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Most biochemical interactions involve translational or rota
tional diffusion of molecules. Self-diffusion is defined as 
translational motion reflecting the random motions of a molecule 
in the absence of a concentration gradient. The coefficient of 
this motion, D5, is indicative of hydrodynamic properties and 
molecular size. Numerous proteins are now recognized to 
depend on oligomerization for biological activity or receptor 
binding, such as the dimerization of signal transduction proteins 
including cytokines1 and SH2 and SH3 domains.2 Currently, 
many of these systems are the target of solution-structure 
determination by NMR. Because of the difficulty and impor
tance of assigning long-range distances in NMR structure 
determination studies, it is necessary to know the oligomeric 
state of a biomolecular system prior to structure calculations 
using NMR data.3-6 

Traditionally, association of biomolecules has been deter
mined using equilibrium ultracentrifugation or dynamic light 
scattering. Although effective, these techniques are often carried 
out at micromolar concentrations which are 3 orders of 
magnitude less than the millimolar concentrations required by 
NMR.7 This discrepancy can be particularly important for 
concentration dependent association processes. In contrast, D5 
measurements of the NMR sample reports on the size of the 
molecule under conditions identical to those used for structure 
determination. In this communication, we introduce a modified 
NMR technique for measuring the D8 and demonstrate that it 
can be used to determine the aggregation state of protein systems 
(for sizes up to ~40 kDa) under conditions identical to those 
used in structure determination by NMR, using unmodified, 
commercially available, high-resolution spectrometer hardware. 

The pioneering work of Stejskal and Tanner8 showed that 
the D5 of molecules in solution can be measured using pulsed 
field gradient (PFG) NMR methods. In the original experiment 
(90°-r(PFG)-180°-r(PFG)-Acq) the strength of the PFG 
pulse is increased in successive experiments. The echo 
amplitude [A(2T)] is differentially attenuated in each spectrum 
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Figure 1. Water-suppressed LED pulse sequence (water-sLED) for 
diffusion measurements. Solid rectangles are hard 90° pulses; cross-
hatched pulses are the PFG encoding and decoding pulses along Z. 
The low-power 1H pulses are selective pulses on the water resonance. 
The first sel90°—PFG element dephases the water magnetization,15 

preventing radiation damping during T. The 90"Vi-PFG-90%i 
sequence creates gradient-encoded Z magnetization. Following the T 
period, a gradient-decoded stimulated echo is created by the 90°,̂ — 
PFG sequence, which is then stored along the Z axis by the 90°̂ 2 pulse. 
The final PFG-sel9O°-^-9O°03 sequence eliminates any residual 
transverse magnetization, maintains water magnetization along the Z 
axis during acquisition,16 and reads the stimulated echo in the transverse 
plane. The pulses were phase cycled as follows: 01 = &(x), S(—x), 
8(y), 8(-v); 02 = Mx), 8(-x), Mx), My), 8(-y), My); <p3 = x, y, -x, 
—y, 2(—x, —y, x, y), x, y, —x, —y, y, —x, —y, x, 2(—y, x, y, —x), y, —x, 
-y, x; <(>m = 2(x, y, -x, -y), 2(-x, -y, x, y), Hy, -x, -y, x), 2(-y, 
x, y, -x). 

due to translational diffusion, which is related to Ds by8 

A(2t) = A(O) exp[-(y(5G)2(A - <5/3)£>s] (1) 

where y = 1H gyromagnetic ratio, <5 = PFG duration (s), G = 
gradient strength (G/cm), and A = time between PFG pulses 
(s). Accurate D5 measurements require at least 1 order of 
magnitude signal attentuation, to accurately fit the data to eq 1. 
The limit on measurable D5 values, therefore, depends on the 
area of the gradient pulses (6G) and the time allowed for 
diffusion (A). Larger values of D8 (> 1O-5 cm2/s) can be reliably 
measured using this experiment. However, as one attempts to 
measure D5 for large molecules, such as proteins (where Ds ~ 
1O-6 cm2/s), the time necessary to observe diffusion, A, becomes 
long relative to the transverse relaxation time (72* ~ 12—40 
ms (see supporting information)), and the signal decays from 
spin—spin interactions, independent of diffusion.9 Additionally, 
homonuclear J coupling during long T delays causes peak phase 
distortion and makes accurate amplitude measurements difficult.9 

Increasing the available PFG strength can reduce the r times 
and the amount of signal loss from transverse relaxation; 
however, it can also increase signal distortions due to residual 
eddy currents.10 

The stimulated echo experiment11 (PFGSTE, 90°-r(PFG)-
90°-7'-90o-T(PFG)-Acq) was designed to avoid T2 relaxation 
effects by storing the magnetization along the Z axis during T, 
so that relaxation depends primarily on T\, which is usually 
much longer than T2 for proteins. Longer diffusion times (A) 
can then be used for larger proteins without significant signal 
loss from relaxation. However, this sequence does not com
pensate for residual eddy currents, which are present during 
acquisition and cause amplitude distortions that complicate 
accurate measurement of D5. This problem has been discussed 
in detail by Gibbs and Johnson,12 who proposed a longitudinal 
encode—decode (LED) experiment. In this method, magnetiza
tion is stored along the Z axis during T (as in PFGSTE), and an 
additional Z storage period is included before acquisition, to 
allow the residual eddy currents to decay. The net effect is the 
ability to use long diffusion times, such that the slower motion 
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Figure 2. Stack plot of signal attenuation of lysozyme obtained using 
the water-sLED experiment. The PFG duration (<5) was 7 ms, the 
diffusion time (A) was 132.5 ms, and the PFG strength varied from 6 
to 42 G/cm. 

of large molecules can be observed with the elimination of eddy 
current effects. 

In order to utilize D% as a means of assessing the aggregation 
state of proteins for NMR structural studies, it is necessary that 
these measurements be made under identical conditions. In 
terms of hardware, the requirement for short gradient recovery 
times for high-resolution 3D and 4D experiments has kept the 
available PFG strength below 40 -50 G/cm. Difficulties in 
measuring Ds for proteins at this PFG strength occur in obtaining 
sufficient amplitude attenuation as well as in water suppression. 
Because of the importance of observing exchangeable protons, 
NMR solution conditions usually require 90% H2O/10% D2O 
as the solvent at 1—2 mM protein concentration, a 105-fold 
excess of water protons. Water suppression is an important 
element of this technique, since it is essential to achieve the 
maximum dynamic range to measure protein signal attenuation. 
Some water suppression is inherent in diffusion measurements 
of proteins in water.1314 However, the difference in diffusion 
rates does not provide enough suppression to permit operation 
in 90% H2O, particularly with the requirement for sufficient 
signal attenuation within the range of available PFG strength. 
Consequently, we have modified the LED pulse sequence to 
incorporate both RAW15 and flipback16 sequences for water 
suppression as shown in Figure 1. The new sequence retains 
insensitivity to the relaxation and eddy current effects of the 
LED sequence.12 In addition, the currently available self-
shielded high-resolution PFG probes have sufficiently fast eddy 
current recovery to eliminate the PFG prepulses and to keep 
the final eddy current delay short, compared to the original 
sequence. This modified pulse sequence, water-suppressed LED 
(water-sLED), provides sufficient water suppression, even at 
the lower PFG strengths, to observe 100-fold amplitude attenu
ation in « 1 mM protein solutions in 90% H2O. 

Using the water-sLED sequence, full amplitude attenuation 
is acheived for lysozyme (a sample globular protein of 14.5 
kDa) as shown in Figure 2. The D5 is obtained by fitting the 
signal attenuation to eq 1 (after careful calibration of G, see 
supporting information), which yields a value of 1.08 x 10 - 6 

cm2/s. This result is in good agreement with the light-
scattering17 measurement of 1.06 x 10~6 cm2/s. Using similar 
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conditions, we also observed 100-fold amplitude attenuation for 
a protein with an aggregate size of ~37 kDa. These results 
show that accurate measurements of the D5 for biomolecules 
can be obtained using water-sLED under solution conditions 
that are identical to those appropriate for NMR structural studies. 

An important goal toward using D8 to optimize protein 
solution conditions is the ability to identify and characterize 
oligomerization. We have examined two different cytokine 
systems in order to demonstrate the viability of the water-sLED 
technique for obtaining this important information. For the 
simplest case of dimerization, the expected change in D5 may 
be estimated by approximating the monomer—monomer interac
tion as a hard-sphere molecular contact. Using this approxima
tion, the expected change in the frictional coefficient, / , upon 
oligomerization for various geometries of n-mers has been 
calculated and tabulated by Teller et a/.18 The Stokes—Einstein 
equation, D = k^Tlf, is then used to calculate the expected 
decrease in Ds upon dimerization. The resulting ratio 
A,dimer:A;,monomer is 0-75. We tested this model using ubiquitin 
as a model monomeric protein (76 amino acid residues, 8.6 kDa) 
of about the same size as the monomeric subunit of the cytokine, 
monocyte chemotactic protein-1 (MCP-I, 76 amino acid 
residues, 8.7 kDa). Both proteins are globular and well-behaved 
in solution. The experimental measurements of A are 1.49 x 
1O-6 cm2/s and 1.08 x 10"6 cm2/s for ubiquitin and MCP-I, 
respectively. The ratio DS,MCP-I :A.uKquitin= 0.72 is in reasonable 
agreement with the monomer—dimer model described above 
and confirms the dimeric nature of MCP-I. The solution 
structure of MCP-I, determined by NMR methods, is in 
agreement with these findings.19 Similarly, D8 measurements 
of the 18.6 kDa cytokine interleukin-10 (IL-10) yield a value 
of 0.82 x 10~6 cm2/s, which, in comparison to either lysozyme 
or MCP-I, indicates that IL-10 is also a dimer 
(A,iL-io:£>s,iysozyme/MCP-i = 0-76) in solution. The measured value 
of 0.82 x 1O-6 cm2/s is in agreement with proteins of similar 
aggregate size.20 The dimerization of IL-10 has been confirmed 
by Zdanov et al?x Clearly, unambiguous determination of 
oligomerization states in solution will contribute to both the 
procedural aspects of solution structure calculation and to the 
characterization of functional states of proteins. Additional 
applications of this method to structure studies in general, and 
particularly to NMR, include finding optimal conditions22 for 
systems that undergo nonspecific aggregation and for studies 
of protein—protein or protein—nucleic acid complexes. 
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