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D I F F U S I O N

S. E. HARDING

Diffusion is the movement of molecules ir . i rhin a i iquid driven
by therrnal f luctuations. I t  is import,ant for most biologicai pro-
cesses; indeed, the dif fusion together of trvo reactants can be
the l imit ing factor for man_v processes. s,hen the reacrron is
said to be dif fusion-control led.

There are t\ \ 'o t lpes of dif fusional rnol ion: (I \  transl.cLttonal
dif fusion, where a molecule n-roves rts relat ive posit ion r i . i thin a
three-dimensional svstem,fand ( 2 ro tat to naL d.i f fu.s to r,-.  v,her e
a molecuie spins or rotates about one or nore of irs axes. The
rates at rvhich molecules undergo bolh trpes of dif fusion are
measured b,v their respectir .e drffusion coeff icients. D. and
D.. The SI lrnit  for D, is the ' 'Fick 

or mr/s. but for hisrorical
and other reasons, biologists lend to use the cgs (Centigrade_
gram-second)sys tem un i t  o f  cm: /s .  These measurenenLs can
grve important information about the sizes, structures, and
physical propert ies of the moleclr ies. At room tempL.rature
and in di lute solut ion, a small  prolein of molecular rveight
approximatelv 20,000 wil l  have D, of about 10 6 cm2z,s. a larse
v i rus  be tween 10-7  to  10-6  cmz, ts ;  a  bac ter ia l  spo .e  about
10-s cm2,/s. Some representative values are given in Table l .

TRANSLATIONAL DIFFUSTON

The translat ional dif fusion coeff icient, D,, describes the ten-
dency of a molecule to move (transiational motion) under the
inf luence ofeither (1) a concentrat ion gradient or (2) Brownian
motion.

The movement of molecules in a gradient in which their
concentration varies, dc/dr, where c is the concentration (in
grams per mil l i l i ter) at each point r,  is given by Fick's f  i rst law:

J  - -  -D , (dc /dx)  (1 )

where J is the mass of part icles crossing a 1-cm2 cross section
per second.

The same D, characterizes the Brownian diffusion of the
molecule:

(xz;;l : zD4 (2)



Table 1. Translational Diffusion Coefficients and Derived pa_
rameters of Some Morecules, Macromorecules and Biomorecu-
lar Assemblies

I j t  x  D;0.* ,
cmTs

DIFFUSTON

the variation in the height of the boundary, specii.icaliy,
max.rmum valte of d.c /dr, with time, f :
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t ; l  _ 4 r D , t
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Substance
Nlolecuiar

Weight I
rH,  A

t n 8  ,  f (5)

Water

Sucrose
Ribonuclease

Ovalbumin
Fibr inogen

Dynein'
Turnip yel low

mosaic v i rus

18
342

13,700
45,000

330,000
2.5  x  106

5.7  x  106
' .{ l though the molecuiar weight ofdynein is smaller than that ofturnip yellorv
mosarc vrrus. its diffusion coefficient is smaller because it is more asymmetric.
Values of Dj0.,. and molecular weight M" for dynein are also strongly dependent
on  sa l t  concent ra t ion .

whereA is the area under the curve o{ dc / d.xversus -r.  A plot of(A/ H)2 versus time will yield D, from the slope; an example is
grven in  F igure  1 .

Equation 5 assumes that there is no loss of material from
the boundary, that is, that the area A remains constant. 1.his
assumption is reasonable for homogeneous protein prepara-
trons but may not be valid for polydisperse materiais such as
mucus glycoproteins and polysaccharides.

These methods have aiso generally been superseded by dy-
namic light scattering. Nevertheless, the classical measure-
ments are preferable with nonglobular macromolecules, with
asymmetric shapes.

INTERPRETATION OF THE TRANSLATIONAL DIFFUSION
COEFFICIENT

The value of D,0.,,, or Dj6.u obtained by either dlnamic light
scattering or boundary spreading can be used to provide a
nunber of useful characterist ics about a macromolecule.

Hydrodynamic  Rad ius

The simplest deduction that cafi  be made from the D2ie.,.  is the
size of the molecule as represented by i ts equivalent hvdroclv_
namic radius. r;7, which is also known as thc stokes-ratr ius.
The rr7 is the radius of the equivalent sphere that would har.e
t ire same D2ie,,-.  The two parameters are rerated by the sroAes-
Eirtstt : in equati .on:
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rvhere / is the tin.re and (x2) is the average of the square of the
distance the part icle has moved.

The value of D, depends not only on the intr insic size and
shape of the molecule but also on the viscosity anci temperature
of the medium in whrch ir  is suspended. The value ofDl must
therefore be norn-ral ized to standard condit ions, the standar.cl
condit ions normall ,v used are those of water at 20.0.C. The
D, corresponding to these conci i t ions is normally clesignated
D.rr,".  I t  can be caiculated from the vaiue actual l-v measured
rrt atbsoiute temperature T and in buffer,,b. ' .  D7;,,  rvi th t l_re
e< lua t ion

, ,  l t 9 3 L 5 \ / 4 r , \ ^u 2 \ t , 1  
\  ?  / \ o , l i r . n  

( . r )

rvhere 4r.r,  is the r. iscosity ( in cgs unitst of the br_rffer at temper_
zr tu re  Z  and 0 .01  is  the  v iscos i ty  o f  water  a t  20 .0"C.

The 'a iue  o f  D. , , . , ,  c .n  a rso  depend o ' the  c t r .cen t ra r ion  o i '
the molecule in the solut ion. due to thermodynamic nonideal i tv
resulbing primari l ; ,  fron the f ini te size of the molec.r lu a.,cl
i ts electr ic charge. This nonideal i ty is represented (1) by the
parameter f t , i  ( in units of mil l i l i ters per gram) in the equation

D.:.0 u. :  D:0.,,  {  1 + k,1c) (4 )
Di ,. is the value of D2().u, at zero concentration of the molecule;
i ts vaiue can be estimated with equation 4 by measu r irrg D,s,,
at several different concentrations. For diffu.io., *"u.rrl"_
ments, the non-ideality term is often negligible and can be
neglected.

The value of D1 can be measured either by following the rate
of disappearance of a concentration gradient or by dynamic
light scattering. The former is the traditionar method of
measuring Dt Q,3). The principle is to determine how the
concentration changes with time at the boundary between
two solutions, one containing the moiecule of interest and the
other, just the buffer or dialyzate. A special diffusion celi can
b.e used with an appropriate opticai system for recording either
the concentration, c, or the concentraiion gradient, dc/-dt, as a
function ofdistance, r, from the center ofthe boundary. Aiter_
natively, the optical system of an anaiytical ultracentrifirge
can be used to measure the boundary spreading in a syrrthet=ic
boundary cell. A speed is chosen to be sufficiently small that
sedimentation of the molecule is negligible. The Schlieren
opttcal system is very usefui, as it gives the value of d.c /dx as a
function of .r. The value of D5 can be determined by measuring
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Figure 1. Measurement of the translational diffusion coeffi-
cient, D,, for ovalbumin by the boundary spreading technique
(4). As in Equation 5 ofthe text, the square ofthe ratio ofa.ea
(A) to the height (fO of the boundary is plotted as a function of
bime.



b / b DIFFUSION

where ls is the Boltzmann constant (1.379 x 10-16 erg/I(),

? is the temperature (293.15 K at 20.0'C), and 426,* is the

viscosity of water (0.01 P at 20.0'C). I f  the value of D; is not

corrected to standard conditions, the appropriate values for ?

and 4 must be used. Table 1 gives lhe values ofrp for several

macromolecules.

Frict ional Coeff i  cient, f

The frictional coeff icient is inversely related to the diffusion

coefficient, giving a measure of the resistance to movement due

to both its size and shape. It can be calculated directly from

Dio.n,

f  _  RT haT'  
.^r ; :  " ; ;  

(7)

where .R is the gas constant (8.314 x 10-7 erg mol-1K-1) and

Nn is Avogadro's number (6.02 x 1023). Values of f calculated

from Dje,,, are given in Tabie 1.
It is often more informative to use the frictional tatio, f /

f , which is the dimensionless ratio of the observed frictional

coefficient to that of an equivalent spherical molecule of the

same anhydrous mass and density.

Molecular weight (M.)

The molecular weight of a moiecule can be calculated from the

combination of its diffusion coefficient and its sedimentation

coefficient, sie.u. when corrected Lo standard conditions. The

equation analogous ro (7) for the sedimeltation coefficient is

,  _  M, ( I  _  
!pzo . * )  (8 )'  

Nr rro,,

r.vhere v is the partial specific volume of the macromolecule

and p26.* is the density of the standard solvent, water at 20'C.

Elimination of f betrveen equations 7 and 8 yields the well-

known Svedberg equation: "

M,: l ' : "  , .  
R! 

;  (9)
Uzo. "  \ I  -  Upz1, . '  )

Equation 9, of course. makes i t  possible to calculate Dio.n tf

both sis., arrd M, are known.
It is possible, in principle, to measure bolh Di6.. and si6,,,,

simultaneously from anaiysis of the shape of the boundary
in sedimentation velocity analytical uitracentrifugation,
although in practice this requires data of high quality and a

totally homogeneous sample.
If the general shape of the macromolecule is known to a first

approximation, it is possible to estimate its moiecular weight

from only its diffusion coefficient, just as in the case ofthe sed-
imentation coefficient. The power-law relation between M,
and D1 is also known as a Mark-Houwinh-Kuhn-Sakurada
reLation'.

D t :  K M " " (10)

rvhere e : 0.333 for a sphere, 0.85 for a rod, and 0.5-0.6 for
random coil polymers. The appropriate value ofthe consLant
K is obtained from a collection of standard molecules of known

D, and M, (5). Of course, the shape of the macromolecule will
normally be known only approximately, so any molecular
weight calculaled in this way must be considered only an
estimate.

Shape

The translational frictional coefficient, f, or the frictional ratio,

flfs, can be used directly to provide information about the

shape of the molecule. The function defining the shape and

fiexibiliiy of a macromolecule is the Petin translational

f r i c t iona l  func t ion ,P:  
r  /  _  \ r /3

P : L (
/ n \ o *  ( a / p i ) )

where 6 is the amount of bound solvent, relative to the mass of

the molecule, and po is the density of the bound solvent. For a

molecule that is fairiy rigid over a time-averaged period, the

gross shape can be specified using P in terms of the axial ratio

of the equivalent hydrodynamic ellipsoid or in terms of

an arrangement of spheres, in hydrod;'namic bead models
(Figure 2). Computer programs are available for both tlpes

of modeling (6,7). Especially with the latter approach, the

diffusion eoefficient should be used in conjunction with other

hydrod;'namic measurements, such as s20,w, to obtain a unique

solution to the modeling.

ROTATIONAL DIFFUSION

Rotational diffusion coefficients, which resuit from the tum-

bling motion of a macromolecule about an axis or axes, are very

sensitive functions of the shape of the molecule and permit the

inference of some parameters of the overall shape. Unfortu-

nateiy, this sensitivity comes at a severe price: measurement of

rotationai diffusion is usually considerably more difficult than

t rans la t iona l  d  i f fus  ion .

There are two principal methods for measuring rotational

dif fusion. One is based on f luorescence measurements and is

called fLuorescence anisotropy decay. The other is based on elec-

trooptical measurements and is,termed electr ic birefr ingence
(or the related eLectr i .c dichroism) decay.

Fluorescence Anisotropy Decay

Tryptophan residues provide intrinsic fluorescent chro-

mopirores in many proteins (ie, the abiiity to reradiate eiectro-

magnetic energy at a wavelength ionger than that absorbed)

(a)  (b )

Figure 2. Use of diffusion measurements to represent the

shapes of biomolecular assemblies using the hydrodynamic

bead model approach: (a) from translational diffusion mea-

surements: bead models of the slow "s" (tails out) and fast "f'

(tails retracted) forms of a T-even bacteriophage (19); (b)

from rotational (electric dichroism) relaxation measurements:

bead models of the complex formed from a DNA fragment of

203 bp with two specific sites and two catabolite activator
protein dimers (12).
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If the incident monochromatic light is plane-polarized, the
reradiated radiation will not only be at a longer wavelength
but will also be whoily or partially depolarized depending
(among other factors) on the extent of rotational Brownian
motion of the macromolecule. If the macromolecule is not a pro-
tein and does not have an intrinsic fluorescent chromophore,
or is a protein-containing insufficient tryptophan residues, a
chromophore can be attached sl.nthetically.

The emitted polarization is measured by two detectors, one
normal to, and the other perpendicular to, the plane of po-
larization; the extent or "anisotropy" 

of polarization, r(r), is
recorded as a function of time. ,:

DIFFUSION f t /  /

electric field exhibits different extinction coefficients parallel
to and perpendicular to the electric field.

When the electric field is switched off, the bireftingence
(or difference in refractive indices) An will decay because of
rotational motions of the macromolecule:

L,n( t )  *  
lc ,  exp(- t / r ;1 (14 )

where I : 1-5. However, there will be just two relaxation
times for molecules that can be approximated by homogeneous
eliipsoidal shapes, and just one for a homogeneous ellipsoid
with an axis of symmetry. An electrically homogenous spheri-
cal particle exhibits no birefringence.

Like fluorescence anisotropy decay measurements, the re-
iaxation times i1 can be related to molecular shape and hydra-
tion (Fig. 2) (12), but there are also practical problems to be
overcome. The main problem has been that of local overheat-
ing in the solution caused by the large orienting electric fields.
This has meant in the past that experiments have been limited
to solutions of low ionic strength. With significant advances in
charge shielding in modern instrumentation, horvever, physio-
logical ionic strengths are now a reality (13).

Diffusion of Small  Molecules through Biomolecular Systems

Although most attention is given to diffusion phenomena
in macromolecules, the importance of bhe diffusion through
biopolymer matrices of small  molecules and ions. even water
molecules themselves, cannot be ignored, indeed, many physi-
ological processes involve passive or act ive transport of water
and other low-molecular-rveight Species through cellular and
other matrices. As a direct comparison with macromoiecular
diffusion, Table 1 also gives the self-diffusion coefficient at
20.0"C of rvater (2.3 x 10-5 cm2/s) and a small  sugar molecule,
sucrose (- 4.6 x 10 6 cm2,/s); the dif fusion rates are orders of
magnitude greater than those for more bulky macromolecules.

Arguably the best method for measuring diffusion of water
and other small moiecules rs pulsed field gradLent spin echo
NMR (14). Spinning charged particles, such as atomic nuclei,
will have an associated magnetic dipole moment, which gener-
ates a magnetic energy when placed within a magnetic field.
Quantum-mechanical considerations restrict the energies
to a limited number of discrete values. Transitions between
levels-whose spacing depends on the external magnetic
field-correspond to radiofrequency (RF) radiation, so the nu-
cleus wilL interact or "resonate" with certain radiofrequencies
if the externai magnetic field is varied; this is known as nu-
clear magnetic resonance. These frequencies, and the strength
and breadth of the resonances, depend on the particuiar
atomic nuclei that are being examined and on the environment
in which they find themselves. It is therefore possible to "home

in" on a particular nuclear species; for example, such nuclei
could be the hydrogen atoms in a water molecule.

With the pulsed field gradient techni.que, an excitation
pulse of RF radiation is applied across a sample-in this case
a biomolecular matrix-causing alignment of spins and the
generation of an NMR signal; this signal subsequently decays
as a result of diffusion. If a second RF pulse is applied after an
interval r, the decay processes are reversed and a refocused
"echo" signal is obtained at a time 2r after application of
the first pulse. This recovery process can be interrupted as
follows. A pair of matched magnetic field gradient puises that

f f

111 * 21 1
(12)

where I,r is the emitted intensity in a plane parallei to the
polarization ofthe incident light and 11 is in a plane perpendic-
ular. In time-resolved fluorescence depolarization anisotropy,
this rapid decay in anisotropy of polarization in response to
a pulse of incident radiation is recorded and averaged over
man,v pulses (in some ways, the situation is analogous to the
measurement of translational diffusion using dynamic light
scattering). Al lowance has to be made for the decay in in-
tensity of the chromophore itself, specifically. the decay of the
intr insic f luorescence intensity has to be deconvoluted from
the anisotropy decay function. The decay in rU ) rvith time can
then be analyzed in terms of the rotat ional relaxation t imes of
the molecule. There rvi l l  be one relaxation t ime for a spherical
part icle, three for a part icie with an axis of sl .rnmetry. For
a general asymmetric molecule. there wil l  be f ive relaxation
times that need resolving:

r l . t \  -  c r  exp( - l l r r )  +  cz  exp( - t l i2 )  +  c i  exp(  t t ' r t )

+ c r  e x p { - t l r l  +  c 5  e x p ( - t , r - ) (  13 )

or ,  more  s imp ly  r ( r )  -  I i : r  c i  exp( - t l - r , )  where  I  -  1 -5 .  In
practice, at least two pairs of relaxation t imes are similar;
hence the problem is one of resolving three decay constants
(this wil l  be part icuiarly true for macromolecules with an axis
of syrnmetry). Once resolved, these can be related to macro-
molecular shape and hydration (6,7) using relat ions similar
to Equation (11). However, extract ion ofdecay constants from
a "mult iexponential 

decay"-of which equation (13) is an
example-is what the mathematicians call "an ill-conditioned
problem" and is not easy, especially if the relaxation times are
relatively similar. A further problem is that the chromophore
most not relative to the rest of the macromolecule.

A much simpler procedure is to measure fluorescence depo-
larization or anisotropy decay in the steady state, where the
light source is continuous ratherthan pulsed (8). It can be used
to obtain the harmonic mean rotational relaxation time, 16. 16
and Vr1-5 can all be related to the shape and hydration of the
macromolecule (7,9). A study of fibrinogen provides a good ex-
ampie of the application of both time-resolved and steady-state
f luorescence measurements ( 10. 1 1).

Electr ic Birefr ingence Decay

Solutions of macromolecules oriented in an electric field wiil
be birefringent, havtng different refractive indices for light
poiarized parallel to and perpendicular to the electric field.
This is known as electric birefringence. A related phenomenon,
for macromolecules with absorbing chromophore, is electric
dichroism, where a solution of macromolecules oriented in an
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vary linearly across the sample are also applied; the first is
applied between the RF puises and the second, after the second
RF pulse. The echo only has no net effect if there has been no
diffusive movement of the molecules; any movemenl will result
in an attenuation ofthe echo. Analysis ofthis attenuation can
be used to determine the diffusion coefficient.
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