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C H A P T E R  4

o8telnination of a Stable. Unique Solution bv combinina Results

from Viscositv. Sedimentation and Electric BirEfrinoence
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4.1 lv lethods for Analvzinq the Decav Curve

Resolution of a 2-tarm exponentiaf birefringence decay curve into

its tuo component relaxation tim€s or decay constanls is notoriously

difficult, sven lot components that diffe. by several orders of magnitudB.

The situation is especially difficuft for globular macromolecules for

uhich the decay constants uiL] generally not diff€r by more than +' 2OlA

(see belotu).  A recent tevieu of  the sal ient methods current ly used for

attenpting to analyse multi-component exponential dacay curvesr emphasing

these di f f j .cul t ies,  has been given by Jost and 0tKonski  (1978).  The three

mBthods that are apparently the most useful aDe

(1) Graphical  Peel ing Analysis (0rKonski  and Haltner,  1956)

(2) Non-Linear Least Squares Analysis (lrlilder 1954r Pouell and ltlacdona].dt

1972, GLL! and f'lurray, 1976 )

(3) Fouriee Transform solut ion of  the Laplaee Integsal  Equat ion (Gardner,

Gardner,  Laush & Meinke, 1958)

4.1,1 .  Graphicaf Peel inq AnaLvsis

In this method, the logar i thm of the birefr ingence is pLotted as a

funct ion of  t ime. For a single tetm decay this should of  course give a

straight J.l.ne. If the plot for a tuo-term dBcay can be extended to

relaiively long times rrrith sufficient signal-to-noise tatiot and if the

tuo tsrms are not too close, then the limiting slopa uilL give an estimate

foE the longest relaxat ion t ime (or shortest decay constant) .  This

liniting slope can be extrapolated back to zero time and then rrsubtractedrr

from the origlnal EignaJ.; the slope of the BBsultant can then bE

detsrmined and hence th€ shortest rel ,axat ion t ime found (Figure 39).  As

might be expected, this method, although Dapidr is very approximate and



is  of  1i t t1e use for resolvine relaxat ion t imes of the same order of

magnitude. Houever it is stil.l ussful for indicating the ordBrs of

magnitude of the decay constants uhich may be used as initial estimates

in non-linear leasl squares iterative procedures.

4 .  1  . 2 .

In this method, the ueighted sum of the squales of  the residuals
a

Xi is caJ.euLated betueEn a set of exDerirnental data points and the

funct ion to be f i t ted. I f  x.  rapresents the value of  the j r th

experimental  point  and g,(X- j  tn" corresponding computer point  foD a
J  -  m '

giu€n Bstimate for the X, the number of independent variables, thsn ue

def ine our tgoodness of f i t r  parameter,  X- r  by

z
t
L

. i - r

uhele o. is the standard error in the jrth experimental

best values of  the X are such that axhX =& for alLm m '

For the particular case of €Iectlic bilefringencer o. is

constant ior aJ..L the x, (although this i" not g"ner.ily

count ing -  e.9 '  f luorescence depolar izat ion anisotropy -

and th€ rninimization condition becomes

-::- = o
n

( 1 1 0 )

point .  The

t h e X .m

approximateLy

true lor photon

experiments )

( 1 1 1 )

lrn ar e

n

r  =  I  t x i  -  E i J
: - r

( 1 1 1 b )
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In the ease of a tuo-telm birefringence decay, th€ minimization

is said to be rnon-lin€alr in that the data are to bE fitted to a

function uhi-ch is ths sum of a product of terms consistlng ol an

adjustable parameter (i.e. a pre-exponential factor) rrrith another

funct ion of  another adjustable parametea ( i .e.  a decay constan! or

relaxat ion t j -me).  In order to evaluate aFpXm for a current est imate

foD the parameters Xrr the solution either has to be Linealized using

a TayLot Bxpansion as out l ined by Jost & OrKonski ,  or al ternat ively,  a

quadratic or quasi-Neuitonian procedure can be employed (Gi1l & [tlut:ray,

19?6). In this latter case, th€ parametBrs Xm ala iterated until the

minimum in F ls found. 6i11 & fqurrayts algorithm is particularly

attractive in that uppe! and lorrer limits for the variable can be

spacified and included as ext6!na1 constraints. A problem rrlith the

Least squares technique hou,ev€r is that the method is very sensiiive to

subsidiary minina in X2 (or f )  laading to false tbest parameterst ,

BVen fo.  data of  very high precis ion. Tha presence of lhese subsidiary

minima can often be detected by rapeating the analysis for a series of

di f ferent in i t ia l  guesses of the adjuetable pa.anete.s.

4.1.3.  Fourier Transform Solut ion of  the Laplace Inteoral  Equat ion

The birefr ingence 4n(t)  = S(t)  is u,r i t ten as a St iel jes intsgral :

n  ,  - 6 0 . t  n  
-

s ( t )  =  i  . d . "  
" " i ' =  

i  n l " - l ' =  Jexp( - r t )a r r ( r )i - t o

u rhe re ' rh (  l  )  i s  a  s tep  func t i on ;  i  =  + r -  and  I  =  69 . .

( ' t12)
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The right hand eide of equation (ttZ) can b€ reuritten in the form

of a Laplace Integral:

t
s(t) = |  exp (-rtJ g (r,)  d),

)

( r r s )
r,lhere g(f) represents a EUm of Dirq. delta functions. A plot of

9(l) vereue I rcil:. give a fr€quBncy spactrum uith paaks; the centre

of each peak corlespondg to a specific decay conetant, and the hoight

of the peek le proportional to the value of th€ pre-exponential factor

A..  lde tranafolm L= e-Y and t  = ex. Then

- .  x .  t  f x - y ) .  -  - y -  - r , -
S ( e " )  =  |  e x p [ - e . ^  " ) g ( e ' ) e  ) d y

J
-&)

Utq)
Multiplying by .ex:

u* s1u* ;  =  [  " *p i - " ( * - r )1u(x-Y)r ie- r ;ay
J

- 4

(  1 1 s )

Taking the Fouris! Traneform of the laft hand eide of (ll5)

r (u)  =*  |  " *  s6u*1" tu*6*
f z1l

( t t e ;

Thus

r ( r )  =+  |  I  i  " *p1- " ( * - " ) , " (x - r ) . r1 " -Y1ay |  .exp i ip6s  +  y ) lds
/ 2 r '  J  |  )  - ' !

('ttz1



rrlith s = x - y. Rearranging

' t24.

fi1 l ,, lFr" )  =  / - l  1  ̂ r ^ - r l sxp( iuy)ay .  I  exp6-es lesexp( ius)ds{  2 r  J  r . -  
)

( t t a l

Norrr ,  i f  ure compare equat ion (113) ui th Equat ion (114):

s(e-Y)dY = f- o^

( t t s 1

ThuE lf rrre obtaln 916-Y) as a function of y, using equatton (ttS)

thie uill be equlvalant to a plot of g(f)/f as a function of L .

The rtght hand eide of €quation (tte) fe the product of the Fourier

Transform, G(p) of  g(e-y) and th€ Fousier Transfoun, K(u) of  exp(-es).

Therefore

r(u) = ,/2? c(u) K(u)
(tzo)

i .  e .

1 1 1 , , 1  -  / r  r t l . t j
. /  a *  v  r / . .  \

^  lF_ /

1.rzt)

Taking the lnveree Fourier Transform of C(t) :

g(e-Yl  =* l  i { ; i " - i rudu

(122)

K(u) can be evaluatEd analytically in telm8 of the complex f function:

K ( u ) =  f f r g ' r r 1
( i % )



The method thesefor8 has four basic steps:

( i )  Evafuata the Fourier Transform of the data (equat ion 116)

( i i )  Div ida by lhe complex I  funct ion (equat ion 123)

( i i i )  q(e-y) as a funct ion of  y is found by uslng the inv€rse Fourie.

Transform

(iv) A plot ol g(f )r4, is thus obtain€d as a function of L

Tha advantage of this method is that an initial choic€ a€ to the

number of exponentj.al t€rms to be fitted is no! required.

4.1.4.  0ther methods of analysis.  oTeviously used for deconvolut inc

Fluorescence decav curves

otconnor,  l rara and Andre (1979) havB recentJ.y compared methods for

deconvoluting both one and tuo term exponential fl"uorescence decay curves

(sect ions 1.5.4,  3.3.2,  -  methods r , ih ich couJ.d be equal ly appl icabla to

corresponding birefringence decays. The methods chosen uere

(i) Non-Linear LBa€t Squares

(ii) fvlethod oF tloments

( i i i  )  Laplaee Transforms

(iv) wlethod of lvlodulating Functions,

(v) Exponent ial  ser ies melhod

(vi ) Fourier TDansforms

They discovered lhat all six methods urere satisfactory for anatysing

undistorted one - component data, but that the lEast squarss method uas

most sui table uhen distort ions are present.  Fot rBsolvinq trrro c losely

spacsd terrns (9.5ns & 11.5ns) in a 2-tErm undistorted decay only the leasr

squarBs method and lhe m€thod oF modu.l-ating functions proved satisfactory.

They thus conclud€d tha! thE non-linear least squares iteratiue method
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uras the technique of preference for tha analysis of  s imple dacay laus.

4.2,  Choosino the best aloor i thm: computer s imulat ion

Fol louing the u,oDk oP Jost & 0rKonski  (19?8) and [J?Connor,  t /are &

Andre (19?9),  the non-l inear least squares i terat ive and possibly the

Fsurier Transform Solution of the Laplace Integral Equation methods

seemed to be the best available nethods for resolving a z-teDrn

exponentj.al birafringence decay. I attsmptad to test for myself these

methods by assuming three proteins of knoun (fri-axial) dimensions and

hence axiaL ratios (a,/b, b/c), assuming a suelling ratio (i.fi) = 1.3,

and i  = .?3 ( typical  for globuJ.ar piotains).  Fron these values the

moleculae uaight,  v iscosi ty inclement,  R-funct ion, 6* funct ionsr intr insic

viseosi ty and hence decay constants e. ,  could Ue praaicteO (Table 14).  Ue

then assume pre-€xponent lal  factors n] ,  n] ,  of ,  respocl j .vely,  0.0? and 0.05.

radians taken from a typical  in i t ia l  b irBfr ingence eAl + A:)  of  0.12

radians (Krrause & otKonski ,  1959) and hence th€ unp€lturbed decay eurve

for each simulated protein can be given. The actual indivi-dual values for

Af are not signj.ficant in the analyses, except uhBn they differ by severaL

orders of  magnitude (see seot ion 4.5).  one then places simulated

experj.nental- Brlor on each of 100 data points for the eurves, using a

computsD norma.l. peeudo-random number generator, and, filst of all assuming

no errors in lhe molecular rrreighl or intrinsic viscosity, investigate houi

much srror in the data points is tolerable, befole each algorithm fails to

give back the correct decay constants and hence axial ratios, r,rithin

reasonable l imits.  The algor i thms uould then be tBsted for elrors in the

intrinsic viscosity and moleculal r,reight. Flgure 40 illustrates euch a

nock experimental  decay curve ui th 0.1 degree standard error (about the
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current availabl-e experi.mental precision - B. Jennings & V. lYlorris,

pr ivate communicat ion) on each of 1000 data points,  for Protsin '1

[ t rue (a/u,  b, /c )  = (1.5,  1.5)] .  In the analyses the ple-exponent ial
I

factors A* are of coulse Deqarded as unknoun variabLes.

4 . 3

Ths quasi-Nerrltonian quadDatic method for minimizj-ng any function

( i .e.  in this case, the sum of the squaras of  the residuals F) given

by Gi]l & lYluDlay (19?5) and incolporated in the uK NAG ttlk.Vl subroutina

E0AJAF uas used. In this aLgolithm the us6r, besides supplying the

subroutine for calcuLating the value of F at any polnt X, has to supply

fixed uppee and lou€r bounds on the indep€ndent valiables X1, XZ,

. . . . . . . . r  X r .  Th i s  rou t i nE  uas  i nco rpo ra ted  i n  t he  F0RTRAN IU  p rog lam

givgn in Appendix IV, as Program 5. This program generated i ts oun

hypothetical decay curve rrlith normal (Gaussian) pseudo-random error

genelated on each data point (using NAG loutine GosADF), the amount

specifiable by the user. The program attempted to retrieve the decay

constants,  hence the 6* funct ions ( f rom the useD-speci f j -ed molecula!

ueight and intrinsic viscosity) and hence the axial ratios (a/b, b,/c )

of the general tri-axiaJ. elli.psoJ.d. 0u,ing to the problem of the presence

of th€ dangen of the routine Palling into subsidiary minima as mentioned

by Jost & orKonski  (1978) -  see sect ion 4.1.2.  -  i t  ! ,as necessary to

repeat tha method for a large number (30) of  in i t ia l  guesses. In fact

th€ proglam u,as &rritten to generate its oun thirty different initial

guesees by using aD0rr loop betureen user specifiabLe j.nitial guess lirnits.

Unfortunately, even data as accurats as .001 degsee standard error on

each data point (about 2 orders of magnilude greater than the current
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experimental precislon) failed to give back the eorrect (a/d, A/c)

r,Jithin rEasonable limits, and even data of machine accuracy (14

sj .gn i f icant  f igures)  dLd not  gensrate the exact  va lue of  (1.S,  j .S) ,

as Figure 41 illustrates,

4 .4 .

Equation flethod

4.4.1. .9.uhe,!Ils,ere,
In older to use this method out l ined in sect ion 4.1.9. ,  the

integeals invoLved in taking the Fourier Transform of the data

(equat ion 115) and in taking the inverse Fourie!  Tlansform (equat ion 122)

have to bE solved nunerically. Unfortunately, the int69ra1s extended

fron -- to +- ; r,rith real data there exists a finite cut-off time, to

or equivalent ly xo. Cut-of f  errors tend to increase the height of  lhs

e!!or r ipples in the f inal  resul ts.  For equat ion (116),  i i  ure choose a

cut-off too short for po lhers is a loss of resolution of the component

peaks. 0n the other hand, if lre choose a cut-off in po too long lhen

the cut-off at x- causes the amplitude of the sraor lipples to increase;o

uo has to be varied therefole to obtain the optimum reeolution for a

given data set.

4.4.2,  NumericaL IntEarat ion

Fol louing Gardner et  al  (1958),  each value of  S(t)  Uas mult ip l ied

by lh6 current value of  t  to give ex5(ex) (equat ion 11S).  ulhereas t

rangas from 8. '6,  x ranges from -6to+o, thus rr la can spl i t  the integral

in Bquation (116) into syrnrnetric and anti-symmetric parts:



TherBfore

,r7- |
r@ =/*  |  t f  C. l  *  s* ( -x) le iuxdx

o

t 1  |  s
r ( ; ' � )  = /*  |  t  ts - t * l  +  s*( -x) lcos u x

)
o

129 .

('t24)

(tzs1

' :o

+ i ls*1x)  -  s*1-x ;1s in  u x  ]  dx

g iv ing  rea l  and  imag ina ry  pa r t s  f o r  F (p ) ,  i . e . ,  Fc  &  Fs .  K (p )  can  be

simi lar ly spl i t  lnto real  & i rnaginary parts K" & K".  Equat ion (121) thus

becomes:

" , ,  -  / T  
F c  +  i F s  [ F '  +  i F s ) ( K c  -  i K s )

,/ Zr K + iK 
--------F-;- 

r-z-' c  - - - s  " c  " s  

\ 126 )

and the inverse transform (122) becornes

. _v.  1 fuo (F" + iFr)  (K" + iKr)  
.g ( e , ) = * l  - - - - - - T " #  ( c o s y u  _  i s i n y u ) d u' "  )  c  s

' o

( 1 2 ? )

tih€se uo and -U5 are the eut-off values for !, Since all odd values

vanish,

l )  - , .

pre-rr = I [-" J 
F"K" 

] I 'K. cosyr + 
FtI" 

] l"K. ,inyu fao' 2, I i K" * K, Yvet* 
T;--q ,o - 

g2B)
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The numerical  intsglat ions (125) and ( lZa) are solved using the

NAC rout ine D01GAF. The value of  the complex f  funct ion needed for

cal-culating K_ and K- uas deduced using a toutine given by Lucas & Terril- c s

(19?0).  As rrr i th the non-l inear least squares i terat ive method, lhe

proglam (Appendix IV Program 6) generated its orrrn synthetie data using

NAG normaL pseudo-random number routines G05A0F & GosBBF.

4.4.3.  ResuLts

The program uas firstly checkBd by applying it to th6 case first

consideled by Gardner et al lor a single exponenti.al decay, viz.

S ( t )  =  19g  e -0  '  02 t

assuming data of  machine acculacy ( i .e.  no perturbat ion rout j .ne

included).  The retr ieved I  f rom Fl.gule 42 ls ,O21, in c lose agreement

u,ith Gaadnes et a1s value. The data uas taken at logarithmic intervaLs

(corresponding to equal linear intervals in x). The algorithm u,as then

applied to th€ tr,ro term exponential decay curve for Protein 2. Houever,

Bven u,ith data of nachine accuracy and tak€n at logarithrnic intervals

in t (impossible to obtain in practice for our particular case) the

rBtrieved values for 1,. and hence the decay constants uas poor and varied

lrith the cut-off values for 1lo as Figura 43 and TabLe 15 shorrrs. lrhen

normal peeudo-Dandon error of .001 deg uas applj.ed to the data points,

no rBsolution u,as possible for all values of Uo, as Figure 44 clBarly

d€nonstrat€s. lrle thus concl-ude this method to be of little use for our

case of interest.
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4 . 5 . .

0uing to the inadequacy of the other t reatments for resolving a

tuo-term axponential bj-refringence decay into its component relaxation

t imes (or decay constants),  part icular ly for globular proteins (c lose

decay constants),  I  have nou developed a neu R-const lained least squares

algor i thm. I f  the R-funct ion l ine solut i .on (3.3.1),  r , rhieh can be Pound

from the lat io of  the sedinBntat ion regression coeff ic ient ks lo the

intr insie v iscosi ty [n] ,  is included in lhe least squaDes algor i thrn (4.3)

as a constraj.nl, lhen the probJ.em is effectively reduced from one of four

independent vaeiables (e*,  o_, Ai ,  A:)  to one of three (a, /b,  Ai ,  A:) .

The solut ion is constrained to l ie on ths R-cuave, thus a given est imate

fot a/h uiLl necessarily give a r'constrained t value fot b/ci tha computer

proglam can then calculatB ths values for d4 and 6- conresponding to this

estimate, h6nce the decay constants (using also th€ values for [ni , ttt" -

equat ion 10?),  the decay curve and f inal ly the sum ol  the squales of  the

residuaLs (SSn) betr , reen lhe computer points and the experimental  curve.

By itefating along this R-curve fot a/b and the tuo pre-exponential factors

Alr  the best est imats for (a/b,  b/c) can be found fDom the minimum value

oT Ene 55 f t .

The constraj.nt of the R-curve uas included in the algorithm (Program 7

of Appendix IV) for the thrEe simulated proteins csnsidered previously

by usB of lhe Leicester UnivErsi ty Computer Library rout ine E01LF1, a

l ist ing of  uhich is given touards the end of Program 7. The usep epeci f ies

the coordinatss of  knots in the curva (see Figures 45,46 & 47),  ot

al t8 lnat ively,  the uhole curva digi t ised, and the rout ine interpolates

betueen these points using a cubic polynomial  (  tspl iner)  f i t  (K. Brodl ie,



private communicat ion).  In lhe main programr normal (Gaussian) random

error of  0.1 degr€es on each of tha 100 l inear ly separated data Points

u/as aupplied using the pseudo Dandotn nunber routines mentioned

previously.  The magnitude of th is error corresponds to that expected

from current experimental  precis ion (8.R. Jenningst V. l lor l isr  pr j -vats

communication). It rras found in piJ.ot runs that the danger of lhe

aLgorithm fa11in9 into subsidiary minima, as present lor tha unconstrained

case (sect ion 4.3.)  uas no longer s igni f l icant.  The number of  in i t ia l

guesses uas thus reduced flom thirty to three !o save on Computer time;

the best estimatBs uere generally the same for al.l threE initial guesses

(except those marked ui th an aster isk in Tables 16t 17 e,  1B).  The values

for (a,/b, b,/c ) retrieved did hol,€ver depend on the cut-off tirne specified

for the decay curve. I f  there ur€re no error in the data points then very

long cut-off times uould be deEirablB, since this region is doninated by

the longest rBlaxat ion t ime (or shortest decay constantr  O_).  Hourever,

th6 €ffect of a qiven absoluts error is more pronounced the loujEr the

birefr ingence signal .

The optirnurn cut-off time, and hence the bes! value for (a/U, A/c)

nas found by repeating for aight diffarent slreams of nornal random data,

speci f ied by the UK NAG f l lk uI  rout ine G05BAF(0.N)r t rh€r€ N r€prssents th€

str€am number of the random data; the optimun cut-off tine for each decay

curve uras then detBrnined by finding ths best standard deviation of lhe

a/bts f rom the eight streams for increments of  Sns in the cut-of f  t imes.

The values for the cosresponding best mean value for a/b (and hence b/c )

togethe! uith the correeponding standard error for the Eight strBams of

data could then bs found (Tables ' t6a, 17a & 18a).

This procedure lras then repBated sl.Louring fot llfi experimental error
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j . n  t he  R-cu rves  (Tab les  16b rc ,  17b rc ,  18b rc ) .  I f  t he  po in t s  co r respond ing

to <(a/O, b/c)> +o, are jo ined together fox sach of the R-curves, and

then those of the <(a/A, d/e) > -dE, legions of  al loured values for

(a/o,  d/c) could then be found (Figures 48, 49 & 50).  The mean ualues

agree very closely ui th the true values (Table 19).  The algor i thm r, ias

then tested for the effect of sxpelimental errors in lhe intrinsic

viscosi ty ( i  1%) and moLecular ueight (  !1 .4%), These uere found to be

no! significant (Tau]e 20); indeed, the molecular ueight can norrr be found

precisely f rom thi  resul ls of  sequence analyses. Final ly,  the algor i thm

Lras tested lor diffelent initialty assumBd values for the pre-exponential

factore Af and At ( faofe Zl) .  Again,  these ulere found to have no

significant Effect on the r€sults; even for pre-exponentia.L factors

differing by tuo orders ol magnitude, though the retriEved Ar uas poor,

the retrieved a/b vas in cLose agreenent urith the other values.

oncs the val.ue for lhe axial ratios (a,/b, b/c ) tras been found for a

particular protein, it can be combined uith the suo116n volume of the

protein, if knoun, to delermine the axial dimensions. In Table 22 a rtmodel

dependent i '  (sect ion 1.7. ' l )  est imate for V. has baen found for each of the

thx6e sinulated proteins ue have considered by back substitution of the

nean values of (a/o, b/c) determined from the analysis above into equation

(8) for the viscosity increment, and again th€ agleement rrrith the initially

assumed values (Table 19) is axcel lent.  I f  the nodel dependent values of

Ue are then combin€d rrrith the values for (a/b, O/c), the semi-axial

dimensi.ons arbrc For the three proteins consj .dered are found to Ue ( i ) :

P ro te in  1 :  45 .OO,  29 .98 ,  20 .O1  (45 .0 ,  30 .0 ,  20 .0 )

Protein 2:  42.28, 25.59, 19.61 (42.5,  25.A, 2O.O)

p lo te in  3 :  43 .11 ,  33 .58 ,  19 .81  (42 .5 ,  34 .0 ,  20 .0 )

again, in excellent agreement urith the ini.tially a€Eumed (bracketeo) val-ues.
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In applying these equations and algorithms to real protein and other

nacromolaeular solutlons several important factoDs must bB taken into

considerations

(1) Tulo o! mor€ decey constants can also arise if the syst€m is

polydispelse. It is therEfore essential that the eolution bE rendered

nonodieperse by, for axanpler ge1 filtration techniques.

(2) It has nou b6en uell eetablishsd that the single ExponentiaJ. decay

conatant previously resovablE from the birefringenee decay of monodisperse

protein aolutions shor,,s a concentrabl,on d€p€ndencs (Riddiford & J6nnings,

195?), and it r!,as thErefore n€cessafy to determine its value at several

concentrations and then extrapolate to inflnite dilution. 0n€ nust

naturally aesune therefore that the tuo decay constants for the decay 01"

a monodlsparse aolution of asyRmetlic elfiPsolds aJ,so shot a concantration

depsndence, and hence muet bE axtrapolated to infinite dil,ution. 0n the

other hand, bEcause of the constralnt in our algor!,thn that they must

corsespond ts 6* and 6 line solutions that intersaet r,lith the R-eurver the

values lor the decay constants are such that they are not the rtruel decay

conEtants for each particular concentrati.on but are closer to the infinite

dilution values. Sinca the extrapolation procedure must therefore be

Empilical tha best estinates ?oc a/b at particular solute concentrations

rather than thesa rdanpedr decay constants may be sxtrapolatad to infinite

dilution; once the extrapoLated value for a/b has been found the correspond-

ing value for brlc can thus also be found from the R-curvs.

(3) The requirement on the precision of the efcctric birefringence aPparatus

is not only in producing transiBnf decays to a precision of 0.1 degree on

each data point but also the availability of respons€ times (i.6. the finite

time it takes for lhe orienting electric pulse to be srditched off) of about



, t  ?<

an orde! of rnagnitude J,6ss than that of the fastex relaxation tlme

Ad6quatB rEsponse times arB nou available (tdilliams, Ham & ,/right, 19?6)

houaver uith apparatus that us€E a Laser light sourca, cable dischar:ge

generator and a oemory osci l loscopa, giv ing a responss t ime of-  Sns.

(C) fn tne abov€ anaJ.yeis it has bsan shotn that greater accuraciEs in

obtaining the axial ratios can be obtained il the optimum eut-off time

for the dBcay is found. In ou! simuLations thj,s ulas achieved by

aveDaging ove! s€vera1 stleams of random data; this corresponds in practice

lo taking saveraJ. decays of the sarne preparation. DiffBrent samples of

the same preparation should ba used because of the danger of denatuling

the protain by continual.ly pulsing through high alectric fielde (temp-

arature effects ) .

(5) It has also been assum€d that thE R function can be n€asured to a

precisl,on of - t1F. Sinee s" vaLues j.n an 9c velsus concentration pLot can

be det€Enined to ruithin - i.Zfi(Squire, 19?8), the ks value can presumably be

measurBd to rdithl,n !1$ (as, froe equation 58, it is approximately a

function of (s"/s) x concentration-' ). The intrinslc viscosity [n] can

also be measured to rrithin -319, ttre llmiting factor here being the accuracy

to uhich the fIor,r timEs can b€ mgasured. The error in R ui1l thus be of

the order of 1S after taking into consideration that any systematic eetors

in measuring absolute solute concentrations Uill cancel in the latio

k=./  [nJ (nor,rer 1s??).

(6) Finauy, it should be point8d out that because of polarisation effects

on the €lectrodes and also the danger of denaturation due to heating effects

mentioned in (4), solutj.ons of lorrr ionic strength (<0.011,1) generally have

to be usBd. This apparently prevents the invastigation of less soluble

mateDiala. 0n the other hand, an interesting neu method is being deveLoped
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at Brunel University by Professor B. Jennings and his co-h,orkers in

uhich an uJ.trasonic field rather than an electric fieLd is used to

initia[y oDient the mactomoleculee before the decay iE observed. Thl,s

racoust ic birefr ingancetr  (Bal} ingeD & Jennings, 1979) method does not

Euffer feom the problens of electrode polarisation and denaturation

associated rrlith ionic strengths >.01!l for the electric birefrlngance case,

allouing the possibility for the investigation of less soluble materiaLs.
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Tabla 14. Assumed and derived characteristics of three hypotheticaL

gJ,obular proteins

Protein

A S S U t V I  E D V A L U E S
characteristic

a r b r c

v

Character is t ic

a/brb/c

u
I

snollBn moLecuLar
vofume
U = 4nabce E

AnhydDous molecular
volume
u t=\v/  v3, ve,,

llolecular uleight
-  t  t . ,  F \ . ,  \r ' r r  \= [  NA' /  v  J  v , l

In] (=NA v evlr'tD )

^red ^rad

' E/ -

Decay conetants*
N^ kT

e . = - - - 6r  6 n  r n l l l  !' o  L ' r  r

RELaxatton times
r .  =1 /6e .

asff, roRrzofi
0,730 mllgm

a 2

D E R I V E D

az.s8, zsR, zo8
0.?38 m},/gm

t l z

V A L U E S

42.sR.3,4R,20R
0.?30 rn1/9m

1 ' a

1.25,1 .7O

O.949aI/sn

I .2105602x10-19cm3

' t  .50,1 .50

0.949 rn1,/9m

1 . 13og?g2x'l o-19cmS

1 . ? O 1 1 . 2 5

0.949m1r/9m

0.89011?84x10-19cm3

o.86gg?g3x10-19cm3

71r?44

2.892

2.75 nL/gn

1 .4?e

0 . 1 6 3 , 0 . 1 1 6

2.821 , 2'.016

5.81 53835x106sec]1

4.1564612x1OG eee-1

28 .5596ns ,

40.0982ns

0,6g4?o6x1o-1 9cmS

q a  q a n
s e t  e  r s

2 .8?O

2.12 n7/gn

1.442

0 . 1 7 1  ,  0 . 1 1 5

2.943, 1.9A2

?. ?560465x'10 
6secf1

5.2290'121x1g6 sac-1

21 .4699ns,

31.8?34ns

0.9512u01x10-19cm3

7 6  R q ?

2.840

2.695 n|/ gn

1 .496

0 . 1 5 5 , 0 . 1 2 5

2.6451 2.125

5.18?2430x106s ec-1

4.1 6?4868x1 86sec-1

32 .1301ne ,

39.9921ns

x 1 = 2 9 3 K r n o = 0 . 0 1En cn gec



Table 15. Retri6v€d decay eonstants for varying values of u0

a  ? o

x10-6sec-1

4 .?8?

5 .035

5.291

4.039

v2v1
-  

-y1
n1="

o,043?2

o.04979

n  nE ta t

0.04328

o.02872

0.0502u

d  n , | a . r<

o.02423

^r="
-Y2 

llo*xr o-6sec-1

1 1  . 5

11 .6

11  . '

" a  n

3. ' �13

3 .00

2 .94

3 . 1 4

? E N

3 .45

J .  T Z

8 .292

8 . 8 1 1

?.214

True valu€ for

Tlue vaLue for

7 ,7658465 x 106 sec

5.?2gO121 x 106 sec

O , =

o = -1



Table 16. Determinat ion of  the opt i rnum cut-of f  t ime for protein 1.

True (a. /b .  b , /c  )  = (1.S.  1.S)

(a) No aEsumed error in R

Cut-off
tlrne

80ns

a/b

100nE

a/h

1  1Ons

a/b

1 1 S n s 120ns 140ns

1  39 .

Stleam 1

Stream 2

StDe€m 3

Stleam 4

Stream 5

Slream 6

stleam ?

Stream I

1 .580
-)F

1 .946

1  . 5 9 1

'l .644

, l  at1

1 . 1 8 6

1 .5?3

1 . 7 1 6

1 .534

1  .7S5

1 .512

1 .487

1 .480

' t .275

1 .645

1.623

1  , 5 1 3

1 .692

1 .425

1 .426

I  ? n ?

1 .6?8

I . C Y U

1 . 5 0 3

1 .654

1 .468

r . J > o

1 .401

a .aa <

1 .694

a taE

1 .493

1  . 6 1 9

1 .452

1 .3??

r . J z o

1 . ? 1 0

1.562

1 .454

1 .497

1 .392

'l .249

't.287

1 .364

1  F 4 A

14ean

o (s0)

o (  sr)

1 ,6A74  1 .5426  1 .5138  1 .5008

o.209696 0t4A967 0.133899 0.1324?5

o.o7414 0.05267 A.04?34 0.04684

1 .488 3

o.'t34402
o

o.44752

'1.44' t1

o.163491

0 .05780

o(SDJ = Standard Deviat ion ;  o(SE) = Standard ErDor

diffsrent anslrels for diffarent initial quesses

0ptimum eut-off time = 115ne

Best eet imate ?ot a/b = 1.S01 ( : .04?)

Corresponding estimate for b/c = 1.499



1 4 0 .

(b) +1 t assumed mEasured error in R

Cut-off
tlmB

1 1 o n s

a/b

11sns

a/b

120ns 125ns 130ns 135ns

a/b

140ns

Staeam 1

Stream 2

StrEam 3

Strean 4

Stream 5

Slream 6

Streaar ?

Stleam I

1 .546

a 41.,

1 . 5 1 0

1 .439

1 .442

1 .312

1 . 8 1 6

1 .643

1 .534

I  .?at

1 .492

1 .406

1 . 4 1 4

1.325

1 .8?1

't.624

1 .523

1 .679

1 .4?4

1 . 3 7 4

,l 1a"

1 .340

1 .847

1  .606

1 . 5 1 1

1 .457

1 .342

1 . 3 6 1

1 .349

1 , 8 4 0

1 .590

1  .500

1 .594

1 .440

1 . 3 1 0

'1 
.360

1 A . r a

1 < r q

1 .489

1 .557

t . 1 ( A

1 .312

I . J / U

1 .561

'l .522

1 .406

1 .244

|  .1c,)

1  . 9 0 9

1 , 5 4 8

flean

o (sD)

o (se)

1 . 5 5 8 1

0 .  18s700

t  E q n a

0 .  1  83?08

8 .06495

1.52S8

o.17424s

U .  U O  I O U

4 E, lA  A

0 .1?3033

0 .05 '118

1.4992

0 . 1 8 6 3 9 S

0 . 0 6 5 9 0

1.4854

0. 195406

0 .06909

1 .4720

0 . 2 0 6 1 8 1

0 .0?290

0ptinum cut-off tine = 125ns

East est inate tot a/b = 1.s10 (1.oet)

Corresponding estimate ?ot b/c = 1.4OO
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(")  - l*  assumed measured error in R

Cut-off
tirne

1  1Ons 1  1Sns

a/b

12Ons

Stream 1

Strean 2

Straam 3

Stream 4

Stream 5

Stream 5

Stream ?

Stream I

1 ,494

1 .644

1 . 4 6 A

1 .419

a  A 4 0

l . f c '  I

l  AaE

t . o t D

1 .454

l . J > a

1 . 3 9 5

1  . 3 1 1

1 . 6 3 8

1 .549

1 . 4 ? 6

1 .440

a aa'a

t . J z l

't.64e

4 q1.'

ltlean

o  (so )

o (sE)

1 .4913

E .115922

0.04098

1.4800

o.114924

0.04063

1 .4688

0 .11  5?61

0 .04093

Uotimurn cut-ofP t lme =115ne

Eest est imate ?ot a/b = 1.480 (1.oat)

Corresponding estimate fot b/c = 1.61'l
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Table 17. Detarminat ion of  the oot inum cut-of f  t ime for proteln 2.

t tue  (a /d .  a /c )  =  ( ' t .2 , ' t . zs \

(a) llo assumed Brror in R

Cut-off
timE

65nS

a/b

9UnS

a/b

9JnS

a/b

100nE

a/b

1 0sns

a/b

11ons

a/b

120ns

a/b

Stream 1

Strsan 2

StrEam 3

Stream 4

5tr6am 5

Stream 6

Strean ?

StrBam I

1 .709

l . > o J

1 .670

1.642

1 . 6 0 9

1 .482

1 .924

1 .54?

1 .691

1 .926

1 .645

1 . 5 6 1

1 .566

1 .496

1 .924

t . o u J

1 .5?5

1 .8?2

1 .622

4  q t a

r . 9 J 4

1 . 5 0 9

1 .923

. l  J1a

1 . 5 5 9

1 .7?7

1 .600

1 .486

1 .505

l . a Z l

1.923

1 .745

1 .644

1 . 7 1 6

1 . s ? 8

1 .452

1 .4?8

.t <?"1

I . U Z J

1 . ? 2 3

1 .630

1 .666

I  .  JJt '

1 .418

1 .433

1 .544

1.923

1  .603

1 .5?9

1.520

1 a a i

1 .408

t . f o o

1 .922

l . O O : ,

lrlean

o (sD)

s (se)

1.7246

0 .1  70801

0.06039

1  .7015

0. 166408

0.05883

1  .6?86

0 .1  61  588

0 .05713

t . o f z u

U .  I  C . I J O Z

u.ucr+Jtt

1 .6309

0 .155373

0.05493

l . O  I  l Y

o.1s9??6

u.  u5b49

0 .1  ?3689

9 .0614 ' l

Optimum cut<ff time = 100ns

Best €stimatB ?ox a/b = 1.652

Co.lrespondlng estinata ?ot b/c

(  J ,Bss)
=  1 .305



Cut-off
time

75ns

a/h

UUNS

a/b

85ns

a/b

vuns

a/b

95nB

a/b

1 00ns

a/b

143.

1 05ns

a/b

( b ) +1 * assumed measuaed emor in R

Stroam 1

Stream 2

Straan 3

StrEam 4

Steeam 5

Stream 6

Strean ?

Strean I

1  A q A

1 . 8 5 6

1 .843

'l .834

1 . 4 7 1

1 . 8 5 6

r . o J o

1 .821

1 ,728

1 . ? 1 6

1 .492

1 . 8 5 6

1 .855

1 .856

t . t t 3 0

1 .791

, t  <qq

1 . 5 5 5

1 . 5 1 1

1 . 8 5 6

1 .856

1 .732

1 . 5 9 9

1 . 5 0 8

1 .5?A

1 .856

1 . 8 5 6

1.82'�1

1  .855

1 .691

I  rOOtt

1.544

1.856

1.855

1 . 8 5 6

1  . 6 5 8

4  < n a

I r J.lZ

I  e  o f o

1 . 8 5 6

1 . 8 3 4

1 .628

1 .467

a tn/ l

1  .5?5

I  A t <

1  .856

llaan

o (so)

o (sE)

1 .8035

0.134604

0.04759

1.7?26

o.12?66A

0.04514

1 .7545

0 . 1 3 1 8 1 9

0.04661

1.7319

0.135s6' l

o.o4791

1.?179

o,145962

0.051 61

1.6991

0.1  s303?

0.05411

1 ,5841

0 .1533?8

0.05776

Optinum cut-off time = 80ns

Best sst inate ?ot a/b ='1.7?3

Corlesponding Estimate ?ot b/c

(  l ,oas)
'= 1.08?5
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(c) -l i assuned measurEd error in R

Cut-off
tine

80ns

a/b

85ns

a/b

vuns

a/b

95ns

a/b

100ns

a/b

1 05ns

a/b

Str€am 'l

Stream 2

Strean 3

Straam 4

StDeam 5

St!€am 6

Stream 7

Stre€n 8

l . g / U

I.
1 .936 t

1 .648

1 .614

1 .606

't.452

1 . 8 1 5

1 .?59

I  r D J D

1 . 8 6 1

1 .628

1  .575

1 .573

1 .466

1 .842

1 .737

1 .643

1 .799

1 . 6 0 8

1 .541

1 .543

1 .4?8

1 . 8 ? 0

1 . 7 1 6

1 .630

1 .749

1 .589

1 .507

1 . 5 1 6

1 .489

't.902

1 . 5 9 8

1 .617

, i  t?n

1 .4?S

1 .490

1 .499

I
1 . 9 3 6 r

1 . 5 8 1

1 .605

1 . 6 6 5

1 .552

1 .444

r .4c ) t )

1  .509

I
1 .936 '

1 .666

llean

o (sD)

o (se)

1.6e75

o.14?596

0.05218

1.66?4

0 .13?488

0.0485'�1

1 .6498

E.O4A12

I  .  O J J U

o.142556

0.{r5040

1.6216

0 .153928

o.45442

1.6054

o.157?25

0.055??

I upp"" linit (= b/c = 't.o)

Optinun cut-off time = 90ns

Bbst estimate for a,/b = 1,550

Corresponding estl$ate ?ot b/c

(  + . 0 4 e )

=  1 .3905



Table 18. Oatermination of the ootimum cut-off time for Protein 3.

t rue (a /0.  o /c)  =  ( r .zs .  r .z )

(a) No assumed arror in R

Cut-off
ti.me

80ns

a/b

100ns

a/b

105ns

a/h

11Ons

a/b

11Sns

a/b

12Ons

a/b

140n€

a/b

StraEn 1

Stresm 2

Stream 3

Stleem 4

Stream 5

Strearn 5

Stread ?

Strearn B

't.367

1 . 8 8 1

1 .388

1 .464

1 .444

1 .000

1  .314

1 . 5 1 4

1 . 3 1 5

1 . 5 8 ?

1 .301

1 . ? 8 5

1 .2?A

1 .000

1 ,393

't.421

1 . 3 0 3

1.547

1 .281

1 .244

1.239

1 .000

1 .409

1 .492

1 . 5 1 0

't.200

1.200

1 .000

1 .424

'1 .385

l - z t a

1 .476

1 .248

a  1 t 1

1 .157

1 .439

1 .266

1 .442

1 .219

1 . 0 8 9

1 . 1 0 8

1 . 0 0 0

1.453

1 .354

'1 .215

' t . 313

1 . 1 1 9

1 . 0 0 1

I  . J U C

1 .297

llean

o (so)

o (sE)

1.4220

o.243637

0 .08614

1.3225

0.165850

0.05864

1 .3031

0.160554

0 .05676

1.2841

s.158626

0.05608

1.2639

0 . 1 6 1 0 1  9

0.05693

1.2414

o.168224

0.05948

1  .  1 8 1 3

o.184692

0.06530

Optloum cut-off time = 110ns

EEst eet imate ?ot a/b = 1.284 (J.oSs)

Colresponding Bstinate fot b/c = 1.695



1 4 6 .

(U) +t F assumed measured error in R

Cut-off
time

105ne

a/b

11one

a/b

1 1Sns

a/b

stlean 1

Str€an 2

StDeam 3

Stream 4

Stream 5

Stlearn 6

Stream ?

Stream I

1 .319

1 . 6 1 8

1 .294

1 .24?

1.245

1 . 0 0 0

1 .4M

1.431

1 . 3 0 6

1.562

1 .2?2

1 .199

1.2A2

1 . 0 0 0

1 .462

1 .412

1 .293

1  q a a

1.249

1 . 1 4 5

1 . 1 5 5

1 . 0 0 0

1 .481

1 .394

Flean

o (so)

o (  se)

1.3248

0 .181404

0 .06414

1 . 3 0 1 9

0 .175485

0 .06240

1 .2791

o.1782?2

optl,num cut-off time = 110nE.

Best est i .nate ?ot a/h = 1.3e2 (  j ,OSZ)

Corresponding astimate fox b/c = 1.5395
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Cut-off 105ns 'l 1 ons

a/b

11Sns

Strean 1

Sts€am 2

Stream 3

Stream 4

Stream 5

Stleam 6

Stream ?

Stream I

|  .4,>4

1 , 5 1 1

I  nna

1.246

1 .000

a 'aon

'1 .283

1 .44'l

1 .25?

1 .206

1 .204

1 . 0 0 0

1 .400

1 ann

1.452

1.238

a ,la'1,

a  a a =

a ,/t 4't

t . J 3 C

!lean

o(so )

o (se)

1 .2923

o.149290

0.052?8

1 .2751

o.147?94

U . U 3 Z I J

a  a E n l

o.149222

0.052?6

0ptinutn cut<ff time = 110ns

Best est imate fot  a/b = 1.2?5 ( : ,052)

CouBEponding estj.mate fot b/c = 1.?54

assumed neaeured error in R
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TablE 19. flean valu€s foa th€ retrleved axial ratios compared

uith thE ssal values

Protein

P!otein

Protein

Ratrieved
t a  b r

( 1 . 5 0 1 ,  1 . 4 9 8 )

(1 .6s2,  1 .sos)

(1 .284 ,  1 .Ees )

REal.
t a .  b r

( 1 . s0 ,  1 . s0 )

(1 .?0 ,  1 . 2s )

( ' t .25,  1 .?o)

1

2

a.



TablE 20. Effect of BxpepimBntal errors in the intrineic vigcosity

and moJ"eeular ureight

149.

used in calculating the decay constants(and hence the

- cf Table 14

product [n] .

and equation

Itl

108  )

Asaumed erro!
| l l l

Reeults are for Proteln

on Each of the 100 data

Stre8n no.
of random

data

total error - t1.?
from formula given
( 1 e 6 0 ) )

fi (calculated
in Paradine & Rivett

ln [n] =
n m -

l l f i  I
!1 .4t  t

1, cut-of f  t r ihg = 115ns2 t  o.1o'standard error

Dolnt€

-  1 .?% No earor
a/b + 1.7/ ,

,|

2

?

4

J

o

7

1 .493

1 . 6 3 8

1 .455

1 .314

1 .383

1 .305

r . o y c

r . J o o

1.503

1.6s4

l . . t O O

1 .396

1 .481

1  . 3 1 5

1 .694

1 .575

1 .520

1 .6?9

'1.48?

1 .424

1 .42s

1 . 3 3 3

1 .704

1  .593

mean a,/b

o^-

1 .48A6

n  i  ? A a n c

0 .04819

1.5008

o.132475

0.04684

standa!d deviation

standard error

' t  .5206

0 .130253

0.04668

) L
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TablE 21. Effsct of using different initia[y assumed values for

th" pt*"*pon"nti. t+

Protein '1,  Cut of f  l lms = 100 ns, 0.1 s.e.  on each of the 100 data points

AaEun€d Retrieved

lf

I

. T

I
a/b A

0 .06  0 .06  1 .683  0 .057  0 .064

0 .07  0 .05  1 .674  0 .065  0 .055

0 .09  0 .03  1 .660  0 .083  0 .038

0 .11  0 .01  1 .664  0 .099  0 .021

0 . 1 1 9  0 . 0 0 1  1 . 6 4 4  0 . 1 0 9  9 . 0 1 2

*The data for this tabls rrBBB obtained after the UK NAG fvlk VI routinee

had been updated to llk UII; the narrr randon number routl.nes correspondlng

to G0SADF & GosBAF in tqk UI are 605CAF & Go5CBF
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TebLe 22.

ProtEin

P!otein

Peotel.n

Itlod€l-dependent

u" (crn3 )

1  .131  x  10 -19

0.889 x 1o-19

- 1C l
1 .202  x  10  

' -

Real v" (cm3)

(cf  Table 14)

1 . 1 3 1  x  1 0  -

0 .890  x  10  -

t . 2 1 1  x  1 0 - ' '

Conparison of model dependent estimates foc U. uith

th6 rgal values

*calculated by

and then back

uhere [n] is

REtrieu6d
t a  b \

D C

( 1 . s01 ,  1 . 498 )

(1 .6s2 ,  1 . 30s )

(1.284,  1 .6es)

determinlng the value

substituting into the

in m1,/9m

of v corresponding to G, :)

equation u = [n] ll",/NOV"r

2

J



O  5  M I N -  S A M P L E
O 50 MIN SAMPLE

a_\

t - l l . 5 F s e c

F iqu re  39 .

hemocvanin solut ions.

betueBn the tangent ial

experimental poin!s.

T I M E ,  s  s e c

The taiangles represent the

curve ( long relaxat ion t ime )

(  Feom Pytkorrr ickz & 0tKonski ,

di fPerence

and the

4 o q q )
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PROTEIN 1
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0 . 0 6

0 , 0 4

0.  02

0, 00
80 100 t20
T I  I4E (NS)

.Ei"tte_19,. Svnthetic tuo-term exoonential electric birefrinoence decav curve

assumino a standard error o? 1 0.1o on each data poLnt.

Relaxat ion t imes assumedz 28.66nsr 40,1Ons

1801 6 01 4 0
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Fioure 41 . Plot of the Rr 6.r and d- valuBs oblained from the non-linear least
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Fioure 42.

0 . 50 . 0 2 . O 2 . 5 3 . 0  3 .  5

Y- -  lnA

4 . 0 5 . 0 5 . 5 6 . 0 6 . 5

exponent ia l  deeay and [^  = 6.0r  assuming decay data of  machj .ne

accurecv (14 f ioures) .  The posi t ion of  the h ighest  psak

col responds to a va lue of  I  o f .021 r  in  agaeem€nt  u l i th  lhe

initially assumed vaLue of 0.02



F iou re  43  ( I  -  V i )

Effect of increasing uo to determine best resolution of the fsequency

spectrun colresponding to th€ decay for Protein 2. ?ot 14O logarithmically

increasing data points of machj.ne acculacy (tC fiquree)



I  c o .

-o
0.0 0,5 0  2 ,5  3 .0  3 .5  4 .0  4 . 5 .0  5 .5  6 .0

r .s  2 .c  2 .5  5 . t  3 .5  4 :0  1 .5  5 .0  S .5  6 .0  6 .5
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5  r . 0  r , 5  2 . 0  2 . 5  3 , C  3 . 4 .0  4 . s  5 .0  5 .5  6 .



4.0  1 ,5  5 .0  s .5  6 .0  6 .5



Fiqure 44 ( I  -  W)

As for Figure 43 but for data of .0010 standard slror on each of the

140 logarithnical,l,y increasing data points
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t o z .

1 . 8

bl,c

1 . 6

Fioure 45. Knots in tho R curves for speciPlcat lon in lhe R -  constrained

least squarEs analvsis (Prooram 7) lor Protein 1
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Fioure 46. As for Fioure 45 but for Protain 2

1 . 0
1 R 2 . 0
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z ,  z

1 Q

b,

1 A

1 . 1 +

' ' u  , ,  1 ' 3

Fioure 4?. As for Fioure 45 but For Prolein 3

2 . 0

1 . 0



t o J .

2 . 2

2 . 0

1 . 8

b4

1 A

t . z

1 . 0 1 ) l . l + 1 a1 A 2 . 0 2 " 2qb

squapes aloorilhm for Protein 1. Simul.ated experimental. arror

of j o.to standald erpor on Bach data point for the el.ectric

birefringence decay curvB kas assumed.

Fioure 48.
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t x
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1 . 6

1 L1 ..\ ' ' u  , ,  l ' 8 2 . 0 2 . 2

FLoure 49. As for Fioure 48 but for protein 2

1 . 0
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1 . 6
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vb

Fioure 50. As for Fioure 48 but for Protain 3
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