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The binding and exchange of quadrupolar nuclei play important roles in biological 
systems (l-3). Normally quadrupolar nuclei are in exchange between free solution 
and being bound to a macromolecule, with the free population, pf, greatly exceeding 
the bound population, ps. The ions in free solution are usually in the extreme narrowing 
condition while the slowly reorienting bound ions are in the dispersion region. Previous 
NMR ion binding studies have generally been based on T, and T2 measurements (I- 
4). The data were then analyzed to extract the fluctuation correlation time of the 
electric field gradient at the bound site, 7,, and the exchange rate, T&’ (defined below). 
If the population at the bound site is known, the quadrupolar coupling constant at 
the bound site, Q$, can be separated from the population term. Generally the fluctuation 
correlation time of the electric field gradient at the free site, 71; and the quadrupole 
coupling constant at the free site, Qf, are determined independently. Here we report 
on the application of null-point spectra from inversion-recovery experiments (5 ) to 
the study of exchange of I = 3 quadrupolar ions. The model system of Cl- binding 
to human serum albumin (6, 7) in the presence of sodium dodecyl sulfate (SDS) was 
studied by analyzing 35C1 null-point spectra. The SDS specifically blocks one of two 
classes of binding sites on the albumin molecule (6, 7) so that the exchange becomes 
two-site. The Cl- exchange between protein binding sites and bulk solution state is 
believed to be in the fast-exchange limit ( 7, 8). The experimental null-point spectra 
could be successfully simulated, providing values for the relevant NMR binding pa- 
rameters (see above). In the analysis of the null-point spectra, the duration of the fine 
structure, the shape, and the intensity relative to that of the fully relaxed spectrum 
were considered. 

As in our previous work (5, 9) the relaxation equations used to simulate the null- 
point spectra were simplified by expressing the spin density matrix in terms of state 
multipoles (IO), a;, where the superscript k represents the rank and the subscript m 
represents the tensorial component of the state multipole. The basic relaxation theory 
is the same as that used in our previous work (5) except that we now include exchange 
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effects. The extension of the density matrix for longitudinal relaxation including ex- 
change between a free site, f, and a slowly reorienting site, s, is accomplished most 
economically by the rate equation ( 11) 

111 

where I is a unit matrix, Ic,,~ is the microscopic rate constant for transfer from site j 
to site s, and ~&(is the microscopic rate constant for transfer from site s to site.6 R, 
(or R,>) is the Redfield relaxation matrix for the longitudinal components of the state 
multipoles in site f‘( or s) (5, 22). The column density matrices p/and pv are defined 
as column density matrices of state multipoles in sites f and s, respectively, by 

iv.- r(dl)/; (&I and ic = L(fJb),, bd).,l. [21 
In order that the longitudinal components of the state multipoles achieve thermal 

equilibrium values at infinite time, the difference between a/j and its equilibrium value 
is substituted for a$ in Eq. [I]. Similarly, the transverse relaxation equation modified 
to include exchange is defined by 

d 4 = -R; - k,,l - i( o. - $)I k/l Pi 
dt p’, 0 i k/J -R: - k,,-I - i(o,, - 6,)l it i p: ’ 131 

where o. is the Larmor frequency, and +and 6, are the chemical shifts of the fast and 
slow sites, respectively. Rj (or R:) is the Redfield relaxation matrix for the transverse 
components of the state multipoles in site f (or s) (5, 12). Unlike the longitudinal 
relaxation matrices, which are real, the transverse relaxation matrices are complex. 
The real parts give rise to the relaxation rate and the imaginary parts give rise to the 
dynamic frequency shift. The column density matrices are defined by 

iJi = [(d)f, (d)[l and 6: = [(ut).?, (d),l. 141 

It should be noted that Eqs. [ I ] and [ 31 apply for both density-matrix and state- 
multipole formulations. To guarantee the validity of Eqs. [I] and [ 31 the condition 
T,, 9 7, must hold. Since detailed balancing of the exchange process demands that 

a/k,, = PA, [51 
we define r,, as 
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In the fast-exchange limit the condition 16, - $]7,, 6 1 holds. 
The null-point spectra are simulated using a complete formulation of the relaxation 

processes (i.e., both transverse and longitudinal) occurring throughout the inversion- 
recovery pulse sequence and the subsequent acquisition period. Starting from thermal 
equilibrium, Eq. [l] is used to follow the evolution of the longitudinal magnetization 
during the 7 delay between the 180” and 90” pulses in the inversion-recovery sequence. 
The effects of the 90” pulse are calculated (5, 13) and the result forms the initial 
condition for calculating the transverse evolution during the acquisition period using 



658 COMMUNICATIONS 

Eq. [ 3 1. The 90” pulse transforms the longitudinal state multipoles to transverse state 
multipoles. The RF pulses used are considered to be delta functions and so do not 
cause mixing of the site s and f multipoles. The spectral lineshape is related to the 
real part of the Fourier-Laplace transform of the [(u t ) / + ((T i )s] term, which evolves 
during the acquisition period. 

Human serum albumin (fraction V) and Tris-HCl (THAM hydrochloride; 
tris( hydroxymethyl)aminomethane hydrochloride) were obtained from Sigma (St. 
Louis, MO). NaCl and Tris were obtained from Fisher (Springfield, NJ). D20 (99.9%) 
was obtained from Isotec (OH). SDS was obtained from BDH (Poole, England). A 
protein sample was prepared by dissolving albumin, N&l, SDS, Tris, and Tris-HCl 
in D20 to give 0.45 mA4 albumin, 7.2 mM SDS, 1 M NaCl, and 50 mM Tris buffer. 
The pH of the solution (uncorrected for isotope effect) was 7.5. A protein-free sample 
was also prepared. The concentration of SDS was sufficient to block the high-affinity 
chloride sites on the albumin. The 35C1 NMR measurements were performed at 310 
* 0.5 K using Bruker MSL-300 and MSL-90 spectrometers operating at 29.41 and 
8.83 MHz, respectively. Typical acquisition parameters were a spectral width of 1000 
Hz digitized into 4K data points with a r/2 pulse length of 30 ps. The T2 measurements 
were obtained using the Hahn spin-echo pulse sequence. The null-point spectra and 
T, measurements were obtained using the inversion-recovery pulse sequence. However, 
null-point spectra were obtained only at 29.41 MHz due to signal-to-noise consider- 
ations. A delay of at least lOT, was used for all of the measurements. The measured 
T, and T2 values have about 7 and 10% error associated with them, respectively. 

The T, value of 36.3 ms for 35C1 in the absence of protein together with 7f = 2.3 
ps (14, 15) corresponds to a Q/value of 1.7 MHz. The rl.value used was corrected for 
the difference in viscosity between HZ0 and D20 and for temperature differences. In 
performing this calculation it was assumed that the fluctuation correlation time of the 
electric field gradient at the chloride nucleus is caused by the reorientational motion 
of the water molecules in the first hydration layer ( 15, 16). The value of G)/obtained 
is close to the values of 1.7 MHz derived from Monte Carlo simulations ( 17) and 2.0 
MHz derived from an electrostatic model (15, 16). 

Experimental and simulated 35C1 null-point spectra for Cl- in fast exchange between 
the two sites corresponding to various T delay times in the inversion-recovery pulse 
sequence are shown in Fig. 1. The fine structure in the null-point spectra becomes 
apparent at an inversion-recovery delay of 10.40 ms as a small nick in the high-field 
side of the inverted resonance. With increasing T the nick enlarges and relaxes faster 
to the upright position. The fine structure in the spectrum disappears when the T value 
exceeds about 10.80 ms. Relative to the intensity of the spectrum obtained when the 
7 delay is sufficient to allow for full longitudinal relaxation, the null-point spectra are 
about 32 times smaller. The asymmetry in the null-point spectra results from the 
dynamic frequency shift. Good agreement between experimental and simulated null- 
point spectra was obtained by using the values for the fast site determined above and 
setting p,Q: = 6259 kHz* and 7, = 3.4 ns. This value of T, corresponds to WOT, = 
0.63. The apparent T2 value of 10.6 ms, derived by regressing a single exponential 
onto the spin-echo data, corresponds to an intrinsic linewidth at half-height of 30 Hz. 
The simulated fully relaxed spectrum had a linewidth at half-height of 28 HZ. 
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FIG. I. Experimental (top) and simulated (bottom) 35C1 inversion-recovery spectra as a function of the 
r delay time. The experimental spectra are presented with I Hz of line broadening. The simulated spectra 
have 3.6 Hz of line broadening added to account for unspecified transverse relaxation, mainly magnetic 
inhomogeneity. The T values and the ordinate magnifying factors for the spectra are respectively (A) 10.40 
ms, 32; (B) 10.50 ms. 32: (C) 10.55 ms. 32: (D) 10.65 ms, 32; (E) 250 ms, I. The fine structure and 
intensity observed are very dependent on the 7 value. The intensity of the simulated spectrum for r = 10.65 
ms is slightly smaller than that of the experimental spectrum. However, a simulated spectrum for 7 = 10.73 
ms is almost identical. The fine structure visible near the null point is a consequence of the evolution of the 
rank 3 state multipole from the slow site through exchange. 

The particular shape of the fine structure (see Fig. I) is evidence that the Cl ions 
are in fast exchange between the free and bound sites. Further details on the deter- 
mination of the exchange regime (i.e., slow, intermediate, or fast) via observation of 
the shape of the null point will be presented in a later publication. The nonexponential 
nature of the relaxation processes (4) is clearly shown by the fine structure at the null 
point. In the T2 measurement, however, the nonexponential nature of the relaxation 
was not clear and the relaxation curve was fitted by a single exponential. 

The longitudinal relaxation rate of chloride was found to be linearly dependent on 
the albumin concentration but independent of the chloride concentration. This is 
characteristic of weak binding. Using the values for the binding parameters determined 
above from the null-point spectra at 29.41 MHz the frequency dependence of the 
relaxation was able to be predicted. The experimental and simulated values for T, at 
8.83 MHz ofthe protein sample were 9.9 and 9.8 ms, respectively. The corresponding 
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experimental and simulated T2 values were 8.3 and 9.2 ms, respectively. Thus the 
binding of chloride ions to human albumin in the presence of SDS appears to be a 
two-site exchange process. 

This study shows that observation of null-point spectra from inversion-recovery 
experiments of quadrupolar nuclei undergoing exchange between a site in the extreme 
narrowing condition and a site in the dispersion region and subsequent analysis using 
the state multipole formalism provide a powerful technique for determining 7, and 
p,Qz. If ps can be independently determined then the product may be separated to 
give QS. The dynamic frequency shift can be directly observed from the spectrum. 
This method obviates the need to perform (unreliable) multiexponential regressions 
on T, or T, relaxation data or multiple-quantum experiments ( 18). 
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