direct NOF
onances of relaying labile protons in slow chemical exchange with iy \vater only to those hydrogen nuclei which are more thai
water. The technique can efficiently reduce the contributions of .

4.5 A far from any exchangeable protdid). In this way many

exchange-relayed NOE peaks that often crowd the water-selective di NOEs b d . N th
NOE spectra and hide direct intermolecular NOEs between water ~ 9Ir'€Ct S between water and protein protons in the prox

and protein protons. The present approach opens new opportuni- IMity of labile groups (i.e., hydroxyls of Thr and Ser residues;)
ties for the characterization of hydration by NMR, even in the Wil remain ambiguous.
proximity of polar labile groups. © 1999 Academic Press

Key Words: water; hydration; NOE; chemical exchange relay. ALTERNATIVE SOLUTION—CONCEPTUAL BASIS

In this communication, we describe an alternative metho

INTRODUCTION AND PROBLEM DEFINITION for the editing of exchange-relayed NOEs. The proposed aj

] o o ) proach is based on experimental observations and does 1
Water is ubiquitously present in biological systems and jtquire the knowledge of the three-dimensional macromolex

has a profound influence on the structure and dynamics @f strycture. Our method exploits the chemical shift differ-
biomolecules T, 2). Specifically, water can affect hydrogengnce petween water and labile protons that are in slow e

bonds, electrostatic screening, and hydrophobic eff&iald cnange with the solvent. Such a chemical shift difference i
hydration water molecules can also be an integral part pfquently observed for nitrogen-bound exchangeable protol
protein @) and DNA () architecture. The measurement Obng for hydroxyl protons inaccessible to watdi5¢13. In

water-solute NOEs is an important tool for the characterizatioygition. the exchange of hydroxyl protons can be furthe

of biomolecular hydration, providing valuable structural and,q\wed down by the use of low temperatures and pH close |
kinetic information on both interior and surface water m°|eeipproximately 5-615, 19.

cules @, 6-9. . _ ~ The resonances of slowly exchanging labile protons can &
One of the most common artifacts found in water-selectiveygiyy identified in water-selective NOE and ROE experiment

NOE experiments ) arises from two-step magnetization,s jntense peaks preserving the same sign in both spectra. T
transfer processes in which magnetization is first transferrgday effect via the identified labile proton can then be reduce
from water to labile protein protons via chemical exchange apg selective irradiation of this exchanging proton during the
then from these to other protein protons via dipolar crosgog mixing time (9-23. The saturation of the irradiated

relaxation {, 7-13. The rates of proton exchange with watef,pile proton is also transferred to water and to the othe
can be significantly higher than those of dipolar cross-relaxychangeable protons, but the resultant intensity reduction
ation leading to the frequent appearance of intense exchanggser is negligible given the concentration difference betwee

relayed NOE pea'ks in water-selective NOE spectra. Thg &Ke solute (usually in the mM range) and water itself (approx
change-relayed intramolecular NOEs can obscure d'r‘?ﬁ{ately 55 M).

intermolecular NOEs with water. Furthermore, ROESY exper-
iments do not allow the distinction between exchange-relayed
ROEs and direct ROEs with tightly bound water molecules
because these two types of magnetization transfer mechanisms

ALTERNATIVE SOLUTION—PULSE SEQUENCE
(GRADIENTS AND PHASES)

1 To whom correspondence should be addressed. E-mail: boelens@! N€ ideas outlined above are implemented in the wate
nmr.chem.uu.nl. selective NOE pulse sequence shown in Fig. 1a. Gradiepts C
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WG strength of the CW irradiation is imposed by the need to avoi
significant off-resonance effects on water or other proteil
protons which are involved in direct NOEs with water mole-
cules. Saturation of multiple overlapped or partially overlappe
signals by the CW irradiation is generally not a concern and |
can even be advantageous because relay through the sev
saturated protons may be suppressed in a single experimer

Tmix

a) w ¢' 1 ¢2 ‘ ¢3, 4 Rec.

b ” VALIDATION OF THE PROPOSED METHOD

A A - The proposed pulse sequence has been tested on HE
lysozyme (HEWL) for which the hydration has been previ-
ously characterized by NMR28, 249 and for which well-

G, G, G, G, Gs refined X-ray determined structures are availaB®e-9. Fig-

ure 2a shows a 1D water-selective NOE experiment of HEWI
FIG. 1. I_Dulse sequence for thg slow_chemical_ egchange—relay editg%quired at pH 4.1 and 36°C using the sequence of Fig. 1

water-selective NOE experiment. Thick vertical bars indicate 90° hard pulses. . . . .. . . .

Between the first two 90° pulses water is selectively inverted by a 50-r¥%thou’[ CW irradiation during the ml_xmg tlme'_ThIS expert- |

gaussian pulse2gd). During the mixing period continuous irradiation is MeNt serves as reference and contains both direct NOEs wi

applied on a selected resonance corresponding to atoms or group of atom&ater and exchange-relayed NOEs, as shown for the TI
slow chemical exchange with water. Water is suppressed before acquisitmethw region in the blown-up Fig. 3a (see dots and fillec
using the Watergate block implemented with the 3-9-19 pulse t88in (@) _ squares). The exchange—relayed NOEs can be reduced by ir

Gradients G, G,, G4, and G are used for coherence transfer pathway selection. .. . .

(224). Gradient G dephases unwanted transverse magnetization at the enoaé?‘tmg the relaying Thr OH prqtons which are kn_own to

the mixing time. All gradients have a sinus amplitude profile, G,, G, and 'e€sonate around 5.4—6.2 ppm if in slow exchange with wate

G; last 2.4 ms, while G0.4 ms. The strengths of,GGs are 4.27-2.51, 1.57, (18, 23. Specifically, one of the exchange peaks of Fig. 2:

12.55, and 5.77 Glcm, respectively, fulfilling the condition||& |G| + |G|  resonates at 5.93 ppm (see asterisk 1). This resonance conte

;iLG;;'-OEXenlgl[gfig:rS f(‘;”i‘:"i"seg gy r:Sd?L?VQS%%rZZieTlgz"::el?gnfg;% - contributions from the threonine hydroxyl protons T40 OH anc

1a but using (;nly phase cycling to select the desired [():oherenges. The grag]—e:l’\g's OH, as indicated by ZD_e_PHQGSY_NOE_TOCSY anc

strengths for G-G, are therefore changed to 4.27, 4.27, 1.5%.77, and 2D-€-PHOGSY-NOE-NOESY experiment34j. A 1D water-

—5.77 Glcm, respectively. For both sequences the phasedare:x, y, —x, Selective NOE spectrum was therefore acquired using the pul

=Y, @, =y, @3 = X; Dy = —X; Prec = X, —X; all other phases ane sequence of Fig. 1la with an off-resonance irradiation at 5.9

ppm (Fig. 2b). The strength of the continuous pulse used fc
the irradiation was 213 Hz, allowing almost complete satura

G, G, and G select the coherence transfer pathway corréien of the irradiated resonance at 5.93 ppm (Fig. 2b). Th

sponding to water magnetization transferred to the protedffect of the CW pulse on the exchange-relayed NOEs of th

protons during the mixing time through dipolar cross-relaxeven threonine residues present in HEWL can be seen in F

ation and chemical exchang@2@). During the mixing time the 3b, which shows an expanded region of the spectrum of Fi

CW pulse is applied with phasein order to avoid the creation 2b. The NOE exchange-relayed to T118H5 at 0.97 ppm is

of minor water magnetization components along haxis, efficiently quenched and so is the NOE resulting from the

which can result in baseline distortions if not completelywo-step transfer D — T118 OH — V120 C,Hs, which

dephased by gradient;GFig. 1a). resonates at 1.14 ppm (see arrows in Fig. 3b). These resu
indicate that the continuous wave pulse at 5.93 ppm during tt

ALTERNATIVE SOLUTION—PULSE SEQUENCE mixing time edits the NOEs exchange-relayed by T118 OH. I
(THE CW PULSE STRENGTH) addition, the peak at 1.65 ppm, which contains contribution

from the NOE exchange-relayed to T4QHG, is reduced by
The CW pulse must be strong enough to ensure that tB&% but is not completely suppressed. Finally, in cases of fa
water magnetization which is continuously transferred to tlexchange between labile protein protons and water, the pr
irradiated labile proton is kept to a constant saturation levglosed technique cannot efficiently suppress exchange-relay
Specifically, effective suppression of exchange-relay artifadt®OEs (i.e., T47 at 1.37 ppm and T51 at 0.34 ppm in Figs. 3
is obtained when the CW pulse inverts the labile proton magnd 3b) and therefore in these circumstances a structure-ba:
netization at a rate faster than that of chemical exchange. Thjgproach is still the only valuable alternative.
condition defines a lower limit on the strength of the CW field. The observations on T40 and T118 described above are ful
In the limit of slow chemical exchange processes in the NOdbnsistent with the crystal structure of HEWL. The hydroxyls
mixing time scale, a single selective 180° pulse could be usefl both T40 and T118 are involved in hydrogen bonding
in place of the CW irradiation22b). An upper limit to the interactions with the main chair26) explaining the observed
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.

ppm

FIG. 2.
the same experimental conditions as in R28) put pH 4.1. The spectrum was
acquired on a Bruker AMX500 spectrometer using the sequence of Fig.
without the continuous wave pulse during the 50-ms mixing tie#s), The

(a) Reference 1D water-selective NOE experiment of HEWL in

COMMUNICATIONS

resonance; T40 instead is buried within the core of HE&/T) (
and faces a large protein cavity containing three water mole
cules @5). Specifically, the T40 (H; pseudoatom in the
crystal structure of HEWLZ5) is 4.2 and 3.7 A far from the
buried water molecules W180 and W131, respectively. Th
presence of these two water molecules in solution is indepel
dently confirmed by the direct intermolecular NOEs betweel
the solvent and the protein protons 155 NH at 9.27 ppm (Figs
2a and 2b), 155 (H; at 0.91 ppm and 188 (H; at 0.80 ppm
(Figs. 3a and 3b), as originally assigned by Ottaical. (23).
Furthermore, these water molecules are within 3 and 4 /
respectively, from the 155 gH proton, which resonates at 1.65
ppm as T40 CH; (28). The residual signal observed at 1.65
ppm in Fig. 3b contains therefore contributions arising fron
direct intermolecular NOEs between water and the protei
protons 155 GH and T40 CH;. These direct NOE contribu-

T40CyHs o V120 CyiHs3 a

T89 CyH3

T40 CyH3 T118 CyHs
+ u

155 CpH
T69 CyH3

155 Gy
| 188 CyHs

T47 CyH3

T51 CyH3
1L83Cs2H: ™®

la

number of scans was 17K in order to observe also weak NOEs with water
molecules. The relaxation delay after acquisition was 2 s. The residual wa
peak was removed through convolution filtering. Asterisks (*) indicate reprg
sentative resonances for which the chemical exchange with water prevails o
dipolar cross-relaxation, as indicated by the conserved positive sign in t
corresponding ROESY experimer3j. The dot (¢) indicates a representative
direct NOE between water and a protein proton, 155 I98) (The filled square

(m) denotes a representative chemical exchange-relayed NOE. A more detal
picture of the NOEs in the aliphatic region can be found in the expansior
shown in Fig. 3. (b) 1D water-selective NOE experiment of HEWL acquire

and processed as spectrum (a) but with a 213-Hz continuous pulse appljed

during the mixing time on the chemical exchange peak (*1) at 5.93 ppm. (¢)

1D water-selective NOE experiment of HEWL acquired and processed as

spectrum (a) but with a 155-Hz continuous pulse applied during the mixing
time on the chemical exchange peak (*2) at 7.67 ppm.

ppm

FIG. 3. (a, b) Expanded threonine methyl region of the spectra shown ir

slow exchange with water (Fig. 2a, asterisk 1). The cryst@bs. 2a and 2b, respectively. Dots (+) indicate contributions to the observe

structure of HEWL also reveals an important difference b

tween these two Thr residues: T118HG lies on the protein

eaks arising from direct intermolecular NOEs with water, while filled square:
m) denote contributions from exchange-relayed NOEs corresponding to tt
two-step transfer EO — T OH — protein proton 23). Arrows indicate the

surface g5) and therefore, as observed (Fig. 3b), the exchang&ehange-relayed NOEs which are edited by the 213 Hz continuous pulse

relayed NOE is the major contribution to the T11§Hz

5.93 ppm. The same nomenclature as28) (s used for the assignments.
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tions were obscured by the NOE exchange-relayed throuighhardly detectable, an upper limit fég, of approximately
T40 OH in the spectrum acquired without continuous wave000 s* is deduced. A lower limit fork,, can be computed
irradiation at 5.93 ppm (Fig. 3a). considering that the exchange relay starts competing wit
In addition to slowly exchanging hydroxyl protons, thelirect dipolar cross-relaxation rates)(whenk,, > maximum
scheme of Fig. 1a can also be successfully applied to nitrogenbetween water and macromolecular protons. Assuming
bound labile protons, for which chemical exchange is oftenaximum absolute value of approximately 10" or o
slow in the NMR chemical shift time scale. For instance, ifi, 9, 32, it can therefore be concluded that the CW method i
HEWL one of the intense chemical exchange pe&d ¢b- applicable and useful to edit relay through proton exchang
served in the 1D water-selective NOE experiment resonatesath rates in the 10 to 1000 $ window. Within this interval
7.67 ppm (Fig. 2a, asterisk 2), as expected for nitrogen-boufadl many labile protons of proteins and DNA in a range of
protons of lysine and/or arginine side chaids8)( An addi- experimental conditionslQ, 15, 33. Several such protons are
tional experiment was therefore recorded using the pulse sificult to detect even with NOESY spectra which avoid the
guence of Fig. 1a with a 155 Hz CW applied at 7.67 ppm. Theaturation of water. This is because the rapid transfer of ma
resulting spectrum is shown in Fig. 2c. The CW quenched thetization from protein labile protons to water protons during
chemical-exchange peak at 7.67 ppm by more than 94% ahd NOE mixing time quenches the diagonal peak of the labil
reduced the chemical exchange-relayed NOE at 3.07 ppmpipton and the cross-peaks between the labile proton ai
37%. This reduction can be explained considering that the paasnexchangeable proton&Qj. This is also observed for the
at 3.07 ppm in Fig. 2a contains contributions from side-chahydroxyl protons of T40 and T118 of HEWL reported here.
protons vicinal to the nitrogen bound labile protons resonating
at 7.67 ppm, as indicated by 2D e-PHOGSY-NOE-TOCSY COMPARISON WITH THE 1D-CLEANEX-PM
experiments. Furthermore, these 2D experiments show that the EXPERIMENT
T89 C,H proton also contributes to the peak at 3.07 ppm, thus

explaining why this resonance is not completely quenchednegative NOEs between fast moving waters and protei
upon irradiation at 7.67 ppm. However, additional contribysrotons even in the vicinity of relaying labile groups can alsc
tions to the residual peak at 3.07 ppm cannoaliori ruled pe measured using the 1D-CLEANEX-PM sequendd),(
out. which is based on NOE/ROE compensation validdgrr, >
1. However, this experiment also eliminates NOEs with long
APPLICATION TO NOE DIFFERENCE SPECTROSCOPY  [ived waters and suffers from leakages caused by rapid loc
side-chain motions34). These problems can be overcome by
The sensitivity of the basic experiment shown in Fig. 1a cgRe proposed CW approach which edits the exchange-relay
be improved if the desired magnetization is selected by phageEs independently of the relayed NOE effective correlatior
cycling only, as shown in Fig. 1b. In the sequence of Fig. 1ime. On the other hand, the CW approach requires multipl
gradients do not select coherences but just destroy those whigBeriments to suppress relay though labile protons resonati
are undesired, thus avoiding the loss of one half of the watgf different frequencies and, unlike the CLEANEX-PM exper-
magnetization during the mixing time&4, 29. For instance, jment, is limited to cases in which the relaying labile proton

spectra acquired under the same experimental conditions ingtthanges with water slowly in the NMR chemical shift time
cated in Fig. 2b but using the sequence in Fig. 1b havegggle.

signal-to-noise ratio double®1) as compared to spectra ob-
tained using the experiment of Fig. 1a. This observation sug-
gests that the water magnetization is not significantly affected
by radiation damping during the NOE mixing time of the Based on the observations described above, we conclu
sequence in Fig. 1b. It should however be noticed that tf}ﬁ '

statement about radiation damping strictly refers only to t at the editing of the exchange-relayed NOEs via iradiatio
. o ping y rel y rb‘? the intermediate labile protons (Fig. 1) facilitates the unam
experimental conditions employed to acquire the spec

shown (Fia. 2b). At lona mixing imes or usin robehea(}é?guous interpretation of direct intermolecular NOEs betweel
wn (Fig. 2b). g mixing u using p Water and macromolecules without reference to a model. Th

with high Q factors, radiation damping may be more dramatgiI
and in that case the sequence from Fig. 1a may be the prefert
choice.

CONCLUSIONS

e%ws in the future the NMR characterization of hydration in
€ vicinity of polar groups.
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