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Abstract

Exchange transferred effects in solution-state NMR experiments allow one to determine the conformation of ligands that are
weakly bound to macromolecules. Exchange-transferred nuclear Overhauser effect spectroscopy (‘TR-NOESY’) provides infor-
mation about internuclear distances in a ligand in the bound state. Recently the possibility of obtaining dihedral angle information
from a ligand in the bound state by exchange-transferred cross-correlation spectroscopy (‘TR-CCSY’) has been reported. In both
cases the analysis of the signal amplitudes is usually based on the assumption that rapid exchange occurs between the free and bound
forms of the ligand. In this paper we show that the fast exchange condition is not easily attained for observing exchange-transferred
cross-correlation effects even in systems where exchange-transferred NOE can be observed. Extensive simulations based on ana-
lytical expressions for signal intensities corresponding to fast, intermediate, and slow chemical exchange have been carried out on a
test system to determine the exchange regimes in which the fast exchange condition can be fulfilled for successfully implementing

TR-NOESY and TR-CCSY.
© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

The conformation of cofactors, inhibitors, and other
ligands that are bound to macromolecules is of consid-
erable interest for pharmaceutical chemistry. Exchange
transferred nuclear Overhauser spectroscopy (TR-NO-
ESY) allows one to determine internuclear distances in
the bound state through cross-relaxation [1,2]. The
cross-relaxation process, which is rapid in the slowly
tumbling complex ML, results in a partial interconver-
sion of angular momentum operators representing
populations (e.g., ;. to Ij;) associated with the bound
ligand. The resulting populations are partly preserved
(on the time scale of the longitudinal relaxation time 77)
when the complex ML dissociates into free ligand L and
free macromolecule M. One can thus effectively observe
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Overhauser effects on the narrow resonances of the free
ligand that reflect the conformation in the bound state.
Recently it has been shown [3,4] that similar principles
are applicable to transferred cross-correlation spectros-
copy, which we shall refer to as TR-CCSY. In this case a
two-spin coherence such as 2C;,C, associated with the
ligand may be partially converted to an antiphase term
such as 8Cy,H.C;,H,. through cross-correlated dipolar
interactions while the ligand is in the bound state. Al-
ternatively, one may monitor the interconversion of
4C;Hy-Cjy into 4C,CjyHy, under the same dipolar in-
teractions. The rate of such an interconversion, which is
proportional to the correlation time 7. of the complex
ML, provides direct evidence of angles subtended be-
tween various spin interactions, which in turn can be
related to dihedral angles. The resulting coherences
are partly preserved, albeit on the time scale of the
transverse relaxation time 7> of the coherences, when
the complex dissociates into free ligand and free
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macromolecule. By observing narrow resonances of the
free ligand it is therefore possible to monitor cross-
correlation effects that reveal information about the
conformation of the ligand in the bound state ML. In
this paper, analogies and differences between TR-NO-
ESY and TR-CCSY are discussed in some detail.
Cross-correlation effects have proven to be a valuable
source of structural and dynamic information in mac-
romolecules [5,6]. Cross-correlation effects between dif-
ferent spin interactions have been exploited to obtain
dihedral angles in proteins and sugar moieties in nucleic
acids [7-12]. The general strategy for determining
dihedral angles from a quantitative measurement of
cross-correlated relaxation rates involves identifying a
three- or four-spin system spanning the angle of interest
and exciting suitable multiple quantum coherences.
During a period 1y, this coherence will not merely decay
(self-relaxation) but it may be partly converted into
other coherences (cross-correlated relaxation) under
various interference terms involving fluctuating spin
Hamiltonians. This interconversion can be monitored
by suitably designed experimental sequences. The in-
fluence of different interference terms is most readily
visualized in a cartesian product operator representation
of the coherences. This amounts to examining the re-
laxation behaviour of the sums or differences of multi-
plet components in multiple quantum spectra. In the
following section we examine this in more detail.

2. Relaxation mediated coherence or magnetisation
transfer

The coherences evolve under the spin Hamiltonian
which is comprised of a sum of isotropic terms (chemical
shifts and J-couplings) and randomly modulated an-
isotropic parts. The experiments for measuring cross-
correlation rates which we consider in this paper are
designed so that the evolution under the isotropic part
of the spin Hamiltonian during the relaxation period 7,
is refocussed [7,11]. We therefore restrict the following
discussion to the effects of the anisotropic parts of the
Hamiltonian on the coherences. The relaxation of the
coherences under a randomly modulated Hamiltonian
can be described by
dv
dr

Here, v represents the n-dimensional vector of the
expectation values of the multiple quantum coherences
and I is the n x n relaxation matrix. The diagonal ele-
ments of I' correspond to sums of auto-correlation
terms whereas the non-zero off-diagonal elements in-
volve cross-correlated relaxation rates. The off-diagonal
elements thus provide relaxation pathways which lead to
coherence transfer. The elements of v may also represent

—I'v. (1)

expectation values of angular momentum operators
such as I, and I, corresponding to populations. In this
case, Eq. (1) describes the time evolution of longitudinal
magnetisation modes [5]. The experimental approach for
determining a given cross-relaxation rate involves iso-
lating a specific off-diagonal element from the n x n
matrix. This can often be achieved by inserting suitably
positioned 7 pulses in the relaxation interval [6-8,13]. In
favourable cases, the n x n matrix can thus be reduced
to a 2 x 2 relaxation matrix and the vector v has the
form

o
L 02 ’
while the matrix I' is of the form

_r]a rc
_rc FZa .

Coherence transfer is brought about by the cross-
relaxation rate denoted I'. while I'j, and I',, are the self-
relaxation rates (sums of auto-correlation terms) of the
two coherences. For example, the coherence transfer S,
to 2S.I. may result from cross-correlation between the
chemical shift anisotropy of S and the dipolar coupling
between S and /. When isolated spin systems are con-
sidered, I';, = Iy, = I, is often a reasonable approxi-
mation. Coherence transfer is analogous to longitudinal
magnetisation transfer (e.g., I;. to [;;) mediated by cross-
relaxation in a NOESY experiment.

Usually two experiments must be performed, a ref-
erence experiment (I) which allows one to detect the
expectation value v; of the initial coherence and a
complementary experiment (II) designed to detect the
expectation value v, of the coherence resulting from a
transfer brought about by cross-correlated relaxation
[7]. The amplitudes of the signals observed in the two
experiments are given by

ar < cosh(Tety) exp(—Tatm), (2)
ay  sinh(Tety,) exp(—Tatm), (3)

where 1, is the relaxation period. The cross-correlated
relaxation rate I'; can be readily obtained from the ratio
of the amplitudes of the signals measured in experiments
IT and 1.
9 _ tanh(Tetm). (4)
ar

This is in contrast to the NOESY experiment in
which both terms vy and v, are detected in a single ex-
periment in the form of diagonal and cross-peaks. Also,
in NOESY the assumption that I'j, =I5, =T, can
usually only be fulfilled for an isolated two-spin system,
whereas this assumption is often more realistic in CCSY.

Recently, cross-correlation spectroscopy (CCSY) has
been applied to systems in chemical exchange to deter-
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mine dihedral angles in a ligand which is weakly bound
to a macromolecule [3,4]. This type of experiment which,
we shall refer to as TR-CCSY, is analogous to the well
known TR-NOESY experiments which provide inter-
nuclear distance information in ligands bound to mac-
romolecules [2]. We examine here the conditions that
must be fulfilled for exchange transferred cross-corre-
lated relaxation rate measurements for studying the
conformation of bound ligands.

3. Exchange transferred cross-correlated relaxation

The exchange equilibrium involving a ligand (L) and
a macromolecule (M) can be represented as

M+ LML
—1
The dissociation constant for the reaction is given by
ki (LM
Ky == 5
Tk T ML ®)

where [L], [M], and [ML] are the concentrations of the
free ligand, free macromolecule, and the complex, re-
spectively. The equilibrium may also be expressed in
terms of the concentrations of the free and bound forms
of the ligand by defining a pseudo-first order forward
rate constant k,, = k;[M], and by calling the rate con-
stant for the backward reaction koy = k_;.

kon _ [ML] _ pur _
keofi - [L] B PL F <6)

Here, the fraction of bound ligand is pyp =
[ML]/(IML] + [L]) and the fraction of the free ligand is
p = [L]/(IML] + [L]). Typically F is of the order of 0.1
or less since the experiments are carried out in the
presence of a large excess of free ligand.

For exchanging systems, the vector v in Eq. (1) must
be extended to encompass the expectation values of the
coherences in the complex ML and in the free form L,
and the matrix I' must incorporate both relaxation and
chemical exchange rates. The vector v now takes the
form

and the extended relaxation matrix I' is given by

[T+ kogy | —kottF 0
- MY+ ko 0 —kottF'
—Kofr 0 TE + ko F rt 7
L 0 —Koff FCL F: + ko’

where k,, has been replaced by ki F.

The relaxation rates with superscripts ML and L refer
to the bound and free states, respectively. The solution
of the differential equation is obtained by diagonalizing
the matrix I', so that the time dependence of the ele-
ments of v can be expressed as linear combinations of
exponentials of the eigenvalues of I'. In the limiting case
of koir = 0, the free and bound states clearly form two
isolated systems and there is no transfer of any infor-
mation from the bound state to the free state. The signal
amplitudes of experiments I and II are then described by
the pair of Egs. (2) and (3) separately for the bound and
free states. As ko increases there is a mixing of the el-
ements of I' which results in a transfer of information
about relaxation from the bound state to the free state.
The evolution of coherences during the relaxation in-
terval 1y, is described by
»(tm) = 8(tm)v(0), (7)
where S(t,) = Xexp(—D1,)X ', X is the matrix of
eigenvectors of I and D is a diagonal matrix containing
the eigenvalues of I'. In the case of TR-NOESY, the
vector v contains the expectation values of the longitu-
dinal magnetisation components ([kZ)ML, (IZZ)ML, (IkZ)L,
and (I..)" corresponding to the spins in the bound and
free states. In the case of TR-CCSY, the vector v con-
tains expectation values such as <4Ckasz/x>ML,
(4C,C,HLMY, (4CLHCL)", and (4C,,C H.)". In
general, the self-relaxation rates cannot be assumed to
be equal although this assumption may be easier to
fulfill in CCSY than in NOESY. The time evolution of
the magnetisation can be obtained numerically after a
suitable transformation to make the matrix symmetric
[14-16]. In TR-CCSY however, the experimental scheme
allows the dimensionality of the problem to be reduced,
and the self-relaxation rates of the coherences can often
be assumed to be equal. The analytical solution for the
time evolution of the magnetisation in a chemically ex-
changing system has been derived in the context of TR-
NOESY for a two spin system [17]. Here, we recast the
general solutions in a format that readily allows us to
express the signal amplitudes measured in experiments |
and II as a function of ku. These expressions then allow
us to simulate signal intensities (o and ay;) in TR-CCSY
over all exchange regimes. The eigenvalues of I ob-
tained by solving the characteristic equation are given by

1
Dy =3 (T 4+ T¥™) + (Th + T8 + ko (1 + F) + AL
®)
1
Dy =3 [(X 1) 4 (T} 4 T8) 4 k(14 F) = AL,
©)
1
Dy =5 [0 = T 4 (T = T 4 k(14 F) + As].

(10)
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[(CME —TMY) 4+ (T = TY) + kor(1 + F) — Ay
(11)

N —

Dy =

The factors A; and A, are given by
Ay = {[(TY" + ) — (T + T + 2kon (1 — F)
X MM+ TV — (T + T + k(1 + F)°}72,
(12)

Ay = {[(TY" = TY™) — (T = T + 2kon (1 = F)
x (MY = TY) — (T = T + kg (1 4+ F)'}2.
(13)
The signal amplitudes measured in experiments I and

IT are proportional to the elements S33 and Sy3 of the
matrix S. The elements S;; are of the form

4
Sk/ = Z Ckli CXp(fD,-‘Cm), (14)

i=1

where D; are the eigenvalues of I' and ¢, are coeffi-
cients. The coefficients for the element S4; which deter-
mine the signal amplitudes in experiment II are given by

B 1{[(ryurgﬁ)—(r§+r§)+koff(1—F)]_l}

04371——1 A

(15)

LT+ T — (T + 1) + ko (1= F)]
c43,221{ A, i +1},
(16)

Lt ) = (0 = T9) + ko (1 = F)]
04373—2{ A, —1}7
(17)

L™ =T = (T = T7) +korr(1 = F)]
C43,4:—Z{ A L +1}.
(18)

Similar coefficients determine the signal amplitudes
S33 of experiment I except for some of the signs:
C33,1 = C43]1, €332 = €432, €333 = —C433, and ¢34 =
—C434-

We now examine the signal amplitudes in experi-
ments I and II for the limit of large ko¢. The factors A
and A, have the form

1/2
2(1 = F)x x?
(I +FYkor (1 4F)°k

A]ﬂz = koff(l +F) 1+

(19)

where x=(TM-4+TM) — (Y +TF) for Ay and
x= (M —1TM) —(IY —T) for A,. Expanding in a
series at k+ = 0 gives the following eigenvalues:

Dy = k(1 + F) + po (Y + V) + py (T + ),

(20)
Dy = pur (I3 + T) + pu(Ty + ), (21)
D3 = kot (1 4+ F) + pr(T)" = TY™) + pu (T = T),

(22)
Dy = pu (I3 = TY) + pu (T = Tp). (23)

The coefficients ¢;;; determining the signal in exper-
iment II simplify to c43, Z%pML, C432 z%pL, c433 =
—Ipwmr and 434 = —1p. For experiment I all coefficients
are positive. The eigenvalues and coefficients determined
in the limit of high ko may now be inserted into Eq. (14)
to obtain the signal intensities in experiments / and II.
We can safely make the assumption that the period over
which relaxation occurs satisfies tp, > 1/kogr(l + F).
Since the exponentials involving the larger eigenvalues
Dy and Dj; rapidly drop to zero, the signals are largely
determined by the exponentials of the eigenvalues D,
and D4. This is equivalent to a unitary transformation of
the relaxation matrix that describes the TR-NOESY
experiment assuming fast exchange [14-16]. We now
obtain the following expressions for the signal ampli-
tudes, which are independent of kg

1 .
anp X —— smh[(pMLFICVIL —‘y—pLFld)‘Cm]

1+F
x exp[—(pmuL ™ + pLTy ) T, (24)
1
a; X 1 T F COSh[(pMLFLVIL +pLF£)Tm]
x exp[—(pmLly " + pLly) Tm)- (25)

The ratio of the signal intensities in experiments I and 11
gives the cross-correlated relaxation rate as a popula-
tion-weighted average of the values for the ligand in the
free and bound states

Z—III = tanh[(pp . T + prTH) 1) (26)
It is important to note that the requirement for this
approximation to hold is that both [(TM"+4 TMY)—
(Cy + T/ ko and  [(TY = TF) — (7 = T9)] ko
must be small. Since the dominant term involves relax-
ation rates in the bound state, and since the cross-
correlation rates can have positive or negative values,
the condition may be stated as

o+ 0
— <
koff
Ideally, chemical exchange transfer effects are most
readily analyzed when this fast exchange condition is
satisfied [3]. In TR-NOESY, Fﬁ’[L and I’ 2’“‘ corresponds

to the longitudinal relaxation rates (1/77) and the cross-
relaxation rate, respectively, whereas in TR-CCSY, they

1. (27)
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correspond to the transverse relaxation rate (1/7») and
the cross-correlation rate, respectively. The transverse
relaxation rates involving multiple quantum coherences
increase with the size of the macromolecule and are
larger than the longitudinal relaxation rates that affect
NOESY. This implies that the condition of fast ex-
change required for observing exchange transferred
cross-correlation can be more difficult to achieve. For
example if the bound state has a correlation time 7. of
about 20 ns, and 1/7> of about 86s~!, exchange rates ko
of several 100s~! might be required for Eqs. (24) and
(25) to be valid. Even if the fast exchange condition is
fulfilled for observing transferred NOESY effects, the
exchange rates might be too slow for observing trans-
ferred cross-correlation effects.

4. Mannose—concanavalin A exchange equilibrium

In the following, we examine the binding of mannose
to the protein concanavalin A. Of the two anomeric
forms of mannose, concanavalin A has a greater affinity
for binding the a-anomer. At a pH above 5.6 conca-
navalin A exists as a tetramer of molecular weight
104kDa. At a temperature of 303K, we calculate the
approximate isotropic rotational correlation time of the
tetramer to be 7. =39ns using the Stokes—Einstein
equation [18]. Assuming that the conformations of the
two anomers in the bound state are the same as those
determined by X-ray diffraction for the pure monosac-
charides [19], the approximate spin-lattice relaxation
rates for the anomeric proton in the complex ML are
expected to be about 1/7; = 13s7! and 52s7! for the a
and B forms, assuming that dipole—dipole relaxation is
predominant. This implies that large koi-rates are re-
quired to satisfy the fast exchange limit for TR-NOESY
where signal intensities become independent of k. It is
therefore necessary to optimise the sample conditions to
achieve the fast exchange regime. This is demonstrated
in Fig. 1 which shows the H'-H? cross-peak obtained in
TR-NOESY experiments at different temperatures. At
lower temperatures, the relaxation rate is large while the
exchange rate is slow so that the system is far from the
fast exchange limit. The cross-peaks are negative with
respect to the diagonal peak as expected for the free li-
gand, which is characterized by a short correlation time.
With increasing temperature, the relaxation rate de-
creases due to faster molecular motion. The exchange
rate kofr, on the other hand, increases, thus approaching
the fast exchange limit. One therefore observes positive
cross-peaks of increasing intensity as expected for a
bound ligand characterized by the long correlation time
7. of the complex ML. The fast exchange regime is ap-
proached more easily for the a-anomer since its relaxa-
tion rate 1/7; in the bound form is about four times
slower than the B form. Yet even though the relaxation

o-mannose f-mannose

H

H
OH o OH
HO OH HO OH
H Hiq M OH
HO HO
H H
2 OH ¥ H,
‘L\NLM |
T WWN 310K

e N 303K

e s s e prars 290K

1 280K

i~ NN e rsponc
f
|
MWMW WWWW 285K
|
WW%’»VG«WMV

T T T T T T T T T T
4.0 3.8 3.6 3.4 3.2 ppm 4.0 3.8 3.6 3.4 3.2 ppm

Fig. 1. One-dimensional cross-sections from TR-NOESY spectra
showing the H!-H? cross-peaks of o- and f-mannose in the presence of
concanavalin A obtained at different temperatures. The sections are
taken at the frequency of the H! protons in the w; dimension. The
fraction of bound ligand was F = 0.1 and the spectra were obtained at
600 MHz with a mixing time 7, = 300 ms. At 280 K the exchange rates
are so slow that only negative NOEs within the free ligands are ob-
served. At 310K, strong positive NOEs result from rapid exchange
transfer between the bound and free forms. Also visible in the spectra
are cross-peaks due to magnetisation transfer from H! to other protons.

rate is higher in the B form, its higher k. rate allows
exchange transfer effects to be observed in both § and o
anomers in a limited temperature range.

Assuming for simplicity that the effective relaxation
matrix can be reduced to a 2 x 2 subsystem, the ampli-
tude of a cross-peak in a TR-NOESY experiment may
be calculated using Eq. (14). The rates TML, 'Y and
I'ME L are the self- and cross-relaxation rates corre-
sponding to longitudinal magnetisation [20]. Figs. 2a
and 3a show the simulated signal amplitudes for the H'—
H? cross-peak in a TR-NOESY experiment for the a-
and B-anomers, respectively. The simulations confirm
that cross-peaks should be negative for low values of
kogr. As ko increases the cross-peaks become positive
and their amplitudes level off when the fast exchange
condition is fulfilled. In Figs. 2b and 3b, we examine the
build-up behaviour for various values of k. calculated
using Eq. (14). For large ko values, the curves approach
the build-up behaviour calculated for the fast exchange
limit using Eq. (24), shown by a solid line. The fast ex-
change limit is approached at lower temperatures for the
a-anomer, which is consistent with experimental obser-
vations. However, the same conditions did not fulfill the
requirements for observing transferred dipole—dipole
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Fig. 2. (a) Simulations of the H'-H? cross-peak signal amplitude aj; of
o-mannose in a TR-NOESY experiment as a function of the rate ko
assuming that the conformation in the bound form is the same as the
structure determined by X-ray diffraction in pure a-mannose. The
curves correspond to different values of the mixing time t, with
F = pwmr/pL = 0.111. (b) Simulation of the build-up of the H'-H?
cross-peak signal amplitude aj; for different values of k. The solid
line shows the build-up expected in the fast exchange limit calculated
using Eq. (24).

cross-correlated relaxation effects from the bound to the
free state [3]. Indeed it appears that the transverse re-
laxation rates of the '3C double quantum coherences
4Ci Hy-Cjx and 4Cy,, Cj,H,. are too rapid (probably by a
factor of 4 or so) compared with the relatively slow ko
rate, so that the build-up due to cross-correlation effects
in the complex ML could not be monitored successfully
by observing the resonances of the free ligand L. Further
plans for experimental work will be described after the
following discussion of simulations.

We have carried out simulations employing the gen-
eral expressions for the eigenvalues and coefficients in
Eq. (14), to determine the effect of the exchange rate kot
on the signal amplitudes in the TR-CCSY experiment.
The self-relaxation rates TM", T'- and the cross-corre-
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Fig. 3. Simulations of the cross-peak signal amplitude aj in a TR-
NOESY experiment similar to Fig. 2 but for the f-anomer.

lation rates FICWL, l"f; were calculated for a H;—~C;,—C;—H,
spin system in o-mannose assuming again that the solid-
state structure determined by X-ray diffraction is pre-
served in the complex. The experiment monitors the
relaxation of zero- and double-quantum coherences in-
volving C; and C; over a period 7, [3]. Under the in-
fluence of cross-correlations between the pair of dipolar
interactions H;—C; and H,—Cy, there is a partial trans-
formation of the initial coherence 4H;.C;Cy, into
4C;,CrH;.. Since the chemical shift anisotropy of the
sugar carbons are small, we only need to consider the
dipolar interactions in the calculations. The self-relaxa-
tion rate is given by

Ly = (2/3){7;(0) + J;:(0) + Jx (0) + Ju(0) }
+ (1/2){Ji () + Tp(n) + Ja(w;) 4+ Ju(w) }
+ o+ o+ pu + o+ () + T (1), (28)

where I'j(i) and I'j(/) are the spin-lattice relaxation
rates of the protons and,
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Pap = (1/6)Jan(wa — @) + (1/2)Jap(4)
+ (1/2)Jap(@3) + Jap (00 + @5). (29)

The spectral density functions J are considered for iso-
tropic rotation [5]. Only the spectral densities at zero
frequency are significant in the relaxation rates of the
bound form. The dipolar cross-correlated relaxation
rate that is responsible for the interconversion of
4H,.C;,C,, into 4C;,C, H,. is given by

Lo = (4/3){Jy(0) + Jies(0) }. (30)

The second term may be neglected since it involves
dipolar interactions over larger distances between non-
bonded C-H pairs. The correlation time of the free form
was assumed to be 0.1ns. The structural parameters
corresponding to the X-ray geometry have been em-
ployed in the calculations [19]. The signal amplitudes ay;
in experiment II correspond to the coherence transfer
resulting from the cross-correlations between C'-H!
and C?>-H? dipolar interactions. The fraction of bound
ligand and the duration of the relaxation period were
varied to determine their effect on the signal intensities.
Fig. 4a shows the expected dependence of aj on ko in
o-mannose for different relaxation periods. As kogr in-
creases, the cross-peak signal amplitude becomes inde-
pendent of the exchange rate and approaches the fast
exchange limit (Eq. (24)). Two distinct regions are clear
from the figure. At low values of k., the signal am-
plitude increases on increasing the duration of the re-
laxation period 7. This can be compared to the
variation of gy as a function of 1, expected for a free
ligand, kor = 0 (Fig. 4b). This implies that in the low
kogr regime there is no transfer of information from the
bound state to the free state through chemical exchange.
However as kofr increases, there is a build-up of the
signal resulting from coherence transfer as is clear from
Fig. 4b. The build-up of ay; as a function of 7, calcu-
lated from Eq. (24) under fast exchange conditions is
shown in Fig. 4b. Comparison with the simulations in
Fig. 2 show that even for ko values which show sig-
nificant TR-NOESY effects, the curves for TR-CCSY
can still be in the regime where transfer effects cannot be
observed.

In Fig. 5a we examine the influence of the ratio F of
the bound to free ligand. Again the fast exchange be-
haviour is visible on the right-hand side, where the de-
pendence on F may be compared with the results from
Eq. (24) shown in Fig. 5b. A similar increase followed by
a decay with increasing fraction of the bound form is
also observed in transferred NOESY in the fast ex-
change regime [20]. The simulations clearly show that
large koge-rates are required to fulfill the requirements of
the fast exchange regime [where Eqgs. (24) and (25) are
valid] on the time scale of the relaxation rates of mul-
tiple quantum coherences. Except for very weakly
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Fig. 4. (a) Simulations of the signal amplitude @ in an exchange
transferred cross-correlation (TR-CCSY) experiment as a function of
kot for different durations of the relaxation interval 1, for the H!-C!-
C?— H? unit in a-mannose. (b) Comparison of the dependence of the
signal amplitude aj; on the duration of the relaxation period 1y, for an
equilibrium in fast exchange (using Eq. (24)) and for a free ligand.
Curves for some intermediate values of ko obtained using Eq. (14) are
also included. All calculations were carried out for F =0.111.

binding ligands, it is preferable to have bound states
with relatively short correlation times <M for observing
exchange-transferred cross-correlation effects. In Fig. 6
we examine the effect of different bound state correlation
times. As the correlation times decrease, the fast ex-
change regime shifts to lower ko values. Fig. 7 shows
simulations carried out for different H—C—-C—H units in
o-mannose corresponding to different dihedral angles.
The fast exchange regime is attained at the lowest ko
for the case where the sum of the self-relaxation rate and
the absolute value of the cross-correlated relaxation rate
(see Eq. (27)) is the lowest.

Further experimental work is in progress to reduce
the correlation time of ™ML of the complex ML (a
succinylated derivative of concanavalin A is known
to form dimers rather than tetramers, which should
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Fig. 5. (a) Simulations of the signal amplitude aj; in a TR-CCSY ex-
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H'-C'-C?- H? unit in o mannose. (b) Dependence of the signal am-
plitude ay; on the ratio F for an equilibrium in fast exchange calculated
for 7, = 0.25ms using Eq. (24). Curves for some intermediate values
of kofr obtained using Eq. (14) are also included.
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Fig. 6. Calculated signal amplitude ay for the H'-C'-C?~ H? unit of o-
mannose in a TR-CCSY experiment as a function of kg for different
correlation times of the bound form (t,, = 0.25ms, F = 0.111).
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Fig. 7. Calculated signal amplitude aj; in a TR-CCSY experiment as a
function of ko expected for various HCCH four spin subsystems in
o-mannose with different dihedral angles assuming the structure de-
termined by X-ray diffraction. The curves correspond to dipolar cross-
correlations between C'-H! and C>-H? (dihedral angle ¢, = 67.8°),
C?-H? and C3-H? (dihedral angle ¢, = 54.5°), C3>-H?® and C*-H*
(dihedral angle ¢; =170.5°). Calculations are for .= 38.7ns,
Tm = 0.25ms and F = 0.111.

diminish t™M* by a factor two) and to avoid paramag-
netic contributions to the relaxation of the carbon-13
double quantum coherences (it is possible to replace the
Mn2* ions of natural concanavalin A by Zn>" ions,
apparently without affecting its protein fold or its
affinity for mannose.) We also plan to investigate
TR-CCSY of glucose, which has a weaker affinity for
concanavalin A than mannose, and presumably a larger
kogr-rate. Following a suggestion by Griesinger (private
communication), we shall also explore if the expectation
values of the carbon-13 double quantum coherences can
be temporarily ‘stored’ in the form of longitudnal three-
spin order terms such as 4C,H;.C; and 4C;,CpH,.,
which should be less prone to relaxation and more
amenable to be transferred to the free ligand L even if
the ko rate is relatively slow.

5. Conclusions

Simulations of signal amplitudes in TR-NOESY and
TR-CCSY based on analytical expressions have been
carried out for fast, intermediate and slow chemical
exchange. The signal intensities have been examined as a
function of the mixing time 7y, the correlation time . of
the complex, the lifetime 1., = 1 /kosr of the complex,
and the fraction F of the bound ligand. Exchange
transfer experiments for obtaining bound state structure
are most suitable when the condition of Eq. (27) is sat-
isfied. Ideally, this requires small relaxation rates in
the bound state and high exchange rates which can
be controlled to some extent by a suitable choice of
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experimental conditions such as temperature, pH, salt
concentration etc. The mixing time t,, and the fraction
of the bound ligand F may be optimized for maximizing
the signal intensity in experiment II. In general, for
larger macromolecules, shorter mixing times and smaller
fractions of bound ligand lead to maximum signal. Most
importantly, we conclude that observing a TR-NOESY
effect does not necessarily imply that the exchange rates
also permit the observation of a TR-CCSY effect in-
volving multiple quantum coherences. This is particu-
larly true in the case of ligands binding to large
macromolecules. In situations where both TR-NOESY
and TR-CCSY effects can be observed, it is possible that
while the fast exchange condition is satisfied for the
former, the latter could still be in an intermediate ex-
change regime. This means that the interpretation of
signal amplitude ratios obtained from experiments I and
IT in terms of a population weighted average of cross-
correlated relaxation rates [Egs. (24) and (25)] would not
be strictly correct in such cases. A correct analysis of
such experiments should not only yield information on
the conformation of bound ligands, but also on the k-
rates of the dissociation of the complexes which are
difficult to determine otherwise.
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