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Abstract

Structure–dynamics interrelationships are important in understanding protein function. We have explored the em-
pirical relationship between rotational correlation times (τc) and the solvent accessible surface areas (SASA) of
75 proteins with known structures. The theoretical correlation between SASA andτc through the equation SASA
= Krτ

(2/3)
c is also considered. SASA was determined from the structure,τcalc

c was determined from diffusion
tensor calculations, andτexpt

c was determined from NMR backbone13C or 15N relaxation rate measurements. The
theoretical and experimental values ofτc correlate with SASA with regression analyses values of Kr as 1696 and
1896 m2s−(2/3), respectively, and with corresponding correlation coefficients of 0.92 and 0.70.

The rotational correlation time (τc) of a protein is a
measurement of the time the molecule rotates through
an angle of one radian, and is dependent on the size,
shape, and dynamics of the molecule, as well as the
bulk physical characteristics of the solvent (Tanford,
1963; Cantor and Schimmel, 1980; van Holde, 1985;
Primrose, 1993). It is important to have a reliable
method for estimatingτc in order to calculate accu-
rate three-dimensional solution structures (Wüthrich,
1986; Güntert, 1997) and derive information on dy-
namics for a molecule from experimental NMR data
(Tycho, 1994; Delpuech, 1995; Palmer et al., 1996).
Several physical-chemical techniques, such as fluo-
rescence polarization, dichroism, sedimentation co-
efficients, and NMR, can be used to estimate the
rotational correlation times of biological molecules.
(Tanford, 1963; Cantor and Schimmel, 1980; van
Holde, 1985). In particular, recent advances in NMR
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spectroscopy in studying the dynamics of biomacro-
molecules at time scales ranging from approximately
a picosecond to a second have provided powerful tech-
niques for measuring the global correlation times of
proteins, as well as localized intramolecular motions
(Nirmala and Wagner, 1988; Kay et al., 1989; Palmer
et al., 1991; Jones et al., 1994; Tycho, 1994; Delpuech,
1995; Dayie et al., 1996; Palmer et al., 1996). One way
that this can be accomplished is by determining the
ratios of the spin-lattice (R1) and spin-spin (R2) relax-
ation rates of the backbone15N or 13C atoms (Kay et
al., 1989; Palmer et al., 1991; Jones et al., 1994; Dayie
et al., 1996).

The rotational correlation time of a protein is di-
rectly related to its volume and molecular weight
(Tanford, 1963; Cantor and Schimmel, 1980). How-
ever, it is not always easy to determine the volume of
an irregularly shaped protein, and the literature pro-
vides many choices as to how to define volume (Paci
and Velikson, 1997). Although the molecular weight
of a protein with known amino acid sequence can be
easily calculated, the effect of molecular weight onτc
is modulated by the shape and the packing configura-
tion of the molecule (Squire and Himmel, 1979; Eimer
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et al., 1990; Barbato et al., 1992; MacKay et al., 1996).
Both volume and molecular weight do not readily take
into account effects induced by the shell of water and
ions located on the surface of the protein (Venable and
Pastor, 1988; Müller, 1991; Smith and van Gunsteren,
1994). Thus, an alternative way to relate the dynamic
parameterτc to structure is to investigate another mea-
surable parameter of the protein, namely the solvent
accessible surface area (SASA) (Lee and Richards,
1971; Richards, 1977).

The advantage of relating theτc to the SASA is
evident in that it automatically takes into account the
molecular shape and hydration shell and is explicitly
proportional to the volume and molecular weight as
well. In addition, SASA has a unique definition, as
proposed by Gerstein and Lynden-Bell (1993), as be-
ing the natural boundary of the protein surface with the
solvent and the locus of the second-shell water mole-
cules. According to the algorithm of Lee and Richards
(1971; Richards, 1977), the SASA can be determined
by rolling a sphere, typically having a ‘Richards ra-
dius’ of 1.4 Å similar to that of a water molecule,
over the van der Waals surface of the protein. Thus,
for a known three-dimensional structure, the SASA
can be calculated in a straightforward manner. In addi-
tion, the SASA is an important property of the protein
that can define how soluble it is in water, how it will
interact with other molecules, and how it folds to
form a stable active form (Richmond, 1984; Eisenberg
and McLachlan, 1986; Creamer et al., 1997). Thus,
SASA values by themselves are useful to know in or-
der to characterize a protein as completely as possible.
In this communication, the empirical interrelationship
betweenτc and the solvent accessible surface area of
a protein is examined in an unbiased manner.

In the conventional method of determiningτc for
a hydrated globular protein, an estimated value is
given by the Stokes–Einstein–Debye equation (Tan-
ford, 1963; Koenig, 1975; Cantor and Schimmel,
1980):

τc = (4πηr3
h)ρ/kBT (1)

whereη is the solvent viscosity in Nsm−2, kB is the
Boltzmann constant (1.3806× 10−23 m2kgs−2K−1),
and T is the temperature in K.ρ is the shape factor that
relates the frictional coefficient of a sphere to that of an
ellipsoid, similar to Perrin’s shape factor. Expressions
of ρ for a general ellipsoid (Koenig, 1975) as well as
for several complex shapes are known (Robert, 1995;
Zhou, 1995a,b). The hydrated radius (rh) of the pro-

tein is given by (Tanford, 1963; Cantor and Schimmel,
1980):

rh = {[3Mw(V2+ δ1V1)]/[4N0]}1/3 (2)

where V1 and V2 are the partial specific volumes
of the protein and solvent molecules, respectively,
in m3kg−1, δ1 is the fractional amount of solvent
bound to the protein (grams of water per gram of pro-
tein), Mw is the molecular weight in kg and N0 is
Avogrado’s number (6.02217× 1023 mol−1).

Thus, τc is inversely proportional to tempera-
ture and directly proportional to the molecular weight
which can be determined by the amino acid sequence,
the volume and shape which can be determined from
the three-dimensional structure, and by the amount of
water bound, which is estimated to be 0.328 g of water
per gram of protein (Tanford, 1963; Squire and Him-
mel, 1979; Cantor and Schimmel, 1980). Since the
shape factor and the amount of water bound are based
on estimated values,τc is also an estimate and often
additional hydration shells need to be considered in or-
der to fit the experimental results (Squire and Himmel,
1979; Barbato et al., 1992; MacKay et al., 1996).

Rearranging Equation (1) in terms of the surface
area (4πr2) instead of volume (4πr3/3) of the hydrated
protein yields:

SA= Kr(ρ)τ
2/3
c (3)

where Kr(ρ) is given by:

Kr(ρ) = (1/4π)1/3× (kBT/ηρ)2/3 (4)

The left-hand side of Equation (3) can be rigor-
ously calculated as the solvent accessible surface area
(SASA), without having to produce an equation for
a complicated shape factor or determining the vis-
cosity of the solvent. In this calculation, the three
dimensional structure of the protein obtained from
the Protein Data Bank (PDB; Brookhaven National
Laboratory) and the program Quanta (Molecular Sim-
ulations Inc.) are used. A sphere with a probe ratio of
1.4 Å and a surface point density of 20 is rolled along
the surface of the protein, directly yielding a SASA
value.

Calculated values of the rotational correlation
times, τcalc

c , can be determined from the rotational
diffusion tensor, D, based on the beads model approx-
imation of García de la Torre and Bloomfield (1981;
García de la Torre et al., 1994). This method has
been used successfully by several groups to calculate
translational as well as rotational diffusion tensors of
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proteins (Venable and Pastor, 1988; Eimer et al., 1990;
Yu-Orekhov et al., 1995; Krishnan, 1997). In this
method, the protein is modeled as a collection of point
sources of friction (denoted as beads) with hydrody-
namic Ossen tensor interactions between them. The
rotational diffusion tensor is calculated from a set of
linear equations solved by integrating the 3N× 3N
matrix, where N is the number of atoms determined
from the structure of the protein. The program DIFFC
based on the beads theory (Yu-Orekhov et al., 1995) is
used in the present work. All backbone atoms are con-
sidered as beads of equal size,σ = 5.0 Å (García de la
Torre and Bloomfield, 1981; García de la Torre et al.,
1994), the temperature value equals that at which the
experimental relaxation values were determined, and
the viscosity (in Nsm−2) of pure water (Viswanth and
Natarajan, 1989) was used. In these calculations, the
protein can be modeled using exact representations of
the atoms instead of beads of equal radii. The former
approach is computationally demanding, but allows a
detailed description of the surface. When adopted for
a subset of six proteins, theτc values decreased by
less than 5% of the values obtained by using the bead
approximation (data not shown). These values were
within the experimental error obtained for the data for
the complete set of 75 proteins using beads instead of
atoms.

The isotropic overall rotational correlation time
was calculated from the principal values of the diffu-
sion tensor:

τcalc
c = (6Diso)

−1 (5)

where Diso is the isotropic value of the diffusion
tensor, (Dxx +Dyy +Dzz)/3.

Experimentally determinedτc values can be ob-
tained from the published values of R1 and R2 relax-
ation rates for a particular protein. Specifically, the
ratio of R1/R2, which is a polynomial of 5th order in
τc (Carper and Keller, 1997) is solved using numeri-
cal algorithms (Kay et al., 1989; Palmer et al., 1991;
Carper and Keller, 1997).

Assuming that slight variations in experimental
temperatures will not drastically change the SASA or
the structure of a protein, the SASA for each protein
versusτcalc

c and τ
expt
c can then be plotted to deter-

mine whether a good correlation between surface area
and correlation time can be found. We can then com-
pare Kr(ρ)calc and Kr(ρ)expt values derived fromτcalc

c

and τ
expt
c , respectively, using Equation (3) and re-

gression analysis. A comparison of these coefficients
yields an impartial consideration as to whether an em-

pirical correlation between SASA andτc is a valid
hypothesis.

A set of 75 polypeptides and proteins (Table 1,
Supplementary material) which fit the following cri-
teria have been selected for this study: (1) most of the
molecule is in the folded state; (2) the overall motion
of the molecule is dominated largely by isotropic ro-
tational tumbling without significant anisotropic con-
tributions (Dz/Dxy > 2; Dz and Dxy are the calculated
rotational diffusion tensors along the major and minor
axis respectively); and (3) the molecules are predom-
inantly in a single oligomeric state (i.e., monomer or
dimer). Of the 75 proteins, 20 have been determined
by X-ray diffraction and the remainder by NMR spec-
troscopy. The molecular weights, SASA,τ

expt
c , and

τcalc
c values, as well as the PDB access identification

number of the structure for each of the 75 proteins are
tabulated in Table 1 (Supplementary material).

Using the computed SASA andτcalc
c values for

each protein, Kr(ρ)calccan be estimated from Equation
(3) by either nonlinear least square fit or logarith-
mic regression analysis (Press et al., 1988). The plot
of SASA as a function ofτcalc

c is shown in Fig-
ure 1A. The solid line indicates the best nonlinear
least square fit and yields a value for Kr(ρ)calc of
2031.8± 26.5 m2s−(2/3) for τ

2/3
c values. The dashed

line indicates the best fit to the logarithmic regression
analysis and yields a value of 1695.9 m2s−(2/3) with
τ0.72

c values and a correlation factor of 0.92.
Analogously, a plot of SASA andτexpt

c values us-
ing Equation (3) is plotted in Figure 1B and yields
values of Kr(ρ)expt. The solid line indicates the best
fit to the nonlinear least square fit and yields a value
for Kr(ρ)

expt of 1775.9 ± 45.9 m2s−(2/3) for τ
2/3
c

values. The dashed line indicates the best fit to the
logarithmic regression analysis and yields a value of
1896.5 m2s−(2/3) with τ0.61

c values and a correlation
factor of 0.70. In these analyses, SASA andτc are in
units of Å2 and ns, respectively.

Figure 1 shows that the experimentally determined
data points have a wider dispersion and a lower cor-
relation factor than the calculated data points. In
addition, although the Kr(ρ)calc (2032 and 1696) and
Kr(ρ)expt (1776 and 1897) are of comparable magni-
tude, they do not agree with one another. There are
several possible reasons for these differences. One
of the assumptions used in the hydrodynamic theory
states that the proteins are in infinite dilution and all
intermolecular interactions are absent, but this would
not be the case in a crystal or in a high-concentration
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Figure 1. Plots of the solvent accessible surface area (SASA) versus (A) the calculated rotational correlation times (τcalc
c ) and (B) the cor-

responding experimental values (τ
expt
c ) for a set of 75 proteins. The error bars inτ

expt
c indicate the error in the measurement. The nonlinear

least square fit and the logarithmic regression analyses are shown as solid and dashed lines, respectively. The symbol∗ corresponds to the
values obtained for the protein phosphotransferase enzyme I (PDB code 2eza), which was not considered in the analyses because of its highly
anisotropic motion.

NMR sample. It has also been noted by several groups
that R1/R2 ratios estimated from trimmed (within a
standard deviation of variation) (Kay et al., 1989;
Palmer et al., 1991; Jones et al., 1994) values are
generally lower than untrimmed values. This indi-
cates that experimentalτc values are often underes-
timated. This may provide one reason why Kr(ρ)expt

was 255 m2s−(2/3) units lower than Kr(ρ)calc in the
nonlinear least square analysis using Equation (3).
When measurements expressed as a function of mag-
netic field strengths are used in a simultaneous fitting
algorithm, the quality ofτexpt

c improves (Buck et al.,
1995; Peng and Wagner, 1995; Carper and Keller,
1997; Luginbühl et al., 1997). As additionalτ

expt
c

values of more proteins become available in the lit-
erature, the nonlinear fit of Equation (3) can be refined
to statistically more significant values of Kr.

Another reason for a difference between the cal-
culated and experimental values may be the effect of
hydrophobic versus hydrophilic atoms located on the
surface and interacting with the hydration shell. It
would be expected that the properties of the hydration
layer would be varied on an inhomogeneous surface.
Differences in the interactions between the solvent and

the surface would in turn affect the time it takes for the
molecule to rotate.

It is also important to remember that the shape of
the molecule has an impact onτc. For example, a
cylindrical-shaped molecule would have an identical
volume and surface area if it were to be bent into a
donut shape, but would no longer be expected to have
the sameτc. Although a shape factor is included ex-
plicitly in Equation (4) for Kr(ρ), it is still an estimated
value. The experimentally determinedτc value would
thus be based on the true shape of the protein, while
the corresponding calculated value, which is based on
the SASA, would not.

Our choice of proteins used in this study was
driven by the fact that the majority of proteins for
which the structures have been determined met the
three criteria outlined above: the molecule is mostly
in the folded state, the overall motion of the molecule
is dominated by isotropic rotational tumbling, and the
molecules are predominantly in a single oligomeric
state. For example, experimental relaxation time mea-
surements of lysozyme denatured in trifluoroethanol
(Buck et al., 1996) and partially folded basic pancre-
atic trypsin inhibitor (BPTI) (van Mierlo et al., 1993)
have yielded rotational correlation times of 12.2± 0.1
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and 10.7± 1.0 ns, respectively, while the correlation
times of the folded states of these proteins are 5.7±
0.2 and 3.5 ns, respectively. The PDB structures for
the folded forms of lysozyme and BPTI are available
and theτc values correlate well with the SASA. It
would not be possible to determine this correlation for
the unfolded states, since the structures are not avail-
able. Proteins that undergo highly anisotropic rotation
(such as phosphotransferase enzyme I; Tjandra et al.,
1997) (Figure 1, data point indicated by∗), or multi-
domain motions (such as calmodulin, Barbato et al.,
1992; Bruschweiler et al., 1995; Tjandraet al., 1995;
Walters et al., 1997) also do not fall within the distri-
bution shown in Figure 1. Tjandra et al. (1997) have
shown that for proteins that tumble anisotropically
(Dmajor/Dminor>2), the anisotropic information can be
used effectively to refine the structure determination of
the protein.

The relationship between structure and dynamics
is becoming increasingly important in understanding
how proteins function. Without introducing bias into
our analysis, we have examined the empirical correla-
tion between the solvent accessible surface area of a
protein and the global rotational correlation time. The
structural parameter SASA was chosen as the focus
of this study because it directly incorporates volume,
molecular weight, tertiary packing conformation, and
interactions with solvent into one criterion that can
influenceτc. We found a weak correlation of 0.70 in
the regression analysis of SASA vs.τ

expt
c plot and a

stronger correlation of 0.92 for the SASA vs.τcalc
c

plot. It is to be expected that the correlation factor
for the experimental value of Kr(ρ) will improve sig-
nificantly as more structures become available in the
Protein Data Bank and as measurements ofτc become
increasingly easier and more accurate. However, there
are several reasons for why the fit will never be perfect.
Proteins that are not predominantly in the folded state,
or are dominated largely by anisotropic rotational tum-
bling, or are not in a single oligomeric state can be
easily identified as extreme deviators in the SASA
vs. τc plot. Researchers can then decide whether spe-
cialized refinement protocols are needed for accurate
structural determinations. Although the dynamic prop-
erties of the smaller domains within a large protein are
important in understanding the function of a protein,
the average motion estimated by a globalτc of the
whole molecule is often used to calculate the protein
structure. By using an iterative method in which the
SASA of the initial structure can be used to estimate
τ

expt
c , one can further refine a structure.

Researchers who study proteins will increasingly
require a reliable means of relating function, structure
and dynamics to one another. Alternate ways of re-
lating structure and dynamics need to be continuously
explored in order to fulfill this need because currently,
there are no real methods available in the literature
to assess the accuracy ofτc values used in structure
calculations. The method proposed here of estimating
τc from the SASA of the protein can potentially fill
this gap.
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