
Hydrodynamic properties of
proteins

STEPHEN E .  HARDING

L. Renaissance of hydrodynamic techniques
Since the first edition of this book, there has been something of a renaissance
of hydrodynamic methods for the determination of the mass, quaternary
structure, gross conformation, and interaction properties of proteins and
other macromolecules in solution. By 'hydrodynamic' (Greek for 'water-

movement') techniques, we mean any technique involving motion of a
macromolecule with or relative to the aqueous solvent in which it is dissolved
or suspended. This therefore includes not only gel filtration, viscometry, sedi-
mentation (velocity and equilibrium), and rotational diffusion probes (fluor-
escence anisotropy depolarization and electric-optical methods), but also
'classical' and 'dynamic' light scattering, which both derive from the relative
motions of the macromolecular solute in relation to the solvent. This defini-
tion also includes electrophoretic methods (considered in Chapter 8 and not
covered here), which are powerful tools for separation, purification, and
identification of proteins, but also, with 'SDS' methodology, provide an esti-
mate of polypeptide molecular weight (see Chapter 1). The present chapter
therefore considers the hydrodynamic determination of 'molar mass' or
molecular weight and quaternary structure (subunit composition and
arrangement, self-association phenomena, and polydispersity). It will also
consider the measurement of protein conformation in dilute solution with
particular reference to the use of the analytical ultracentrifuge, a technique
although of considerable antiquity (70th birthday in 1993) that has been the
centre of the revival of hydrodynamic methodology.

After a brief description of the methodology in each case, practical tips and
advice about the measurement and analysis will be provided-largely of the
type not to be found in the manuals of commercial manufacturers. The inter-
ested reader can then find any other information needed from the latter and
from the key references given.
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2. Mass and quaternary structure measurement
It is worth stressing here that, unlike a polypeptide mass from sequence analysis
or a protein structure from crystallography or NMR, a hydrodynamic mass or
a conformation is a 'soft' quantity as opposed to a'hard' one. That is to say, it
will always come with a '+' and often with assumptions (about thermo-
dynamic ideality, hydration, etc.). Although the molecular weight of an
unglycosylated polypeptide can be determined to an accuracy of + 1 Da
from sequence information or from mass spectrometry (see Chapter 2), a
similar precision cannot be obtained for glycosylated proteins because of
polydispersity deriving from the variability of a cell's glycosylation process.
Many proteins contain more than one non-covalently linked protein chain,
particularly at higher concentrations. This can be uncovered by carrying out
analyses under both native and denaturing conditions. An important role of
hydrodynamic methods for mass analysis in protein chemistry is to give the
molecular weight of the 'intact' or 'quaternary' structure and also to provide
an idea of the strength of binding of these non-covalent entities through
measurement of association constants.

2,7 Gel filtration and size exclusion chromatography
The simplest method of measuring molar mass is gel filtration (1), commonly
referred to as 'gel permeation chromatography' or now 'size exclusion chro-
matography' (SEC), since the chemical inertness of the separation medium is
assumed. Originally this was conceived as a method for the separation and
purification of macromolecules, but has developed over the years in its 'cali-

brated' form as a very popular method for measuring protein molar masses
both in native and dissociative conditions.

The separation medium is a cross-linked gel, traditionally cross-linked
polysaccharide or polyacrylamide beads equilibrated with the appropriate
buffer. The degree of cross-linking dictates the separation range of the gel:
looser gels separate bigger molecules (see Chapter 1). Proper packing of
columns requires some skill, and the user manuals as supplied by the com-
mercial manufacturers are usually very comprehensive. The availability of
HPLC versions makes the measurement particularly attractive for protein
chemists.

Gel filtration or SEC depends on the principle that some of the space
inside the gel particle is available to smaller molecules, but unavailable to
larger molecules, which are excluded. Thus, when a solution is applied to a
properly packed gel column (Figure la) only the dead space-between gel
particles-is available to the excluded molecules, which therefore come off
first when elution is commenced. The excluded molecules-the larger
molecules-will thus have a smaller elution volume, V", and will elute first
from the column (Figure 1b). Smaller macromolecules, having progressively
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Figure 1. Principle of gel f i l t rat ion and size exclusion chromatography. (a) Experimental
set-up. (b) Example of an elut ion profi le. Adapted from ref. 2.

more and more space available to them as molecular weight decreases, are
accordingly eluted only at higher values of V". The separation is sometimes
given in terms of the partition coefficient, Kuu, defined by:

V": Vo + Ku, (Vt - Vo) t1]

where Vo and V, are the 'void volume' and 'total volume' of the column,
respectively. They are determined from separate elutions using solute species
having partition coefficients of zero (totally excluded) and one (non-
excluded), respectively. Elution of proteins as they emerge from the column
is usually monitored spectrophotometrically. If the buffer contains absorbing
reagents, like ATP, azide, etc., highly sensitive differential refractometers are
now available, which are arguably preferable now as the detection method of
choice.

All other things being equal, M, and V. are related empirically by the
expression (1):

V " : A - B l o g n M ,  t z l

where parameters A and B are properties of the column. This equation is
valid only over the fractionation range of the gel; it also does not hold if
other separation mechanisms are operating (a). To obtain M, of a protein
molecule or mixture of molecules, the column is first calibrated by the use of
standard proteins of known size. Linear regression analysis is then used to
evaluate A and B; hence M, of the unknown protein can be found from its
measured value of Iz". The calibration can only be applied within the
fractionation range of the gel which depends on the pore size (Figure 2).
Fractionation ability can be enhanced by running differing gel columns in

elution volume V"

221



^  2 t n

-  aro

' t90

o

5 r3o

Stephen E. Harding

Glucogon

Cytochrome

Myoglobin ------i
Chymotrypsinogen

Ovo lbumin

0vomucoid +e
Bovine s€rum olbumin

Molole dehydrogcnosa
4 aal/ phospholose

Tronsterrin Glyceroldehyde 3-
phosphole dehydrogenoso_ . . Loctopcroxidose/-\

l e l u l n + E  \
Serum olbumin dimer*j

Locloie dchydrog€nosr
Aldolosc
FumoroseYcost olcohol dehydrogenose

Cocruloolosmin 
--o

Y'Globulins -/
ir-go1o1o..

P-Phycoerythrin
q- Conorochin

-Goloclosidose
-+ Ferri l in

Fibrinogen +o
Ureose
o-Crysloll inz Bluc

Molecular weight, M"

Figure 2. cal ibrat ion plot for proteins elut ing from a sephadex G200 column. From ref. 3.

series, a practice common with HPLC systems because of the much shorter
elution times.

Equation 2 is valid only for molecules of similar shape and conformation.
Thus calibration using globular protein standards would be inappropriate for
fibrinogen and asymmetric muscle proteins like myosin and titin and for
heavily glycosylated proteins. These calibration problems can be avoided by
coupling an absolute moiar mass detector (e.g. a light scattering photometer)
downstream from the column (see Section 2.5).

The theory behind Equation 2 is not rigorous, but, at least for globular pro-
teins, it seems to represent the data very well. For linear macromolecules of
limited stiffness, there appears to be growing acceptance that the separation
is more a logarithmic function of the hydrodynamic volume of a macro-
molecule (- M,[n] where [q] is the intrinsic viscosity of a molecule) (see Sec-
tion 3) and its corresponding hydrodynamic or 'effective' radius, rg. This has
culminated in a proposal for a 'universal calibration' (5). This may be more
appropriate for proteins with disulfide bonds broken and in denaturing sol-
vents, e.g. 6 M GdmCl. For such unfolded proteins, wider pore gels (such as
Sepharose) are the most appropriate separation medium.

The procedure for gel filtration/ SEC analysis is given in Protocol 1.

2.2 Dynamic light scattering (DtS)
The appearance of simple to use fixed-angle (90') dynamic light scattering
photometers has made DLS an increasingly popular tool amongst protein
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9: Hydrodynamic properties of proteins

chemists. After certain assumptions and approximations, largely involving an
assumed spherical shape, remarkably reliable estimates for the mol. wt of
globular proteins have been obtained (6). When used in isolation, this
method is, like gel filtration, a relative one, requiring calibration using stan-
dard proteins of known mol. wt. For asymmetric proteins like fibrinogen and
myosin, the single angle approximation fails, but extraction of mol. wt and
related parameters is still possible if a multi-angle instrument is used. Also,
the primary parameter that comes from DLS measurements is the transla-
tional diffusion coefficient, D (in units of cm2lsec). and it can be combined
with results from sedimentation analysis in the analytical ultracentrifuge to
determine M,more accurately (see Equation 9 in Section2.3.2).

Protocol 1. Estimating the size of a protein by low-pressure gel
f i l t rat ion/SEC

Equipment and reagents
o Column, with optional reservoir to assist

packing
o Gel  f i l t rat ion matr ix  (e.9.  Sephadex of  the

appropriate grade) equilibrated with buffer
at  temperature at  which analysis is  to be
made

Method

. Peristaltic pump
o Mol.  wt  cal ibrat ion standards of  s imi lar

shape and other conformational properties
to the protein to be characterized

2.

3.

4.

Mount  the empty column ver t ica l ly .  wi th the a id of  a p lumb- l ine.
At tach out le t  tubing and f i l l  the column wi th buf fer ,  removing a l l
dead space. Close outlet.

Pack the column with the matrix; pour in a thick gel slurry (preferably

degassed) in  a s ingle operat ion,  avoid ing a i r  bubbles and keeping
the temperatu re approximately constant.

Close off the the column without trapping any air; repeat with any
addi t ional  co lumns that  are to be used in ser ies.

Attach peristalt ic pump to the first column, and run through at least
three column volumes of  buf fer  to  ensure equi l ibrat ion (check tubing
jo ints  for  leaks!) .  The maximum f low rate wi l l  depend upon the
matrix (see manufacturers' specifications); typically, it is in the range
0.2-6 ml/min.

Attach a UV recorder downstream from the last column. To monitor
most proteins, set the monitoring wavelength to 278 nm or, if the
buffer is sufficiently transparent, to 210-230 nm, which wil l give
greater sensitivity.

Measure the absorbance baseline of the buffer.

Inject samples of the mol. wt standards on to the column and
measure their V".

5.

6.

7 .
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Protocof 1. Continued

8. Calibrate the column by plotting V" versus mol. wt for the standards.

9. Inject the test protein and measure its V" under the same conditions.

10. Estimate the mol. wt of the test protein from its V" and the calibration
curve for  the column.

11.  Wash the column wi th three volumes of  buf fer .

12. lf the column is to be used again at a later t ime, keep buffer f lowing
slowly through i t ;  or  inc lude an ant i -microbia l  agent ,  such as sodium
azide. and store it in the cold.

2.2.1 Principle
The principle of DLS experiments is very simple (Figure 3a) and is based on
the high intensity, monochromaticity, collimation, and coherence of laser
light. Laser light is directed on to a thermostatted protein solution, and the
intensity is recorded at either a single or multiple angles using a photomulti-
plier/photodetector. The intensities recorded will fluctuate with time caused
by Brownian diffusive motions of the macromolecules; this movement causes
a 'Doppler' type of wavelength broadening of the otherwise monochromatic
light incident on the protein molecules. Interference between light at these
wavelengths causes a 'beating' or fluctuation in intensity in much the same as
a listener perceives a radio station with superposition of other radio stations
at nearby frequencies. How rapid the intensity fluctuates (nsec to psec time
intervals) depends on the mobility or diffusivity of the protein molecules. A
purpose-built computer, known as an autocorrelator, 'correlates' or inter-
prets these fluctuations. It does this by evaluating a 'normalized intensity
autocorrelation function'1t(z)) as a function of the 'delay time', r (in the
range of milli- to microseconds). The decay of the correlation, g(z) (r) as a
function of t, averaged over longer time intervals (usually minutes) can then
be used, by an interfaced PC or equivalent, to obtain the value of D. Larger
and/or asymmetric particles that move more sluggishly will have slower
intensity fluctuations, slower decay of f{z) ft) with r, and hence smaller D val-
ues compared to smaller and/or more globular particles. The delay time r
itself is the product of the 'channel number' b (taking on all integral values
between 1, and 64, or up to 128 or 256 depending on how expensive the corre-
lator) and a user-set 'sample time', r,; its value is typically - 100 nsec for a
rapidly diffusing protein of low mol. wt (e.g. about 20000) and increasing up
to milliseconds for microbes. In the past, rrwas selected by trial and error, but
now modern data acquisition software usually does this automatically.

For spherical particles, a single term exponential describes the decay of f
with r:

t t z ) ( r ) * 1 - " - D k ' � t
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Figure 3. Principle of dynamic l ight scattering. (a) Experimental set-up. (b) Normalized
autocorrelat ion decay plotforthe protein assembly dynein ( in 40 mM NaCl). D02e,* - 1.1
x 10-7 cm?sec; M, (trom Equation 9) - 2.5 x 106. From ref. 7.

where k is the Bragg wave vector whose magnitude is defined by:

k: {4rrnDrl sin (0/2) t4l
n is the refractive index of the medium, 0 the scattering angle, and X the
wavelength of the incident light. Equation 3 can be reasonably applied to
quasi-spherical particles like globular proteins or spheroidal protein assem-
blies (Figure 3b).
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2.2.2 Fixed,-angle (90") DLS photometer

For globular proteins and spheroidal assemblies, application of Equation 3 at
only a single fixed-angle is usually sufficient. Low angles are usually avoided
because they magnify problems due to any contamination with dust or other
supramolecular particles: an angle of 90" is normally used. For a given laser
power at a given protein concentration, the smaller the protein the lower the
intensity of scattered light, and hence the longer the averaging required to give
a sufficient signal. A commercial instrument is available based on this single
fixed-angle principle (6) (Figure 4a).lts operation is described in Protocol2.

To obtain mol. wt information from the value of D, a calibration curve of log
D versus log M, is produced, based on globular protein standards and known
as an 'MHKS' (Mark-Houwink-Kuhn-Sakurada) scaling relation (8) (Figure
4b).It is assumed that the same relation holds for the unknown protein.

Protocol 2.  Measuring the di f fusion coeff ic ient and approximate
molecular weight of a globular protein by f ixed-
ang le  DLS

Equipment
o Fixed-angle DLS photometer, such as the o Sample of protein in an appropriate buffer

Protein Solut ions 801 instrument and c lose to the opt imal  concentrat ion ( for

. Sterile syringe with appropriate filter, the Protein Solutions 801 instrument, 2
0.1-0.45 pm, depending upon the s ize of  mg/ml for  a 30 kDa protein,  proport ional ly
the orotein less for larger proteins)

.  Deionized,  d ist i l led water

Method

1. Inject water or buffer, via a 0.1 pm fi lter. into the warmed-up DLS
photometer to obtain the clean water count rate.

2. Inject the sample in the same way, using the appropriate fi l ter, and
measure the count rate.

3. lf the count rate is below the manufacturer's threshold. check the
instrument  a l ignment  or  increase the prote in concentrat ion.

4. Use the instrument's software to obtain the diffusion coefficient and,
where appropr iate,  the in-bui l t  ca l ibrat ion to obta in d i rect ly  the
approximate mol. wt.

5. Rinse and dry the flow cell of the photometer.

Figure 4. Single-angle dynamic light scattering. (a) Photometer DynaPro 801 (courtesy of
Protein Solut ions Ltd.) incorporates a 20 mW infrared (780 nm) semiconductor laser. Pho-
tons scattered at an angle of 90" are col lected by a lens and conducted to an avalanche
photodiode via an optical f ibre; this produces a single electr ical pulse for each photon
received and these are stored and correlated by an integral computer. The optical bench
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measures only 25 x 5 x 5 cm (6). (b) Double logarithmic cal ibrat ion plot of rx versus M,
for: 1, thyroglobul in;2, apoferr i t in;3, lgG; 4, yeast alcohol dehydrogenase;5, hexokinase;
6, amyloglucosidase; 7. horse alcohol dehydrogenase;8, transferr in;9, bovine serum albu-
min ;10 ,  haemoglob in ;  11 ,  hexok inase subun i t ;  12 ,  ova lbumin ;  13 ,  carbon ic  anhydrase;14 ,
chymotrypsinogen; 15, myoglobin; 16, lysozyme; 17, r ibonuclease A. From ref. 6.

5.105,205.004.801.604.101.201.00
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Other approximations and practical requirements with the operation of
this type of fixed-angle instrument have to be made:

(a) Solutions must be as free as possible from dust and supramolecular
aggregates. This requirement is met by injection of the sample into the
(scrupulously clean) scattering cell via a Millipore filter(s) of appropriate
size (0.1-0.45 pm).

(b) The diffusion coefficient is a sensitive function of temperature and the
viscosity of the solvent. The log D versus log M, calibration must be
made under the same temperature (kept constant during the measure-
ment) and solvent viscosity conditions.

(c) The diffusion coefficient measured at a single concentration is an appar-
ent one, Duoo, because of non-ideality effects (finite volume and charge).
These effects become vanishingly small as the concentration approaches
zero. The approximation is made-usually reasonably for proteins-that
Dupp = D, or that any non-ideality effects are the same as for the calibra-
tion standards.

Despite these approximations, the values of diffusion coefficients and M,
obtained in this way have been remarkably reliable. For non-globular pro-
teins, however, the log D versus log M, calibration becomes invalid and
Equation 3 no longer applies; resort has then to be made to an instrument
with a multi-angle facility.

2.2.3 Multi-angle instruments
Measurements using multi-angle equipment (Figure 5a) are more time-
consuming, and the instrur,nentation larger and more expensive. Data
analysis is also more complicated. Equation 3 no longer applies, largely
because of the added complication of rotational diffusion effects. These
effects vanish, however, as the scattering angle 0 approaches zero. It is
therefore possible to use Equation 3 in terms of an apparent diffusion co-
efficient Duoo, with contributions from both concentration and rotational dif-
fusion effects. D,oo is measured at several angles and extrapolated back to
zero angle to give D if concentration effects are negligible. If, however, con-
centration dependence effects are suspected, a double extrapolation can be
performed on the same plot (called a'Dynamic Zimm plot') of Duooto zero
angle and to zero concentration (10). The common intercept gives the 'ideal'

(in a thermodynamic sense) diffusion coefficient, D0. Because this quantity
is not only an intrinsic property of the protein but also of the viscosity, 1,
and the temperature of the buffer, it has to be corrected to standard con-
ditions (viscosity of pure water at 20'C, I2s.*), either before or after the
extrapolation (11):

Doro,*: Do (n/n o.i Q1293.15).
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Figure 5. Mult i-angle DLS. (a) Photometer Malvern Instruments 4700 system in our labor-
atory. A, 15 mW He-Ne laser; B, water-bath, goniometer; C, photomult ipl iers/ampli f ier
discriminator; D, autocorrelator; E, PC. (b) schematic of special ly constructed cuvette
designed to minimize the dust problem. From ref. 9.
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The size of a protein, as represented by its equivalent hydrodynamic radius,
rs, is related to Du2s,* by the Stokes equation:

rH: ksTl (6Tn s,* Do2r,*) t6l
where ks is Boltzmann's constant. To obtain an absolute measure of M, of a
protein from D02s,*, without assumptions concerning the shape of the protein,
requires combination with the sedimentation coefficient frorn the analytical
ultracentrifuge, as described in Section 2.3. Some modern software attempts
to evaluate M, directly from the diffusion coefficient; this should be treated
with some caution.

2.2.4 Fwther notes

(a) For multi-angle measurements, preferences vary in terms of the type of
cuvettes used. Square cuvettes are optically more reliable, but cell corners
are obviously prohibited. Cylindrical cuvettes, if used, should be of the
wide diameter type (> 2 cm) to avoid internal and stray reflections.

(b) Scrupulous attention to sample and cuvette clarity is mandatory, particu-
larly for macromolecules of M, < I}s. which give low scattering signals,
and if low angles are employed, where the effects of supramolecular con-
taminants are at their maximum. Special cuvette filling arrangements are
used for clarification purposes (Figure 5b).

(c) The angular extrapolation of Duoo can provide an estimate for the rota-
tional diffusion coefficient, albeit to a lower precision than conventional
methods (fluorescence depolarization, electric birefringence).

(d) If the protein is polydisperse or self-associating, the logarithmic plot of
the type shown in Figure 3b will tend to be curved, and the correspond-
ing diffusion coefficient will be a z-average (12). The spread of diffusion
coefficients is indicated by a parameter known as the 'polydispersity

factor' (12) which most software packages evaluate.
(e) Various computer packages are available from the commercial manufac-

turer for data acquisition and evaluation. In our laboratory, we prefer to
acquire the data in ASCII format using the data capture software of the
commercial manufacturer and then use our own in-house routine 'PRO-

TEPS' (S. E. Harding, J. C. Horton, and P. Johnson, unpublished data)
for the evaluation of diffusion coefficients and polydispersity factors.

(f) More advanced routines are available, such as 'CONTIN', designed for
the study of heterogeneous systems by going beyond the use of poly-
dispersity factors and inverting the autocorrelation data directly to give
distributions of particle size. These methods have been recently reviewed
(13) .

(g) DLS is particularly valuable for the investigation of changes in macro-
molecular systems when the time-scale of changes is minutes or hours,
and not seconds or shorter (14).
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(h) For charged macromolecular systems, DLS provides a useful tool for
monitoring electrophoretic mobilities (1-5), and commercial instrumenta-
tion is available for this purpose.

2.3 Sedimentation velocity in the analytical
ultracentrifuge

Combination of the sedimentation coefficient, ,!, from sedirnentation velocity
with the diffusion coefficient, D, from DLS gives an absolute value for the
mol. wt of a protein, without assumptions about conformation. This method
for mol. wt measurement was given by T. Svedberg (16), the founder of the
analytical ultracentrifuge: a technique which is now undergoing something of
a renaissance with the launch of a new commercial instrument (Figure 6a)
(17).

The basic principle of the technique is as follows: a solution of the protein
is placed in a specially designed cell with sector-shaped channel and trans-
parent end windows (Figure 6b). This in turn is placed in an appropriately
balanced rotor and run in high vacuum at the appropriate speed (typically
50000-60000 r.p.m. for a protein of M,104 to 10s, lower speeds for larger
molecules). A light source positioned below the rotor transmits light via
a monochromator or filter through the solution and a variety of optical
components. The moving boundary is recorded at appropriate time intervals,
either on photographic film, on chart paper, or as digital output fed directly
into a PC. Measurement of the rate of the movement of the boundary (per
unit centrifugal field) enables evaluation of the sedimentation coefficient. For
an introduction, see ref. 11; for the state of the art, see two recent books
(18,19).

2.3.1 Optical systems
Three principle optical systems can be employed:

o absorbance (in the range20o-700 nm)

o 'Schlieren' (refractive index gradient)

o Rayleighinterference

The simplest system is the absorbance system, and it is used in the Optima
XL-A analytical ultracentrifuge available commercially, so it will be described
here. Use of the other optical systems requires more specialist knowledge,
and the interested protein chemist needs really to consult an expert.

Examples of sedimenting boundaries recorded using absorption optics are
shown in Figure 7, using a highly purified preparation of an enzyme (Figure
7a) and a heterogeneous preparation of a DNA binding protein (Pf1) with a
macromolecular component and a fast moving aggregate (Figure 7b). The
procedure for obtaining such data is described in Protocol 3.
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Figure 6. Modern analyt ical ultracentr i fugation. (a) Beckman Optima XL-A in our labora-
tory, equipped with scanning absorption optics, with ful l  on-l ine data capture and analy-
sis. The rotor is stable down to : 1000 rev. min, permitt ing the analysis of large
macromolecular assemblies. (b) Components of an analyt ical cel l  (12 mm optical path
length) .
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Figure 7. sedimentation velocity diagrams obtained using scanning absorption optics.
(a) Methylmalonyl mutase, 0.7 mg/ml. Monochromator wavelength 295 nm; scan inter-
val 9 min; rotor speed 44000 r.p.m.; temperature 20oC; measured s2e = (7.14 + 0.04)5.
(b) Gene 5 DNA-binding protein, 0.7 mg/ml. Monochromator wavelength, 27g nm; scan
interval,  S min; rotor speed,40000 r.p.m.. temperature,20oC; measured s0zo,*: (35.5 +
1.4)S (faster boundary) and (2.6 + 0.1)S (slower boundary).

Protocol3. Sedimentat ion veloci ty measured with an analyt ical
ul tracentr i fuge with scanning absorpt ion opt ics
detection system

Equipment
o Beckman Optima XL-A ultracentrifuge

Method

1. Concentration requirements for the protein. This depends on the
extinction coefficient of the protein (see Chapter 10). The lower the
protein concentration the better, since it minimizes problems of
thermodynamic non-ideality. For proteins of average absorbance at
280 nm (: 500 ml/g/cm), concentrations as low as 0.2 mg/ml are pos-
sible with 12 mm optical path length cells. This can be made even

(a)
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Protocol 3. Continued

lower if the buffer is transparent and the peptide bond wavelength
can be used (210-230 nm).  For  absorbance values > 3,  shor ter  path
length cel ls  need to be employed ( the min imum is  about  3 mm; below
this ,  ce l l  window problems become s igni f icant) ,  'o f f -maxima'  wave-
lengths used (with caution), or, more desirably, a different optical
system used (interference or Schlieren).

2. Choose the appropriate buffer/solvent. lf possible, work with an aqueous
solvent of sufficiently high ionic strength (> 0.05 M) to provide adequate
suppression of  non- ideal i ty  phenomena der iv ing f rom macromolecular
charge effects (see below). lf denaturing/dissociating solvents are
used, appropriate centre-pieces need to be used (e.9. of the 'Kel-F'

type; Beckman Instruments).

3.  Load the sample in to the cel l .  Double sector  ce l ls  are used wi th the
protein solution (0.2-O.4 ml) in one sector and the reference buffer or
solvent in the other; the latter is f i l led to a slightly higher level to avoid
compl icat ions caused by the s ignal  coming f rom the solvent  meniscus:
the scanning system subtracts the absorbance of the reference buffer
f rom that  of  the sample.  Electronic  mul t ip lex ing a l lows mul t ip le hole
rotors to be used, so that several samples can be run at a time.

Choose the appropr iate temperature.  The standard temperature at
which sedimentation coefficients are quoted is now 20"C (sometimes
25"C).  l f  the prote in is  thermal ly  unstable (a sedimentat ion veloc i ty
run can take between one and a few hours), temperatures down to
about 4"C can be used without diff iculty.

Choose the appropr iate speed.  For  a smal l  g lobular  prote in of  sedi -
mentation coefficient - 2 Svedbergs (S, where 1S : 10-13sec), a rotor
speed of  50000 r .p.m. wi l l  g ive a measurable set  of  opt ica l  records
af ter  some hours.  For  larger  prote in systems (e.g.  125 g lobul ins or
30S r ibosomes),  speeds of  < 30000 r .p.m. can be employed.

Measure the sedimentation coefficient, s. The sedimentation co-
efficient, s, is defined by the rate of movement of the boundary per
unit centrifugal f ield: s : (drldtl la2r, where r is the radial position of
the boundary at t ime f, and c,r is the angular velocity in radians/sec
(o : r.p.m. x 2r'160l. Commercial software is available for identifying
the centre of  the sediment ing boundary (s t r ic t ly  the '2nd moment '  o f
the boundary is more appropriate; practically there is no real differ-
ence). Personal choices vary, but we find the most satisfactory
method-if requiring a l itt le more effort-is:

(a) To plot out the boundaries (recorded at appropriate time inter-
vals)  us ing a h igh resolut ion pr inter  or  p lot ter  and graphical ly
draw a l ine through the user- ident i f ied boundary centres.

4.

5 .

6.
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9: Hydrodynamic properties of proteins

(b) Then use a graphics tablet to recapture the central boundary posi-
t ions as a funct ion of  radia l  posi t ion.

Computer  rout ines such as XLA-VEL (H.  Col fen and S.  E.  Harding,
unpubl ished data)  y ie ld the sedimentat ion coef f ic ient  and a correct ion
to the loading concentrat ion for  average radia l  d i lu t ion dur ing the run
(caused by the sector  shape of  the cel l  channels) .

7. Correct the results to standard conditions. For each protein concentra-
tion used, correct the sedimentation coefficient, s, to standaro con-
ditions of buffer/solvent density and viscosity (water at20"C, p2q,* and
12s.* respectively):

s2o,*: s(rtl lzo,*) {(1 - vp2s.*) lf i  - nfl l  Vl
where p is the density of the solvent. Knowledge of a parameter
known as the 'partial specific volume', v (essentially the reciprocal of
the anhydrous macromolecular  densi ty)  is  needed;  th is  can usual ly  be
obtained for proteins from amino acid composition data, or measured
with a precision density meter (20). Typically for proteins, v is close to
0.73 mt/9.

8. Extrapolate to zero protein concentration. Plot s2s,* versus concentra-
t ion (corrected for  radia l  d i lu t ion)  and extrapolate (usual ly  l inear ly)  to
zero concentration (Figure 8) to give a parameter, sOzo.* which can be
directly related to the frictional properties of the macromolecule (the
so-cal led ' f r ic t ional  rat io ' )  and f rom which s ize and shape informat ion
can be inferred. lf the protein is very asymmetric or solvated, plotting
1/szo.w versus concentration generally gives a more useful extrapola-
tion. The downward slope of a plot of s2q,* V€rsus concentration is a
result of non-ideality behaviour and is characterized by the parameter
k"  in  the equat ion:

s2o.* : dro.* {t-k c). t8 l
The value of k", which reflects non-ideality effects of the system, wil l
depend on the size. shape, and charge of the protein. lf the solvent
used is of a sufficient ionic strength, charge effects can be suppressed.

2.3.2 Evaluation of molecular weight
The molecular weight, M,, can be found by combination of s02e.* with D02e.*
using the Svedberg equation:

M,: (soro,*lDozo,*) {R Te - r pzo.*)}. tel
An accurate estimate for v as described above is normally required, since
errors are tripled for proteins; e.g. an error of + Lo/o in v results in an error of
+ 3Yo in M.. This means that care has to be made if the protein is glyco-
sylated, since the i of carbohydratg is typically 0.6 mVg.

For a heterogeneous system, su2s,* will be a weight average and D026.* a

235



Stephen E. Harding

8 , 5

u  8 . 0(u

{
t . )

X

s
/ . v

6 . 5

c (m9'zmL)

Figure 8. Sedimentation coeff icient eo.* Ers a function of concentrat ion for a rat lgE anti-
body. Measured d26,* :  17 .92 + 0.06)5.

z-average: the M, calculated will also be a weight average (12), thus distin-
guishing it from the M, obtained by osmometry (2I), which is a number average.

A further approximate estimate can be obtained simply by combining ruzo,*
with k"(22):

M, : (6.n "tro.*soro.*)1 5 l(3fl|afl.l(k,l2r)-(r,lr)ll0s [10]

where v. is a specific volume allowing for hydration of the protein; since
(t,/t) in Equation 10 is usually small in comparison with (.k,l2n), only an
approximate estimate is needed. This method has given reliable estimates
for standard protein molecules of known mol. wt. The parameter k. is itself
valuable for shape measurement. The form of the concentration-dependence
can also be used as an assay for self-associating systems (23), although sedi-
mentation equilibrium methods are usually superior (see Section 2.4).

2.3.3 Limitations
Sedimentation velocity is not so convenient for evaluating the molecular
weights of proteins in denaturing/dissociating solvents, since their sedimen-
tation coefficients are much smaller, due to greater frictional forces: s values
of < 15 are difficult to measure with any precision because of the upper limit
of rotor speed (60000 r.p.m.). If these solvents are used, care has to be
expressed concerning inertness of the cells used.

2.4 Sedimentation equilibrium
The 'sedimentation-diffusion' method for giving the mol. wt, although an
absolute method, is rather inconvenient in that it requires two sets of mea-
surements. A simpler method is to use one measurement by sedimentation
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equilibrium, and it is probably the method of choice for mol. wt determina-
tion of intact protein assemblies, and for the investigation of interacting
systems of proteins (24). The same instrument and optical system(s) for sedi-
mentation velocity are used, the principal differences being:
o the much lower rotor speeds employed
e the longer run times
o the shorter solution (and buffer) columns in the ultracentrifuse cell:

hence the smaller amount of material required

Sedimentation equilibrium, unlike sedimentation velocity, gel filtration,
and dynamic light scattering, is not a transport method. In a sedimentation
equilibrium experiment, the rotor speed is chosen to be sufficiently low so
that the forces of sedimentation and diffusion on the macromolecular solute
become comparable and an equilibrium distribution of solute is attained.
This equilibrium can be established after a period of 2 to 96 hours, depending
on the macromolecule, the solvent, and the run conditions. Since there is no
net transport of solute at equilibrium, the recording and analysis of the
final equilibrium distribution (Figure 9) will give an absolute estimate of the

Radius (cm)
Figure 9. sedimentation equil ibr ium profi les for B-lactoglobul in B. Absorption optics,
with wavelength 280 nm. Rotor speed. 15000 r.p.m.; temperature,20"C. A mult ichannel
cel l  (12 mm optical path length) was used al lowing three solut ion/solvent pairs, with 0.12
ml  in  the  so lvent  channe ls  and 0 .10  ml  in  the  sample  channe ls .  The in i t ia l  p ro te in  con-
centrat ions were 0.1 mg/ml ( inner prof i le); 0.2 mg/ml (middle); 0.3 mg/ml (outer). Only
absorbances < 1.5 could be used with the outer channel; this dif f iculty could have been
overcome by using a longer wavelength. with the inner channel, the signal could have
been increased by using a far-UV wavelength (210-230 nm).
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protein mass and associated parameters, since frictional (i.e. shape) effects
are not involved.

Protocol 4 reters only to the absorption system-because of its simplicity
and availability-for recording the equilibrium distribution of solute in the
ultracentrifuge cell. The most accurate method is, in fact, the interference
system, but it requires considerable more expertise to operate correctly
(11 ,18 ,19) .

Protocol 4.  Measuring the sedimentat ion/equi l ibr ium prof i le of a
protein

Equipment
o As in Protocol 3

Method

Choose the appropriate conditions. These are similar to those apply-
ing to sedimentation velocity lsee Protocol 3). As with sedimentation
velocity, a temperature of 4oC can be used without diff iculty. Sample
volume requirements are lower than for sedimentation velocity:
0.1-0.2 ml  g ives a column length of  about  0.1-0.2 mm wi th 12 mm
cel ls .  The longer the column, the greater  the precis ion and the more
information that can be extracted. The shorter the column, the quicker
equi l ibr ium wi l l  be reached (27) ,  which may be important  i f  many
samples need to be run and/or the protein is relatively unstable.

Load the sample in the cell as in Protocol 3. As with sedimentation
veloc i ty ,  mul t ip le cel ls  can be run s imul taneously in  mul t iho le rotors
and electronically multiplexed. Further, because of the shorter
columns needed for  sedimentat ion equi l ibr ium, specia l  mul t ichannel
celf s containing three sample/solvent pairs can be used (Figure 9). So,
for a four-hole ultracentrifuge rotor (with one hole needed for the
counterpoise with reference slits for calibrating radial positions in the
cel l ) ,  n ine solut ions can be run s imul taneously.  Eight-hole rotors are
now avai lable.

Choose the appropriate rotor speed.

Run the rotor unti l equil ibrium is reaahed, when scans separated by
suf f ic ient  t ime are ident ica l .  Smal ler  molecules get  to  equi l ibr ium
faster than larger ones. Less than 24 h are required for molecules of
M,< 104; farge, slower diffusing molecules take 48-72 h. The time to
equi l ibr ium can be decreased by in i t ia l  'overspeeding ' ,  i .e .  running at
higher speed for a few hours before setting to the final equil ibrium
speed. lt may, in some applications, be desirable to use shorter
columns (as short as 0.5 mm); although the accuracy of the measure-

2.

3.

4.
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ments wil l be lower, this 'short column' method offers the advantage
of  reaching equi l ibr ium in a few hours.

Record the equil ibium profi le. The parameter measured is the
absorbance of the protein, A, as a function of the radial distance from
the centre of the rotor, r. l f scanning absorption optics are used, equil ib-
rium patterns such as Figure 9 can be read directly into an attached PC.

Measure the absorbance basel ine.  l f  the prote ins are not  too smal l ,
after the final equil ibrium pattern has been recorded, the rotor is run
for  a shor t  t ime at  a h igher  speed (up to 60000 r .p.m. or  the upper
limit for the particular centre-piece) to deplete the solution-or at least
the meniscus region-of  so lute:  the res idual  absorbance g ives the
baseline absorbance of the solvent. With small proteins, careful dialy-
sis of the protein solution versus the reference solvent before the run
may be necessary.

Calculate the molecular  weight .  The average s lope of  a p lot  of  In  A
versus f ,Gigure l?alwil lyield M,:

M, :  (otn Aldf l  x  2RTl$- ip l  a2.  1111

As with Equation 9, an accurate estimate for the partial specific
volume 7 is required; p is the density of the solvent.

8. Analyse for heterogeneity. For a non-associating, monodisperse sys-
tem, the plot of In A versus I wil l be l inear (Figure 1lbl;for a hetero-
geneous prote in (conta in ing in teract ing or  non- interact ing species of
different molar mass), it wil l be curved upwards. This situation occurs
with self-associating systems (see below) and with mixed solute or
heavily glycosylated protein systems such as mucus glycoproteins. In
this case the data can be treated in one of two ways:

(a)  An average s lope is  measured.  This y ie lds,  as wi th Equat ion 9,  the
weight average mol. wt, M*. For strongly curving plots or for sys-
tems where the cel l  basel ine is  not  c lear ly  def ined,  a procedure
that uses a function known as Mx (25,2d is useful.

(b)  Local  s lopes (us ing a s l id ing st r ip  procedure)  (28)  a long the In A
versus I curve can be obtained to give what is called 'point'

weight average mol. wts, M*(r), as a function of either radial posi-
tion (or the equivalent local concentration or absorbance). This
procedure is particularly useful for the investigation of self-associ-
ation phenomena and other types of heterogeneity; it also pro-
vides a method for extracting the z-average mol. vvt, M,:

{M*(r :  ce l l  base)  -  M*(r :  meniscus)}

7 .

M , :

The

{WV-- cell base)A(cell base) - Wt: meniscus)A(meniscus)} [12]

ratio M,/M* can be used as an index of the heterogeneity of
the sample and, for non-interacting systems, is a measure of the
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Protocol 4. Continued

inherent  polydispers i ty  of  a system; th is  is  par t icu lar ly  re levant  to
the study of heavily glycosylated systems.

9.  Examine whether  any apparent  heterogenei ty  in  mol .  wt  is  due to
association of the protein. lf the system is self-associating or
involved in 'hetero logous'  associat ion ( i .e .  complex format ion) ,
either the In A versus I plot or the M*(r) versus A plot can be used to
measure the stoichiometry and strength of the interaction. There are
several  commercia l  sof tware packages avai lable, 'and a recent  ar t ic le
has rev iewed three us ing the d imer iz ing B- lactoglobul in  as a model
system for self-associations (29). Methods are also available for dis-
tinguishing between self-associating and non-interacting mixtures.

10.  Consider  non- ideal i ty .  For  larger  macromolecules (M, > 105),  such as
protein assemblies and heavily glycosylated systems and/or for more
concentrated solutions, non-ideality (through macromolecular exclusion
and any unsuppressed charge effects) may become significant,
which wi l l  tend to cause downward curvature in  the In A versus I
plots. This can obscure heterogeneity phenomena, and the two
effects (non-ideality and heterogeneity) can occasionally cancel to
give a l inear  p lot  that  can be mis leading;  th is  can be avoided by run-
n ing at  more than one in i t ia l  prote in concentrat ion.  l f  the sample is
not significantly heterogeneous, a simple extrapolation from a single
experiment of point (apparent) mol. wt to zero concentration
(absorbance) can be made,  to g ive the in f in i te  d i lu t ion ' ideal '  va lue
(in general, reciprocals are usually plotted asin Figure 77) (30). Alter-
nat ive ly ,  several  sedimentat ion equi l ibr ium exper iments per formed
at different init ial concentrations and extrapolation of 'whole cell '
molecular weights, M*,uro, to zero concentration are necessary.

'Software currently available from the commercial manufacturer tends to reouire an assumeo
model prior to the analysis (ideal monomer, self-association, non-ideal self-association, etc.).
We find two other general packages, not requiring assumed models, of use. These are:
(a)  MSTAR, wr i t ten in-house (26) and now avai lable for  PC (H. Ccj l fen and S.  E.  Harding,

unpublished data), which evaluates M.,"oo (using the M* functionl, M,,urv or Mn,"ro land
also M,,"oo, if the data are of sufficiently high quality) versus ror A.

(b) XLAse. which evaluates M*,,r, and M.."ee (M. D. Lechner, Universitdt Osnabrtick, unpub-
l ished data) .

After these model-independent analyses have been performed, resort is then made to tne
more specialist packages (self-association, polydispersity, etc.). There exists now a highly
useful e-mail system called RASMB for the exchange of software and other matters con-
cerning analytical ultracentrifugation (RASMB database; W. F. Stafford, stafford€edu.
harvard. eri . bbri).

2.5 Classical light scattering
This is another powerful absolute method for the determination of mol. wts
of intact macromolecules, and it is particularly suited to the study of large
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Figure 10. Sedimentation equil ibr ium data analysis for human lgM.,. Phosphate buffer
pH 6.8; ionic strength,0.1 M; protein concentrat ion, - 0.6 mg/ml. Scanning wavelength,
278 nm; rotor speed, 5000 r.p.m.; temperature. 20"C. (a) Log absorbance versus radial
displacement squared plot.  € - G - 8l(8 - a2) where r is the radial displacement at a
given point in the solute distr ibution and a and b the corresponding posit ions at the
meniscus and cel l  base, respectively. From M* analysis (25,26). of this data, M,: (1.00 +
0.02) x 106. (b) Plot of point average (apparent) M,versus local concentrat ion (expressed
in absorbance units) in the solute distr ibution. Apart from noise near the meniscus there
is no trend in the data, confirming a monodisperse, nearly ideal system. Adapted from
ref.26.
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Figure 11. Plot of the reciprocal point (apparent) average molecular weight as a function
of f  ocaf concentrat ion for turnip yel low mosaic virus. The measured M, (trom extrapola-
t ion to zero concentrat ion) is (5.8 + 0.2) x 106. Adapted from ref. 30.

macromolecular assemblies, up to a maximum of 50 x 706 M;, beyond this
the simple theory (known as the 'Rayleigh-Gans-Debye' approximation)
breaks down. By'classical'light scattering (as opposed to DLS) we mean the
total or time-integrated intensity of light scattered by a macromolecular solu-
tion compared with the incident intensity for a range of concentrations
and/or angles. Although a more rapid and, in principle, more convenient
alternative to either the sedimentation-diffusion method or sedimentation
equilibrium, the application of classical light scattering has until relatively
recently suffered greatly from the 'dust problem', namely all solutions/scatter-
ing cells having to be scrupulously clear of dust and supramolecular particles,
particularly for the analysis of proteins of mol. wt < 50000; unlike for DLS,
except for small proteins, measurements at low angles (where dust problems
are their greatest) are mandatory. This has resulted in many cases in the
requirement for unacceptably large amounts of purified material: experiments
on incompletely purified solutions have been of little value.

Two developments have made the technique now worthy of serious con-
sideration by protein scientists (31):

(a) The use of laser light sources, providing high collimation, intensity, and
monochromaticity.

(b) The coupling of SEC-HPLC systems on-line to a light scattering photo-
meter via the incorporation of a flow cell.

These facilitate considerably the analysis of mixtures of proteins and, more
signiflcantly, provide a very effective on-line 'clariflcation' system from dust
and supramolecular contaminants. An example of such a set-up is given in
Fisure 12.
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"x,till8l,-
Figure 12. Mult i-angle laser l ight scattering coupled to size exclusion chromatography
(SEC-MALLS). (a) Experimental set-up in our laboratory. A, Dawn-F (Wyatt Technology);
B, HPLC pump; C, refract ive index detector; D, two SEC columns in series; E, interfaced
PC system. (b) Schematic (courtesy of Wyatt Technology).

2.5.L Principle
The intensity of light scattered by a protein solution is measured as a function
of angle with a light scattering photometer (Figure 12a). For solutions of
macromolecules or macromolecular assemblies, the basic equation for the
angular dependence of light scattering is the Debye-Zimm relation:

KctRs * {1 + (16n2R nzt3tz1sin'�[(e/2)]][(11M,) + 2Bc) [13]

where it is assumed that the second virial coefficient B (in units of ml mol g-2)
is sufficient to represent non-ideality (i.e. third and higher order terms are
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assumed to be negligible); c is the protein concentration. Rr is the Rayleigh
excess ratio-the ratio of the intensity of excess light scattered (compared to
pure solvent) at an angle 0 to that of the incident light intensity (a cosO cor-
rection term is necessary if unpolarized light is used). K is an experimental
constant dependent on the square of the buffer or solvent refractive index,
the square of the refractive index increment (dn/dc in ml/g, analogous to the
partial specific volume for proteins, and with a value of about 0.19 ml/g for
proteins), and the inverse fourth power of the incident wavelength, \. The
parameter R, is usually referred to as the 'radius of gyration' of the macro-
molecule, and is useful for conformation studies (see Section 3). If the macro-
molecular solute is heterogeneous, M, will, as with sedimentation-diffusion
and sedimentation equilibrium, be a weight average, M*. Equation 13 is valid
for particles of maximum dimension < }' (i.e. M,< 50 x 106).

Normally, a double extrapolation to zero scattering angle and to zero pro-
tein concentration is necessary. using a procedure known as a Zimm plot
(32). However:

(a) For particles of dimensions < L/20 (i.e. M,< 50000), the angular term in
Equation 13 is small 1i.e. sin2(e/2) : 0) and no angular dependence
measurements are in principle necessary to obtain M, (although this
comes at a price: R, cannot be measured if a conventional light source is
used, although it can be measured using electromagnetic radiation of a
lower wavelength-namely X-ray and neutron scattering (33)).

(b) More significantly, if the concentration is small enough (< 0.5 mg/ml for
proteins and protein assemblies), the concentration term in Equation 13
is small (i.e. Bc - 0), and only an angular extrapolation is necessary. This
is usually the situation with modern photometers designed with a flow
cell for coupling on-line to an SEC system (31): after dilution through the
column, the effective scattering concentration is usually < 0.5 mg/ml. In
these cases, Equation 13 becomes:

KctRs - (7tM,){7 + (16+ Rs2t3\2) sin2 t(0/2)l} [14]

For the special case of globular proteins of M,< 50000, the term Kc/Rsis
approximately equal to IlM, and no angular extrapolation is necessary. In
this case, a large scattering angle (90') is normally chosen, since at lower
angles the greater noise/signal ratio is much more serious compared with the
case for larger scatterers. To a further approximation:

RslKc - M,{1.-(1Gr2 Rr2l3t21sin2 [(e/2)]]. [1s]
2.5.2 SEC-MALLS
An example of a multi-angle laser light scattering photometer (MALLS)
coupled to SEC is illustrated in Figure 12.The photometer is the DAWN-F
system (Wyatt Technology). The angular scattering envelope is measured
simultaneously by an array of photodiodes, unlike the moving photomulti-
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plier system used by multi-angle dynamic light scattering photometers
(Figure 5a). Equations 14 or 15 are used, or Equation 13 if the term Bc is
significant and is known. From Equations 13-15, it is clear that it is necessary
to have also a concentration detector, as well as the MALLS detector; this is
normally a highly sensitive differential refractometer, also equipped with a
flow cell (see corner of Figure 12).

For proteins, the principle value of this method is that it allows on-line
clarification of the material from supramolecular aggregates. The method is,
however, most valuable for the analysis of mixtures or for polydisperse heav-
ily glycosylated protein systems such as mucus glycoproteins, since it provides
weight-average masses and mass distributions without recourse to calibration
standards required by SEC (Section 2.1). Protocol 5 and Figure 13 describe
the various stages of analysis.

Pro toco l5 .  SEC-MALLSana lys i s

Equipment
. SEC chromatography apparatus (see Profo-

col  1 l .a A pulse-f ree HPLC pump is essen-
t ia l .  A guard f i l ter  upstream is desirable,  as
is pre- f i l ter ing solut ions through an appro-
pr iate Mi l l ipore f i l ter  {e.9.  0.22 pm).  For the
Dawn-F system, a -  100 pl  microin ject ion
loop is  desirable.  A column by-pass opt ion
can be instal led i f  f ract ;onat ion is  not
required (namely the Zimm plot  or  fu l l
appl icat ion of  Equat ion 13 is  desired for  a
range of  loading concentrat ions).

Method

. Light scattering photometer, which must
be cal ibrated (but  not  in a protein stan-
dards sense),  usual ly  wi th a strong
Rayleigh ( i .e.  maximum dimension < V20)
scatterer such as toluene, whose scattering
propert ies are known (31).  Cal ibrat ion is
necessarv because the ratio of the intensi-
t ies of  the scat tered and incident  beams is
usual ly  very smal l  ( -  10-6).b

1.  Determine accurate ly  the delay in  e luant  vo lume or  t ime between the
light scattering photometer and the concentration (refractive index or
UV absorbance) detector, so that the Kc/Re term in Equations 13-15
can be synchronized.

2.  Record the SEC elut ion prof i le  us ing the concentrat ion detector
(refractometer) and the l ight scattering. Only the 90' l ight scattering
signal is shown in Figure 13.

3. Subject each elution volume V" as it passes through the detectors to
measurement of Kc/R, over the range of the angular scattering enve-
lope.  The resul t ing 'Debye p lot ' (Equat ion 15)  y ie lds the molar  mass of
each volume element .

4. Calibrate the column in terms of log,'s M, versus V".

5.  Determine the weight-average molecular  weights (and other  der ived
averages such as the number and z-averages) and plot a relative mass
dist r ibut ion.

6.  Determine the ref ract ive increment ,  dn/dc (35) .  l ts  va lue is  normal ly
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Protocof 5. Continued

in the range of 0.18 to 1.19 ml/g for proteins, but can be as low as
0.15 ml/g for heavi ly glycosylated proteins.

'Choose SEC columns as appropr iate.  Molecules l ike the glycoprotein example ol  F igure 13
are at  the upper l imi t  of  resolut ion by gel  columns. For larger part ic les,  other methods of  sep-
arat ion,  on- l ine to the MALLS detector  based on f ie ld f low f ract ionat ion are now avai lable
(36,37).
DFor s imul taneous mul t i -angle detect ion,  the detectors have to be normal ized to a l low for  the
differing scattering volumes as a function of angle and the differing responses of the detec-
tors.  This is  usual ly  performed using a solut ion of  a macromolecule of  known M,(general ly  <
50000) or  for  a solut ion of  a larger macromolecule whose Bn is known (e.g.  T-500 Dextran).

3. Shape measurement
Although the main thrust of this chapter has been on the estimation from
hydrodynamic measurements of the molecular weight of a protein in its
native state, the hydrodynamic parameters of a protein are also dependent
upon the shape of the molecule. For mol. wt measurement, this can be a com-
plication, although it can be overcome by combining the sedimentation and
diffusion coefficients (Equation 9), each of which are affected similarly by
the shape. Alternatively, transport methods can be avoided altogether by
using either of the thermodynamic equilibrium-based techniques of sedimen-
tation equilibrium and classical light scattering.

On the other hand, hydrodynamic methods provide information about the
macromolecular shape. There is the complication that the hydrodynamic
shape parameters obtained also depend upon the extent of hydration of the
protein (i.e. the amount of aqueous solvent chemically bound or physically
entrapped), which is very difficult to measure with any real precision. A fur-
ther problem is that the more complicated the shape model used, the greater
the number of independent parameters needed to specify the model
uniquely. For example, to specify uniquely the radius of a spherical model
requires only one parameter; for the axial ratio of an ellipsoid of revolution
(i.e. an ellipsoid with two equal axes), two parameters are needed; for a gen-
eral triaxial ellipsoid, with three unequal axes, three parameters are needed
(38). All of these approaches are known as 'whole-body' approaches. The
most complex way of representing shape is 'hydrodynamic bead modelling',
where the protein structure is approximated as an array of spherical beads
(39). Problems of the uniqueness of any such model are considerable, how-
ever, and this form of modelling is best used for choosing between plausible
structures (e.g. subunit arrangements in a multisubunit protein, such as the
angle between the two Fab arms of an antibody molecule) or for refining a
crystallographic or NMR structure to dilute solution conditions. Segmental
flexibility can also, in principle, be modelled using this latter approach.
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The choice of hydrodynamic shape parameters is wide:

(a) The 'Perrin' frictional ratio (from the sedimentation or diffusion co-
efficients).

(b) The various rotational frictional ratios or relaxation times (from fluor-
escence depolar ization or electro- optic me asurements ).

(c) The viscosity increment (from measurement of the intrinsic viscosity).
(d) The concentration-dependence of the sedimentation coefficient.
(e) The radius of gyration from solution X-ray scattering (or for proteins of

M, > 50000, from classical light scattering).
(f) The molecular co-volume of the protein (from measurements of the non-

ideality parameter B in osmotic pressure, sedimentation equilibrium, or
classical light scattering measurements).

The viscosity and rotational friction parameters are among the more sensitive
but can be correspondingly more difficult to measure. The hydration problem
is most effectively dealt with by combining two parameters to give 'hydra-

tion-independent' shape parameters.
Whereas the extraction of mol. wt information is relatively straightforward,

the extraction of shape information is generally not, and the details are out-
side the scope of this chapter. The interested reader is referred to a recent
article that examines in detail the various approaches and provides the neces-
sary references (8). Suffice here to mention some PC software algorithms for
hydrodynamic conformation analysis using either the simpler 'whole-body' or
the'hydrodynamic bead' algorithms.

3.1 Computer programs for conformational analysis
For ellipsoid modelling, we have in-house a suite of algorithms that have been
transferred from mainframe FORTRAN to PC (BASIC and FORTRAN).
ELLIPS1 (40) evaluates the axial ratio for prolate and oblate ellipsoids for a
user-specified value of a hydrodynamic parameter. It is based on polynomial
approximations to the full hydrodynamic equations, but the accuracy of this
approximation is normally well within the precision of the measurement.
ELLIPS2 uses the full hydrodynamic equations for general triaxial ellipsoids
to specify the set of hydrodynamic parameters for any given value of the axial
ratios. ELLIPS3 and ELLIPS4 carry out the reverse procedure, using a variety
of graphical combinations of hydration-independent triaxial shape functions.
Elsewhere, the routines HYDRO and SOLPRO developed by J. Garcia de la
Torre and colleagues (4I,42) are particularly useful for the application of
bead models; to facilitate its application, a front-end algorithm (A to B) has
been constructed to enable TRV to predict the set of hydrodynamic parame-
ters for a given set of crystal structure co-ordinates (O. Byron, PhD disserta-
tion,1992, University of Nottingham, UK).
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9: Hydrodynamic properties of proteins

Differential lllolecular ffei ght Dist-ribution
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Figure 13. Extraction of mol. wt distr ibution of a high mol. wt glycoprotein (a pig gastr ic
mucin preparation '581') using SEC-MALLS. (a) Elut ion profi le recorded using the con-
centrat ion (refract ive index) detector ( lower prof i le, l ighter dots) and the MALLS detector
(only 90" detection shown). The negative and posit ive peaks at high elut ion volume cor-
respond to salt  elut ion. (b) 'Debye' plot for a specif ic value of %. (c) Absolute logarithmic
cal ibrat ion plot showing clearly the 'range'of the gel. (d) Mol. wt distr ibution. The com-
mercial manufacturers software was used for al l  the analyses: (a-c) ASTRA, (d) EASI.
From re f .34 .
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