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An initial correlation between two spins is lost when they are
eparated by intermolecular chemical exchange. This effect,
ermed “decorrelation by chemical exchange,” manifests itself in a
ecay of the corresponding two-spin modes. It can be used for
onitoring intermolecular chemical exchange, as is demonstrated

or L-tryptophan where the decay of 1H15N two-spin order pro-
ides information on the exchange of indole protons with solvent
ater. © 1999 Academic Press

Key Words: intermolecular chemical exchange; decorrelation;
ultispin order; multiquantum coherence; L-tryptophan; amide

roton exchange; HMQC.

NMR spectroscopy has been instrumental in investigati
ariety of chemical exchange effects in liquid phase. S
orms of exchange can often be studied using isotope exch
ethods (1). Fast exchange processes can be elucidated o
asis of relaxation data (2, 3). Exchange processes falling in

ntermediate range (millisecond-to-second) are best inv
ated by lineshape analysis (4), polarization transfer metho
5), or multidimensional exchange spectroscopy (6).

It was pointed out long ago that manifestations of the ch
cal exchange in single-quantum spectroscopy are form
imilar to those of spin relaxation. Over the past two deca
elaxation studies have been fruitfully extended to multiqu
um coherences and multispin orders (7–9). By comparison
here have been relatively few chemical exchange studie
izing multispin modes. The theory ofintramolecular exchang
nvolving multispin modes has been developed by Szyma´ski
10), Gamliel, Luz, and Vega (11), Rance (12), Wagneret al.
13) and others. Here we demonstrate how multispin order
e used to examineintermolecular chemical exchange.
Consider a binary system undergoing chemical excha

B 1 B9 -|0
k1

k2

AB9 1 B. According to the Kaplan

lexander–Binsch formalism (14, 15) in the formulation by
aplan and Fraenkel (16) and Muhandiram and McClun
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17), ensuing changes in the spin density operatorrAB are
escribed by

drAB

dt
5 2k1rAB 1 k1TrB9$rAB9 # rB%, [1]

here TrB9 denotes the trace over the spin variables of the
ystem B9. The direct product notation,V, is used here so th
q. [1] has the same form for spin density operators and
orresponding spin density matrices. Using a basis of trac
roduct operators {Ai} for the spin system A and {Bi} for the
pin system B, the density operators can be represented

rB 5 @EB 1 b O
i

b i
B~t! Bi#/TrB$EB% [2a]

rAB 5 @EAB 1 b O
i

a i
AB~t! Ai 1 b O

j

b j
AB~t! Bj

1 b O
i , j

c ij
AB~t! AiBj#/TrAB$EAB%. [2b]

ere EB and EAB are unity operators of the respective s
ystems,b 5 \v 0/kT is a small constant proportional to t
uclear spin Larmor frequencyv0, and ai(t), bi(t), and
ij (t) are time-dependent coefficients, representing ma
ization modes, which are on the order of magnitude o
ote that the spin density operators in Eq. [2] are norm

zed to one in spin space and are not proportional to
oncentrations of the respective molecules. This conve
s relevant for the form of the exchange superoperator18)
nd is compatible with Eq. [1].
We are concerned here with the termsAiBj that are the

roducts of spin operatorsAi and Bj associated with the tw
ubsystems. The evolution of these terms is expressed b
ime-dependent coefficientscij

AB(t), which represent multisp
odes. Substituting the density operators in the form of Eq

nto Eq. [1] and using the property of traceless opera
rB{ Bi} 5 0, we obtain

es
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b
dcij

AB~t!

dt
5 2k1bc ij

AB~t! 1 k1b
2ai

AB~t!bj
B~t!. [3]

he first term on the right-hand side of Eq. [1] leads to a de
f cij

AB(t), reflecting the loss of observable correlation betw
pins that are separated by chemical exchange. The s
erm, representing the production of correlated mode
hemical exchange, is negligible in comparison to the first
ince it is proportional tob2, b ! 1 (19). We conclude tha
ij
AB(t) magnetization is not measurably replenished in
rocess of intermolecular exchange.
According to Eq. [3], any multispin mode which is “brok

p” in the process of intermolecular exchange undergo
onoexponential decay characterized by the respectiv

hange rate constants. We call this effect “decorrelatio
hemical exchange.” The monoexponential decay w
as been obtained here for the exchange process

1 B9 -|0
k1

k2

AB9 1 B is also encountered in oth

FIG. 1. Exchange matrix (longitudinal manifold) for a weakly coup
wo-spin system, A (5 15N), B (5 1H), undergoing intermolecular chemic
xchange. Shaded squares correspond to the relaxation matrix elements
eneral case involving intra- and intermolecular relaxation (44). Light shading

ndicates cross-correlated cross relaxation.

FIG. 2. Pulse sequence for measurements of theNzHz decay induced by
); f rec 5 ( x, 2x) selectsNzHz order. The second scan of this phase cy
n a good approximation unchanged, with bothHz andNz relaxing from zero
f cross-correlated cross-relaxation effects so that the obtained decay cuczz

N

ate constant,T1zz
21. The block inserted in square brackets corresponds to t

nd zero-quantum coherences oscillating at the frequenciesvH 6 vN. Quadra
he phasef4 according to the States–TPPI method (45). The complete phas

( x, x, 2x, 2x); f rec 5 ( x, 2x, 2x, x), and in the 1D versionf 1 5 ( x,
x). The duration of the delayd is 1/(41JNH). The duration of the relaxatio

eads to virtually identical values ofG zz
NH). The water suppression scheme in

gHB1u/(2p) 5 250 Hz. Pulsed fieldz gradients (46) (15–30 G/cm) are us
y
n
ond
y
e

e

a
x-
y
h
B

ntermolecular exchange reactions. It is intuitively obvi
hat multispin orders (or coherences) undergo decorrel
hen at least some of the involved spins become sepa

n the process of intermolecular exchange. In this com
ication, we concentrate on longitudinal multispin ord
uch as represented by the term AzBz. The analogous ex
hange-driven decay of multispin coherences, which is
iscussed in this paper, is known to have an effect on
xchange spectra (20, 21).
A more thorough analysis of the exchanging spin sys

hould also account for relaxation effects. Figure 1 illustr
he structure of the exchange and relaxation matrices fo
ase when A and B bear single spins1

2. For the mode corre
ponding to two-spin order,AzBz, the exchange matrix co
ains only diagonal elements as follows from Eq. [3]. Acco
ngly, the sum of the exchange matrix elements along
ottom row is nonzero. However, this does not mean
ultispin correlations actually disappear as a result of

hange. In fact, they are preserved for a time of the order oT1,
ut become unobservable when two spins are separat
hemical exchange and move far apart from each other i
rocess of translational diffusion.
The structure of the relaxation matrix is shown by a sha

attern in Fig. 1. Cross-correlated cross-relaxation elem
esponsible for the coupling between the two-spin and sin
pin modes, are indicated by light shading. In the case w
hemical exchange is fast,k1 is much greater than the cro
orrelated cross-relaxation rate constant, and the latter c
reated as a first-order perturbation-theory correction in
igenbasis of the exchange matrix. This procedure yie
lightly modified effective autorelaxation rate constant for
wo-spin order,T1zz

eff 21. It is also often possible to suppress
ffect of cross-correlation terms by specially designed p

r the

emical exchange and spin relaxation. The phase cyclef 1 5 ( x, x); f 2 5 (2x,
produces an invertedNzHz relaxation profile, whereasHz andNz profiles are lef
ard their equilibrium values. This phase cycle ensures an efficient supp

s) are monoexponential andT1zz
eff 21 is close to the two-spin order auto-relaxat

MQC-type 2D version of the sequence whereNzHz order is converted into doubl
e detection in the 2D version of the sequence is accomplished by increm
ycle in the 2D version of the experiment isf 1 5 2(x, x); f 2 5 2(2x, x); f 3

, y, 2x, 2x, 2y, 2y); f 2 5 ( x, 2x, y, 2y, 2x, x, 2y, y); f rec 5 4(x,
elay between the scans was set to 1 s (a10-s delay, used in control experimen
des WATERGATE (40) and water flip-back pulses (41) with an RF field strengt
to purge the unwanted coherences.
ch
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equences, such as the sequence of Fig. 2 (see also Re22,
3), so that the residual small effect can be incorporate
1zz
eff 21. In both cases, the decay of the two-spin order is
roximately monoexponential,

czz
AB~t! > czz

AB~0!exp~2~k1 1 T1zz
eff 21

!t!

5 czz
AB~0!exp~2G zz

ABt!. [4]

quation [4] constitutes the basis for the proposed metho
etection of chemical exchange.
We concentrate on the exchange of labile amide proto

roteins and nucleic acids with solvent water (24). A determi-
ation ofk1 provides information on the degree of exposur
ifferent residues to the solvent, which is particularly relev

or understanding protein folding (25). We test the new ap
roach by studying the exchange of the indole proton iL-

ryptophan (inset in Fig. 3). Other labile protons suitable
uch measurements at or near ambient conditions are fou
ysine, arginine, glutamine, and asparagine side chains (26), as
ell as in the polypeptide backbone (27) and in polynucleo

ides (28).
The pulse sequence used for measuring of theNzHz decay is

hown in Fig. 2. It consists of an initial period of length 2d for
he preparation of the heteronuclear two-spin orderNzHz. This
erm is exposed to the influence of chemical exchange
elaxation) during the subsequent mixing periodt. In the 2D
ersion of the experiment, the remaining part of theNzHz

ode is converted into heteronuclear zero and double qua
oherences which precess during the evolution timet 1. They
re subsequently detected, after a further transfer perio
uration 2d, as1H single quantum coherence. In the 1D vers

he t 1 evolution block is omitted.
The use of zero and double quantum coherences in th

xperiment allows one to separateNzHz from other longitudi
al orders emerging during the timet. This could also b
chieved with an HSQC-based sequence by using the di

ransformation properties ofNzHz under the effect of simulta
eously applied proton and nitrogen RF pulses. It is
ossible to implement an experiment where magnetiz
riginates from a proton other than NH and is later transfe
ack to this proton for detection (29, 30).
The detection of the exchange becomes feasible in the

1zz
eff 21 & k1 & 1JNH, where1JNH is the 1H–15N scalar coupling
onstant,;90 Hz. The lower limit of usefulness is imposed
dominant relaxation term. The upper limit is reached w

he build-up of two-spin order during the preparation perio
trongly attenuated by fast chemical exchange. The exch
ate constants measured in our experiments fell in the r
.3 T1zz

eff 21 , k1 , 1.2 1JNH, with T1zz
eff 21 ! 1JNH.

The pH dependence of the decorrelation decay rate con
zz
NH has been measured in aqueous solutions of doubly15N-

abeledL-tryptophan, Fig. 3. Measurements employing sev
amples with different pH levels are often used to eluci
in
-

or
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hemical exchange in proteins (27, 31). The measured deco
elation decay times range from 10 ms to 2 s. The st
ependence ofG zz

NH on the pH clearly reveals the presence
xchange since the relaxation termT1zz

eff 21 is in a good approx
mation independent of the pH. The measured pH depend
s in good agreement with the results published in the litera
32–34) (see caption of Fig. 3). The data were collected at
emperatures in order to test the consistency of results.

Figure 3 also shows the results of the fitting with the fu
ion G zz

NH 5 kH102pH 1 kOHKW10pH 1 T1zz
eff 21, wherekH andkOH

re temperature-dependent acid- and base-catalyzed exc
ate constants that are used, together withT1zz

eff 21, as fitting
arameters, andKW is the temperature-dependent autoion

ion constant of water (logKW 5 213.936 at 300K). In th
ogarithmic representation given, the curves are symmetric
ave linear asymptotes with the slopes 1 and21. Near pH 3

he measured rate constantsG zz
NH show a significant deviatio

rom the calculated curves. This deviation has previously
bserved by Waelder and Redfield (33), who used a saturatio

ransfer experiment to determinek1 of the indole proton in
ryptophan. Based on a fluorescence study, Feitelson (35) ar-
ued that the deprotonation of the COOH group, which t
lace at pH* 3, leads to an electric polarization of t
eighboring NH3

1 group, which in turn affects the indole rin
t is possible that this mechanism is responsible for the
ancement of the acid-catalyzed exchange observed at pH* 3.

FIG. 3. Apparent decay rate constantsG zz
NH 5 k1 1 T1zz

eff 21 for the two-spin
rderNzHz of the indole NH group inL-tryptophan as a function of the pH
n aqueous solution at the temperatures (F) 300 K and (E) 295 K. The sample
ere prepared with a concentration of 50 mM of tryptophan in 97% H2O–3%

2O and buffered with 20 mM phthalate, acetate, phosphate, or b
epending on the pH range. The curves shown in the plot are obtained b
quares fitting, yielding the values logkH 5 2.8, logkOH 5 7.9, and logkH 5
.0, logkOH 5 8.0 at 295 K and 300 K, respectively. The latter two values
e compared with the values logkH 5 3.0 and logkOH 5 7.8 from the work
y Waelder and Redfield (33). The functional dependence used for the fit
f the experimental data does not account for the local pH effects men

n the text, possible interactions of the buffer molecules with tryptophan
ossible variation ofT1zz

eff 21 with pH.
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The temperature dependence ofG zz
NH, shown in Fig. 4, als

uts into evidence the effect of the chemical exchange.
ncrease ofG zz

NH with temperature is due to the increas
xchange rate constant,k1, while the decrease reflects t

emperature dependence of the relaxation term,T1zz
eff 21, in the

xtreme narrowing limit. Strong increase of the decay
onstantG zz

NH with temperature is observed for aqueous solu
f tryptophan (upper curve in Fig. 4). This points tow

ntermolecular exchange as a main source of theNzHz decay
n contrast,G zz

NH declines with increasing temperature for tr
ophan dissolved in aprotic DMSO solvent (lower curve in
). In this case, exchange contribution is small and the
erature dependence ofG zz

NH is determined byT1zz
eff 21 term. The

light rise inG zz
NH, registered in the DMSO sample at hig

emperatures, is probably caused by the onset of che
xchange (the mechanism of exchange in the aprotic solv
nclear; it can be hypothesized that cations are concentra

he coordination sphere of tryptophan and that the imp
ater is involved). The functional dependence used for fi

he data in Fig. 4,G zz
NH(T) 5 k1(T) 1 T1zz

eff 21(T) with k1(T) 5

1
0exp(2Eex/RT) andT1zz

eff 21(T) 5 T1zz
0 21exp(Er /RT), is based

n an Arrhenius temperature dependence of exchange
elaxation correlation times, assuming that the latter fu
he extreme narrowing conditions. The extracted ac
ion energies and preexponential factors are listed in
gure caption. The temperature dependence of the
hange in the aqueous solution of tryptophan has been
ecorded with addition of the alleged exchange-inhibi
gent, N-acetyl-D-glucosamine (36). We found that the ex

FIG. 4. Apparent decay rate constantG zz
NH 5 k1 1 T1zz

eff 21 for the two-spin
rderNzHz of the indole NH group inL-tryptophan as a function of tempe
ture. The data are plotted for (F) an aqueous solution of 50 mM tryptoph
ith 20 mM acetate buffer, and (■) a solution of 10 mM tryptophan
euteratedd6-dimethyl sulfoxide (DMSO) containing a small amount of
idual water. The pH of the aqueous sample is 5.07 at 300 K and varies b
han 0.1 pH unit over the temperature range of this experiment. Fo
queous solution, the fitted parameter values are logT1zz

0 21 5 24.04, Er 5
0.8 kJ mol21, log k1

0 5 14.85, andEex 5 89.5 kJ mol21. The exchang
arameter values are typical for NH protons (47).
e

te
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al
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g
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x-
lso

hange rate constantk1 dropped by less than 20% in t
resence of 0.2 MN-acetyl-D-glucosamine.
The functional dependencies described above have

tilized to separate the exchange and relaxation contribu
he fitting of the temperature dependence of the H2O sample in
ig. 4 leads tok1 (300 K) 5 0.18 s21 and T1zz

eff 21 (300 K) 5
.38 s21. Respective contributions determined from fitting
H dependence, Fig. 3, are 0.15 and 0.41 s21. The agreemen

s fair, given the simple character of functional dependen
mployed in this analysis.
The fastest and the slowestG zz

NH rates, corresponding
H 5 8.00 and pH5 4.85 in Fig. 3, respectively, have be
emeasured using the 2D version of the sequence shown i
. The results agree within a 2% error margin with th
btained from the 1D experiments.
We have also investigated the intermolecular exchang

mide protons in acetamide, which can be considered as a
or the glutamine and asparagine side-chain amides. The r
re in agreement with the literature data (37). The situation is
owever, more involved compared to tryptophan, since the2
roup of acetamide displays both inter- and intramolecula
hange. The latter is responsible for a permutation of the
mide protons, cis and trans with respect to the carbonyl ox
he presented approach can be extended to treat both exc
athways in the {NzHz

cis, NzHz
trans} manifold (the results will be

eported elsewhere). The decay of three-spin order in this s
an be used to measure the sum of the intermolecular exc
ate constants for cis and trans protons.

The approach based on the decorrelation of the mult
odes can be referred to as the Decor method for detecti

ntermolecular chemical exchange. The Decor method, im
ented in this work for two-spin order, offers potential adv

ages in comparison to other experimental schemes use
xchange measurements. It is particularly convenient tha
alue ofk1 1 T1zz

eff 21 can be read directly from the decay curve
omparison, the interpretation of exchange effects in single-q
um experiments requires the consideration at least of a 23 2
xchange matrix, and a full lineshape analysis usually invo

arge evolution matrices. It is well known that the use of multis
odes has generally the benefit of reducing the dimensiona

he evolution matrices. In the Decor approach, the dimension
s reduced to 1, thus simplifying the interpretation (this reduc
lso involves the elimination of cross-correlated cross-relax
etweenAzBz and other spin orders, such asAz).
In a good approximation, the proposed method is fre

roblems concerned with partial saturation of the water s
r radiation damping which are typically encountered in
hange studies of proteins (27, 38, 39). In the Decor exper
ent, the water magnetization itself is not a part of the

hange measurement so that the standard water suppr
ethods (40, 41) can be utilized as in Fig. 2.
The 2D Decor experiment allows one to monitor the

hange of NH protons in proteins with water by record
everal 2D spectra for different values oft. Each spectrum

ess
e
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orresponds to a standard HMQC spectral map where
ntensities of the cross-peaks decrease exponentially as a
ion of timet. In many cases, the resolution of such spect
ufficient so that the experiment can be carried out wit
ntroducing a third spectral dimension as in heteronuc
dited proton exchange spectroscopy (42).
The proposed experiment measures the sum ofk1 andT1zz

eff 21,
o it is left to the spectroscopist to separate the exch
ontribution from the relaxation contribution (unless the la
an be neglected). Their separation based on pH and te
ture dependencies was useful in this paper to establish

itative validity of the Decor approach. In practical excha
tudies, it is often possible to neglect the relaxation cont
ion, in particular when a qualitative verification of excha
rocess is sufficient. The separation of exchange and au
ross-relaxation contributions requires special attention in
xchange measurement on this time scale (13, 43).
In conclusion, the use of two-spin order provides a sim

nd elegant method for the investigation of intermolec
hemical exchange.
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