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When chemical exchange occurs between a concentrated and a
diluted species like the proton exchange between water and pro-
teins in biochemical systems, it is difficult to use the conventional
methods for a quantitative dynamical study. In this paper, a new
approach which utilizes radiation damping of the strong water
magnetization exchanging with the weak resonance of the mobile
protons in biomolecules is proposed. It is demonstrated with a
dilute guanidine solution, using the simple inversion-recovery
pulse sequence, that the exchange rate constants between water
and guanidine protons are evaluated by solving the Bloch equa-
tions modified with both the radiation damping and the chemical

exchange effects.  © 1998 Academic Press

In NMR experiments on samples containing biomolecules
(proteins, polypeptides, and nucleic acids), attention has
been paid to chemical exchange of protons between biomole-
culesand water (1) . Thus, quantitative study of the exchange
dynamicsis of great importance (1, 2). Various NMR tech-
nigques have been available for such a purpose, among which
three methods are most widely used. The traditiona one is
via the lineshape analysis of the exchanging signalsin vari-
able temperature experiments (3). Saturation transfer effect
can be applied under favorable conditions (4). The most
popular one is the two-dimensional exchange spectroscopy
(2D EXSY) (5). However, when the exchanging system
consists of aweak signal and a strong water resonance that
is under radiation damping (6), it is difficult to use any
of the established methods. It is impossible to analyze the
lineshapes because of the great disparity between the weak
biomolecular signals and the strong water signals. Radiation
damping may interfere with the saturation when saturation
transfer method is used. If a 2D EXSY experiment is per-
formed, before the read pulse the water magnetization is
already back to the equilibrium state, since the mixing time
(usually hundreds of milliseconds) is long enough to allow
the radiation damping processto be complete, and the EXSY
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spectrum will not contain any exchange information. As a
result, other techniques for avoiding radiation damping have
been proposed in recent years (1) . The present Communica-
tion describes an approach that benefits from the radiation
damping of water. When the radiation damping effect is
transferred from water to the mobile solute protons through
chemical exchange, the exchange rate constants can be quan-
titatively evaluated. On one hand, we suggest a new method
for studying the exchange dynamics; on the other hand we
report for the first time the phenomenon of radiation damping
involved chemical exchange, which may be of general inter-
est in biomolecular NMR studies.

The sample studied was 0.17 M agueous sol ution of guani-
dine chloride (NH,C(NH,) = NH-HCIl), where the five
equivalent NH protons have physico-chemical properties
similar to those in biomolecules. D,O (30%) was used for
lock purpose. The pulse scheme was the simple inversion-
recovery sequence m—7—m/2—FID, where 7 is the variable
recovery delay. According to the Bloch equations (7), the
recovery of the guanidine magnetization, which could not
show appreciabl e radiation damping effects, should obey the
simple exponential law

M, = My[1 — 2 exp(—7/T4)], [1]

where T is the spin—lattice relaxation time. However, when
the water magnetization recovers quickly through the radia-
tion damping pathway (7), the radiation damping effect
must be transferred from water to guanidine due to chemical
exchange, much like the process of saturation transfer (4).
As aresult, the exponential law is not valid. Figure 1 shows
the recovery data (circles) of the guanidine protons, which
agree with the dotted curve (calculated using Eq. [1] with
the measured T, value 1.5 s) only when the recovery time
is extremely short (7 < 50 ms).

In order to understand the unusual recovery data in Fig.
1, the Bloch equations modified by both radiation damping
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and chemical exchange should be solved, which consists
of six coupled differential equations. While the numerical
solution can always be obtained with the help of a computer,
analytical solutions are more desirable because they can pro-
vide amore intuitive insight into the physics of the problem.
The radiation damping time (6) T,q of water under the given
experimental conditionsis about 20 ms, while the relaxation
timesare T, = 2.1 sand T3 = 0.3 s. So the relaxation terms
in the Bloch equations regarding the water protons can be
neglected, as is usually done in radiation damping studies
(6,9, 10). This greatly simplifies the Bloch equations. Fur-
ther simplification can be achieved by noting the fact that
the molar ratio between the water and the NH protons is
more than 100 (the concentration of the water protonsis 77

( 1/TlB - l/TB
1/T13 + 1/TB
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with t, = TyIn[tan(6,/2)], where 6, is the initial angle of
the magnetization with respect to the B, field. By substitution
of Eq. [3] into Eq. [2b], and using the relation M2/7, =
M2/7g, Eq. [2b] can be changed into

dMBZ/dt = (1/TlB)MBO - (1/TlB + l/TB)MBZ

+ (1/78)Mgotanh[(t — t5)/T.]. [4]
An analytical solution of Eq. [4] is not difficult to obtain
and different forms of solutions could be found, but the
mathematical derivation is somewhat tedious and is consid-
ered for publication elsewhere (8). Here we give straightfor-
ward the result which consists of two parts

+ C exp(_t/T]_B - t/TB)
2 (=1 exp(2nt/Ty)

- (2/7g) Y

n=1

Me,
Mg

2n/Ty + 1/ T + 1/ 7
= (for 0 =t = TyIn[tan(60/2)])
1+ c' exp(—t/Tw — t/7s)

< (—1)"exp(—2nt/T.)

[cot(6s/2)]2"
[54]

[tan(6,/2)]2"

+(2078) 3

n=1_

M, while that of the guanidine protons is 0.65 M when the
H*—H? exchange reaches equilibrium) . Because of the large
molar excess of the water protons, no matter how fast or
how slow the exchangeis, the weak guani dine magnetization
cannot make an important influence on water. Hence as far
as the water magnetization is concerned, exchange can aso
be neglected. For an inversion-recovery experiment, we are
interested only in the z components during the recovery pe-
riod. The transverse magnetization, if any, can be averaged
away by a proper phase cycling or by pulsed field gradients.
We then have a pair of simplified Bloch equations for the
two-site exchanging system with water labeled by A and
guanidine by B

dMAZ/dt = (M,ZQO - M,ZAZ)/MAoTrd [26.]
dMBZ/dt = (1/TlB)MBO - (1/TlB + 1/TB)MBZ
+ (U 7a)Ma,, [2b]

where 7, and 7g denote the lifetime of the proton at species
A and B, respectively, the reciprocal of which are just the
exchange rate constants. The solution of Eq. [2a] is well
known (6c)

Maz = Maotanh[(t — t)/ T4l [3]

2I’1/Trd + 1/T13 + 1/TB
(fort = Tqln[tan(6,/2)]),

[Sb]

where ¢ and ¢’ are the integration constants. The constant
c is easily determined with the initial condition that Mg, =
—Mgo att = 0and we have c = —(2/T)/(1/ T + 1/
78). With the continuous condition that Eq. [5a] and Eq.
[5b] are equal at t = t,, the constant ¢’ can be determined

C’(l/TlB + 1/TB)
= —2/Tp — 2 exp[(h + E>In<tan &’>]
7B T 7B 2

c (_1)n(l/TlB + l/TB)2
X|11+2 .
|: ngl (l/TlB + l/TB)z - (Zn/Trd)Z

Although the result seems rather complicated, it is obvious
that when the lifetimes 75 is extremely long (the exchange
is extremely slow), both ¢ and ¢’ are reduced to —2 and Eq.
[5] is correspondingly reduced to Eq. [1]. In the inversion-
recovery experiment, the information that we wish to have
is the value of M, before the read pulse, which is just the
initial value of the FID and can be measured by the integra-
tion of the Fourier transformed signal.

When the inversion-recovery experiment is quantitatively
discussed using Eg. [5], however, the radiation damping
effect after spin inversion (10) should be taken into account,
due to which the initial angle 6, cannot be . Hence a small
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FIG. 1. Plot of the inversion-recovery intensities (the signal areas) of

the NH protons in guanidine as a function of recovery time (7). The
inversion-recovery experiment was performed on an ARX-500 NMR spec-
trometer and 52 7 values were used (only 43 data between 0 and 0.2 s are
shown). In order to cancel the transverse components during the recovery
period, four transients were accumulated using the phase cycling of ¢, =
0,7 0, m; ¢, = b3 =0, 0, w, ™, where ¢, ¢p,, and ¢; are the phases of
the inversion pulse, the read pulse, and the receiver, respectively. Circles:
the experimental integration data. Solid curve: computational result based
on Eq. [5] using 6, = 175° (i.e, 6 = 5°), Ty = 20ms, T;g = 1.5 s, and
7 = 0.041 s. Dotted curve: the ssimple exponential relation (Eq. [1]) with
T,=15s

angle § < w must be introduced, just as done in the quantita-
tive discussion of the radiation damping induced half-fre-
guency harmonic peaks in the J-resolved spectrum (10).
We then use 7—§6 instead of = for 6,, and t, becomes
Taln{tan[(w—6)/2]} . Sincet can be shorter or longer than
to, both Egs. [5a] and [5b] are needed for a quantitative
discussion. The calculated inversion-recovery data based on
Eq. [5] are shown in Fig. 1 as a solid curve, which closely
fits the experimental results. In the fitting, 6 = 5°, T;g = 1.5
sand T,y = 20 ms have been assumed. As a result, 75 =
0.041 s and 74 = 4.88 s are simultaneously determined.
Therefore, the fitting of the inversion-recovery data provides
a useful method to measure the exchange rates k (kag =
1Uth =28445 " kap = 1/75 = 0.2571).

For acomparison, in Fig. 2 we show the inversion-recov-
ery data of water which are simulated by the solid curve
using Eq. [ 3] with T,y = 20 ms. The similarity of the two
solid curvesin Fig. 1 and Fig. 2 clearly indicates that radia-
tion damping effect has been transferred from water to gua-
nidine.

If water were free of radiation damping, much slower
recoveries would be expected, since the exchange is not fast
enough to influence the lineshape, and after 0.2-s recovery
both the water and the NH magnetizations would remain
negative, far from the equilibrium state, as indicated by the
two dotted curves in the figures. However, the strong radia-
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tion damping field drives the water magnetization quickly
to equilibrium and at the same time accelerates the recovery
of the NH magnetization through chemical exchange. This
enables the exchange rate constants to be evaluated. Al-
though the proposed method is applied to the simple water—
guanidine exchanging system, it can be easily generalized
to multiple-site exchanging systems which are common in
biologica studies.

People may note that in Fig. 2 when the recovery time is
longer (from 0.08 s up), the agreement between the simula-
tion and the measurement becomes poor. This can be under-
stood that in simulation using Eq. [3], the relaxation has
been completely ignored. In fact, the inhomogeneous relax-
ation T5 can be 0.1 s. When the recovery time is short
enough not to allow T to be effective, the simulation is
good, but when the recovery time is long, T3 effect begins.
So neglecting T3 effect cannot get good results for the whole
recovery range in Fig. 2. This has also affected the simula-
tion in Fig. 1. It is possible to consider the relaxation and
radiation damping effects at the same time using the estab-
lished lineshape theory (6d). However, analytical solution
could not be obtained.

In summary, when chemical exchange occurs between a
concentrated and a diluted species like the proton exchange
between water and proteins in biochemical systems, the tra-
ditiona methods, mainly the lineshape analysis, saturation
transfer, and the two-dimensional exchange spectroscopy,
prove not to be useful for a dynamic study. A new approach
has been proposed and demonstrated, which utilizes radia-
tion damping of the strong water magnetization exchanging
with the weak resonance of the mobile protons in biomole-
cules. Using the simple inversion-recovery pulse sequence,
the exchange rate constants between water and guanidine

SIGNAL AREA (ARBITRARY UNIT)
o

0.1 0.2
RECOVERY TIME 7 (S)

FIG. 2. Circles: the inversion-recovery integration data of water in the
same experiment as Fig. 1. Solid curve: computational result based on Eq.
[3] with §, = 175° and T,q = 20 ms. Dotted curve: the simple exponential
relation (Eq. [1]) with T; = 2.1 s.
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have been evaluated by solving the Bloch equations modified
with both the radiation damping and the chemical exchange
effects. Radiation damping has so far been regarded as a
negative factor in high field NMR experiments and should
be suppressed in most cases (11). However, we have shown
in this Communication that radiation damping can be used
to solve the quantitative problem in exchange dynamic stud-
ies as an alternative to the newly developed methods (1).
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