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Thefirst step toward protein structure determination using
NMR is elucidation of the appropriate solution conditions
that obviate any protein self-association at the millimolar
concentration necessary for the analysis (1). Knowledge on
the oligomerization of the protein prior to the data collection
is rather important, due to the complexity associated with
assigning and identifying long-range nuclear Overhauser ef-
fect (NOE) contacts in the process of determining the three-
dimensional structure (2). In general, the oligomerization
state of a protein of interest is characterized using biophysi-
cal methods like equilibrium ultracentrifugation or dynamic
light scattering measurements (3). Even though reliable re-
sults are obtained in most cases, these measurements are
done at a much lower protein concentration, which differs
about three orders of magnitude compared to the sample
concentration for the NMR experiments. Hence, determina-
tion of the oligomerization state of the protein under the
sample conditions of the NMR experiments is primarily im-
portant.

The use of pulsed magnetic field gradients in high-resolu-
tion NMR is a major advancement due to the availability
of self-shielded gradient coils in commercial spectrometers
(4,5). Among the many potential applications of pulsed
field gradients (PFG) are the reduction in the number of
phase-cycling steps needed for a specific coherence-transfer
pathway and efficient cancellation of spectral artifacts
(6, 7). In addition to the modern applications of PFG in
biomolecular NMR (6, 7), classical experimental methods
to measure self-diffusion coefficients using PFG (8) have
been applied to proteins and DNA oligomers to understand
the molecular association processes (9-18).

PFG NMR has been widely used to measure tracer diffu-
sion coefficients of small molecules and polymersin solution
(16). However, only afew reports describe the measurement
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of self-diffusion coefficient in peptides (17, 18), proteins
(9-14), and DNA oligomers (15). Altieri et al. (12) have
recently adopted the LED (longitudinal encode—decode)
experiment proposed by Gibbs and Johnson (19), with an
improved water suppression scheme, to measure self-diffu-
sion coefficients of proteins. Ratio of the experimentally
measured diffusion constants was used in comparison with
the expected ratio for a hard-sphere contact of monomers to
determine the oligomerization state of proteins (9, 12). This
method provides a quick way to measure the oligomerization
state of proteins under the NMR sample conditions.

The purpose of the present note is to evaluate how well
the hard-sphere approximation of dimer formation is adapted
in determining the oligomerization state of proteins. Thisis
achieved by measuring the self-diffusion coefficient experi-
mentally, using the LED sequence, as well as calculating it
theoretically using the beads theory of Garcia de la Torre
(20) on a set of proteins of known oligomerization state.
When these results are compared with the ratios obtained
by approximating the formation of dimers as hard-sphere
monomer contacts, only a qualitative agreement is obtained.
Experimentally measured self-diffusion coefficients show a
larger dispersion with the ideal molecular weights obtained
from amino-acid composition, compared to the calculated
values. The origin of such a difference is ascribed to the
interaction of the protein with the solvent medium. It has
also been found that self-diffusion coefficients obtained ex-
perimentally as well theoretically correlate linearly with the
solvent-accessible surface area (21, 22), providing an addi-
tional parameter to represent quaternary structure of proteins.

The basis of the LED-PFG sequence is the use of bipolar
gradient pulses (19, 23, 24) to minimize eddy-current effects.
As in the conventiona stimulated-echo experiment of Tanner
(25), a pair of matched gradient pulses are separated by the
interva (A — 6), each having an effective area of g, where
gisaproduct of yg,6, with y the gyromagnetic ratio of protons,
and g, and 6 the amplitude and duraion of the z gradient
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pulse (19). Information on trandational diffusion is encoded
by varying g, and generdly g, is varied between experiments.
The signal is detected as a free-induction decay, and Fourier
transform with respect to time yields a spectrum with the peak
intengities given by the relation (26)

f(@) = [ dOR(T,, T)G(D)

xexp[—DSq2<A—g>], [1]

where R(T,, T,) is the attenuation due to relaxation pro-
cesses and G(Ds) is the mass-weighted distribution of self-
diffusion coefficient (Ds). For monodisperse samples,
G(Ds) is adelta function and the slope of the plot between
In[f(q)] versusq?(A — 6/3) yields the self-diffusion coef-
ficient. For polydisperse samples, typically a mixture of
polymers in solution, a much more detailed analysis of the
data is necessary (26, 27). Under the conditions of negligi-
ble relaxation and molecular weight dispersion, the product
R(T1, T2)G(Ds) in Eg. [1] can be replaced by unity
(26, 27).

In the present case, the self-diffusion coefficient (D&)
was measured experimentally for six proteins, C-terminal
domain of the o subunit of the RNA polymerase («CTD),
calbindin-Dg, calcyclin, PU.1, lysozyme, and transcription
factor-1 (TF1) using the water-LED sequence (12). In addi-
tion, Ds values reported using the same method for interleu-
kin-10, monocyte chemotactic protein-1 (MCP-1), and ubi-
quitin were also considered as part of the experimental set
of Ds. It may be mentioned that Ds values for lysozyme
presented in this case agree well with the reported value
(12). In the collection of proteins considered here, calcyclin,
TF1, interleukin-10, and MCP-1 are established as dimers
and the rest are monomers under NMR sample conditions.
Concentration of all the protein samples were between 1 and
2 mM in water (90% H,O, 10% ?H,0) with the exception
of TF1 (100% 2H,0). No correction on Dg for the change
of solvent viscosity from H,O to ?H,O was applied (11). A
total volume of 450 ul was used for calbindin-Dg, and cal-
cyclin, while 600 ul was used for the others in standard
NMR sample tubes (Wilmad Inc., 528 pp).

Sdf-diffusion coefficients were measured using the pulse
sequence by Altieri et al. (12) inaVarian Unityplus (v = 500
MHz) NMR spectrometer, equipped with a triple-resonance
pulsed-field-gradient probe with an actively shielded z-gradient
coil and a gradient amplifier to generate a maximum gradient
strength of 32 G cm™*. The gradient strength (g,) was cdli-
brated with reference to the salf-diffusion coefficient of residual
H,0 in doped 2H,0O (0.1 mg/ml of GdCl;) (28). Pulse widths
were optimized for each protein and g, was varied from 5 to
32 Gem™?, in steps of 1 G cm™*. The acquisition time for
each transient was 0.655 s over a spectrd width of 12,500 Hz,
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and each FID was signal averaged over 32 transents with a
recycling delay of 4 s. Time-domain data was zero filled once
and Fourier transformed with no apodization. The area under
each spectrum from 3.5 to —0.5 ppm was integrated, and a
nonlinear least-squares fit (29) was used to estimate DE™.
Triplicate experimental measurements were performed only on
proteins a«CTD and TF1. Table 1 lists the experimentally deter-
mined sef-diffusion constants (D&*) of al the proteins (30).

Trandational self-diffusion coefficients (DE°) are calcu-
lated based on the beads model approximation of Garcia de
la Torre (20). This method has been used successfully by
several groups to calculate the translational and rotational
diffusion coefficients of proteins as well as nucleic acids
(31-33). The program DIFFC based on the beads theory
and developed by Arseniev and co-workers (33) has been
used for the present calculation. In this method, the protein
is modeled as a collection of point sources of friction (de-
noted as beads) with hydrodynamic Ossen tensor interac-
tions between them (20). A set of linear equations are then
obtained for the N specified atoms from the three-dimen-
sional structure of the protein, and the solution of the array
is obtained by numericaly inverting a 3N X 3N matrix to
calculate the trandationa frictional tensor and hence the
self-diffusion coefficient, D &°.

For al the nine proteins considered here, three-dimensional
structures of the protein itsalf or a protein of the same family
determined either by NMR or by X-ray crystalography are
available (34—44). The coordinates of NMR determined struc-
tures for «CTD (34), cdbindin-Dy (35), and lysozyme (36)
and crysta dructure coordinates of interleukin-10 (37) and
ubiquitin (38) were obtained from the protein data bank
(Brookhaven Nationd Laboratory). The coordinates for cal-
cyclin (39) and TF1 (40) werekindly provided by Dr. B. C. M.
Potts and Dr. X. Jia (personal communication), respectively.
For proteins MCP-1 (41) and PU.1 (42), equivaent NMR-
determined structures of RANTES (43) and ETS-1 (44) are
considered. All the backbone atoms are considered as beads
of equa size (o = 5.0 A) (20, 33) a atemperature of 303 K
in water (viscosity n = 0.7982 Ns m™?). Table 1 aso lists
D & obtained as the trace of the diffusion tensor. Theoretically
caculated sdf-diffusion constants are higher than the experi-
mental values, as this procedure of caculation assumes an
infinite dilution of protein in the absence of intermolecular
interactions (32).

In order to derive useful information on the oligomeriza-
tion state, it was proposed by several groups that a ratio of
the self-diffusion coefficients can be utilized as a signature
of the molecular association process by approximating the
monomer—monomer contact as hard-sphere molecular con-
tact (9, 12, 20, 45). Using the hydrodynamic calculations,
the ratio of the diffusion constants of a n-mer [Ds(n)] to
that of a monomer [Ds(m)] can be given by (20, 45)

_ Ds(n)
R= Ds(m) -

-1/3
n ’

[2]
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TABLE 1
Self-Diffusion Coefficient of Proteins and Associated Parameters

po®tp pgcd Molecular weight SASA®

Oligomer? Proteins Code (X10°m? s} (X10°m? s} (kD) (A?) Reference’

Monomer Calbindin-Dy CB 11.09¢ 17.28 84 4,651 35
Ubiquitin uB 14.90° 16.47 8.6 4,768 12, 38
a subunit of RNA polymerase AS 9.10¢ 15.75 9.6 5,888 34
PU-1 PU 10.66° 14.80 12.6 7,325 42, 44
Lysozyme LY 10.86°¢ 14.06 141 7,384 36

Dimer Monocyte chemotactic protein-1 MC 10.80° 12.62 174 9,379 41, 43
Calcyclin CcC 7.15° 12.39 20.1 9,833 39
Transcription factor 1 TF 6.36° 11.34 214 12,009 40
Interleukin-10 IL 8.20° 11.28 17.2 12,235 12, 37

#Molecules are monomers or dimers under the NMR sample conditions as given in the corresponding references describing the three-dimensional
structures.

® Estimated error in the experimental measurements of self-diffusion constants is +0.04 x 10° m? s, Errors are estimated from the triplicate
measurements only in the proteins «CTD and TF-1.

¢ From the published results of Ref. (12). .

d Calculated using the program DIFFC (33), for all backbone atoms with a scaling factor of 5 A at 303 K in water.

¢ SASA: Solvent-accessible surface area, calculated using QUANTA (Molecular Simulations Inc.) with a probe radius of 1.4 A and a surface point
density of 20 on a silicon graphics workstation.

f Co-ordinates of NMR-determined structures were used, whenever available (Protein data bank, Brookhaven National Laboratories). Structures for
MCP-1 (41) and PU.1 (42) have been substituted with that of RANTES (43) and ETS-1 (44) respectively. X-ray crystallography-determined structures

have been used for interleukin-10 and ubiquitin.
9 Presented in part in Ref. (30).

where F, is a geometric factor. Equation [2] has been de-
rived independently by Teller et al. (45) and Garcia de la
Torreet al. (20), and their ratios for the formation of dimers
(n=2) were0.749 [ Table | of Ref. (45)] and 0.725 [ Table
11 of Ref. (20)], respectively. These references provide
ratios in the case of linear trimer as 0.598 and 0.586 and for
equilateral trimers as 0.662 and 0.621. A third value of 0.719
was obtained by Wills et al. (9) under the same approxima-
tion, avalue close to the ratio obtained by Garciade laTorre
et al. (20). Even for a simple approximation of hard-sphere
monomer—monomer contact, the estimated ratio of diffusion
coefficients varies depending on the choice of the method
used for calculation (20). In view of the differencesin hard-
sphere approximated ratio of self-diffusion coefficients for
dimer formation (9, 20, 45), an average of al the above
three values, 0.731, can be considered.

Figure 1 shows the plot of the experimentally obtained
ratio of self-diffusion coefficients [DE™(d)/D&"(m), d for
dimer] versus the corresponding values calculated theoreti-
cally [D€°(d)/D&°(m)]. The average hard-sphere approxi-
mated value (0.731) is aso marked in Fig. 1 by a dotted
line. The proteins are identified by the two-letter code given
in Table 1 aswell in the legend to Fig. 1. The protein pairs
falling in the range of 0.70 to 0.80 in both axes of Fig. 1
show a good correlation as a dimer—monomer pair. Protein
pairs (IL, PU) and (CC, AS) have molecular weight ratios
closeto 2.0, and for these pairs, both experimental and theo-
retical diffusion constants ratios also agree well.

None of the protein pairs investigated here, however, give
the hard-sphere approximation value from the ratios obtained
from theory and experiment simultaneously. The protein pair
(IL, CB) gives an experimenta ratio of 0.74, close to the
hard-sphere value, but the theoretical ratio of 0.65 is a hard-
sphere approximated value close to that of an equilateral
trimer. On the other hand, the protein pair (CC, UB) shows
an trend opposite to that of the protein pair (IL, CB) in
which the theoretical ratio is close to the hard-sphere dimer
approximation. In using the method of ratios to determine
protein dimers or monomers in solution, it is important to
choose a reference protein that is respectively half or twice
the molecular weight to form the corresponding dimer—
monomer pair. For example, the cal culated and experimental
ratios of the protein pairs (IL, UB), (CC, UB), and (TF,
UB) are very much different from the hard-sphere approxi-
mated value, as the molecular weight of ubiquitin is not
close to half the molecular weights of interleukin-10, cal-
cyclin, and TF1. Figure 1 also shows a larger dispersion in
the ratios of D2 compared to the calculated ratios. As it
may be practically difficult to find identical conditions for
all the proteins, the dispersion in D& has been ascribed to
the wider distribution under the sample conditions.

These results suggest that, although the hard-sphere ap-
proximation is afast and easy way to estimate the oligomer-
ization state (in this case dimers) of proteins, the results
are qualitative and must be interpreted with care. It further
emphasizes that the ratio must be compared with at least
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FIG. 1. Plot of the experimentally obtained ratio of the self-diffusion
coefficient of adimer to amonomer and the corresponding ratios calculated
using the hydrodynamic theory. Each point in the graph is the ratio of
diffusion coefficient for a dimer—monomer pair, and the proteins are identi-
fied by two-letter codes; o subunit of the RNA polymerase (AS), cabindin-
Dy (CB), PU.1 (PU), lysozyme (LY), ubiquitin (UB), calcyclin (CC),
interleukin-10 (1L ), monocyte chemotactic protein-1 (MC), and transcrip-
tion factor-1 (TF). The average value of the ratios of the dimer—monomer
diffusion constant (0.731) under the approximation of hard-sphere mono-
mer—monomer contacts calculated by Teller et al. (45) (0.749), Garcia de
la Torre et al. (20) (0.725), and Wills et al. (9) (0.719) is given by the
dashed line.

several reference proteins of previously known oligomeriza-
tion states to avoid any possible pitfalls. For example, in the
case of aCTD, the ratios with both calcyclin and TF-1 sug-
gest it to be a monomer (30), and in the case of interleukin-
10 the ratios with lysozyme and PU.1 confirm it to be a
dimer.

In calculating the self-diffusion coefficients, the beads can
be modeled as exact representation of the respective atoms
of the protein (20, 32, 33), instead of atoms of equal radii.
The former approach, although computationally demanding,
allows a detailed description of the irregular surfaces of the
molecules (32, 33). It has been noticed that considering all
the atoms, although it decreases the calcul ated diffusion con-
stant, does not ater the ratios between them. Hence, in the
present case, assuming the error in DZ° is approximately
the same for all proteins, the ratio of the diffusion constants
is prone to the least error.

Self-diffusion coefficients can also be used quantitatively
to determine molecular weights of proteins following the
relation (46),

o kT \*( 47N
" \6rnFDs) \3(V; + 6:V, )’

[3]
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where kg is the Boltzmann constant (1.3806 x 10~ % m’kg
s 2K ™); Tistemperaturein K; n isviscosity of the solvent;
N, is Avogadro’'s number (6.02217 x 10% mol %), V; and
V, are partial specific volumes of the protein and the solvent
molecule (in m?kg™); 8, is the fractional amount of water
bound to the protein (grams of water per gram of protein);
and F is Perkin’s shape factor (46) . Once the partia specific
volume of the protein is calculated from the amino acid
composition following the recipe of Perkins (47), at agiven
temperature, the molecular weight of the protein isinversely
related to Ds through the parameters F and 6, (Eq. [3]). If
additional experimental information can be obtained on F
and 6, asin the study of association of myosin light chain 2
(MLC2) molecules with the zwitterionic bile salt derivative
(CHAPS), gquantitative information on the molecular associ-
ation process can be obtained in areliable manner (14). In
genera, F and 6, are not known a priori without the knowl-
edge of the three-dimensional structure of the protein. If §;
in Eq. [3] is used as a variable parameter and for a sphere
(F =1), most of the experimental self-diffusion coefficients
(DE™) listed in Table 1 need at least three hydration shells
(for 0.328 g of water per gram of protein) to match the ideal
molecular weights (data not shown).

It has been known from the literature that hydration shells
must be considered explicitly to obtain a reasonable agree-
ment between the experimental and theoretical values of the
self-diffusion coefficient (32, 48). An aternate approach is
to use a molecular dynamics simulation in water to obtain
aclose match (49). Garciade la Torre and Bloomfield (20)
have shown that, although hydration complicates the quanti-
tative analysis, it does not interfere with the determination
of the hydrodynamic propertiesif one assumes that monomer
hydration remains constant upon oligomerization. The self-
diffusion coefficients of proteins can also be used efficiently
in the equations of Wang (50) to determine the density of
water molecules surrounding the protein (51, 52).

A parameter that relates closely to the protein surface and
the solvent is the ‘‘solvent-accessible surface area’
(21, 22), and it is one of the important structural parameters
that determines the stability of the protein folding, complex-
ation, and quaternary structural rearrangements (53, 54).
According to the algorithm of Lee and Richards (21), the
solvent-accessible surface area is defined as the area swept
out by the center of a sphere resembling a water molecule
while the sphere rolls over the van der Waals surface of the
protein. The solvent-accessible surface area of all the nine
proteins has been calculated using Quanta (Mol ecular Simu-
lations Inc.) with a probe radius of 1.4 A and surface-point
density of 20 for al the protein atoms. Table 1 aso lists the
solvent-accessible surface area for all the proteins. Figure 2
showsthe plot of the correl ation between the solvent-accessi-
ble surface area and the self-diffusion coefficients obtained
from theory (Fig. 2a) and experiments (Fig. 2b). DZ° and
D& give alinear correlation coefficients (55) of —0.98 =
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FIG. 2. Self-diffusion coefficients obtained experimentally using the
PFG-LED (12) sequence and calculated by the hydrodynamic beads theory
of GarcfadelaTorreet al. (20, 33) are plotted against the solvent-accessible
surface area of the proteins calculated in (&) and (b), respectively. Solvent-
accessible surface area was calculated with a probe radius of 1.4 A and a
surface-point density of 20 using QUANTA (Molecular Simulations Inc.)
from the three-dimensional structure. The size of the symbols in the plot
of the experimental values of the self-diffusion coefficient is approximately
equal to the error in the measurement. The theoretical and experimental
values correlated linearly with the solvent-accessible surface area with cor-
relation coefficients (55) of —0.98 + 0.08 and —0.79 * 0.26, respectively.

0.08 and —0.79 + 0.26 respectively with alarger dispersion
in the experimental values. This empirical correlation pro-
vides an additional structural parameter relating the self-
diffusion coefficient and solvent-accessible surface area.

It may be mentioned that Venable and Pastor (32) have
used a similar parameter, called accessible surface area
(ASA), to determine the hydration parameters of proteins
and peptides from the theoretically calculated trandational
diffusion coefficients. The ASA for proteins s calculated by
constructing a grid of cubes 1.6 A on a side around the
protein and filling those cells adjacent to, but not occupied
by the protein (32). It can be expected that ASA would aso
show a correlation similar to that of SASA. As the sdlf-
diffusion constant measurements on more proteins become
available, the current empirical correlation between the self-
diffusion coefficient and solvent-accessible surface area is
expected to refine to a statistically significant value.

In conclusion, self-diffusion coefficient measurements in
the presence of pulsed magnetic field gradients and the use
of dimer-to-monomer ratio of these coefficients provide an
efficient method for determining the oligomeric state of pro-
teinsto screen for the optimal sample conditions under which
NMR experiments are performed. The self-diffusion coeffi-
cient was measured using the LED sequence and calculated
using the hydrodynamic theory for a set of nine proteins
of known state of oligomerization (monomer or dimer).
Experimental and theoretica ratios of diffusion constants of
dimer-to-monomer agree qualitatively with the correspond-

NOTES

ing ratios obtained from hard-sphere approximation of
monomer—monomer contact. Experimental values of the
self-diffusion coefficient are sensitive to the inherent proper-
ties of the protein in solution (for example, hydration), and
hence, the ratio of diffusion constants can vary significantly
depending on the sample conditions. Hence, it may be neces-
sary to compare the results with more than one reference
protein in order to avoid possible pitfalls of the methodology.
In addition, it has been noted that solvent-accessible surface
areas of the proteins correlate linearly, providing with NMR-
determined self-diffusion coefficient as an additional param-
eter to describe quaternary structures.
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