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centrifugal retetion

N NBYW - TRECVNTOTE TOR DETROTING DENSITY

HRETEROGFNEITY TH THW UTTRAARNTRIFUGE

7. INTRODUCTTION. The technigque of dersitv gradient centri-
fugation has vproven to be s nrowerful tool in many areas of
modern biochemistry, Tn the analvtical ultracentrifuge it is
possible to obtain a high degree 6f resplution of molecular
componenfa of a material according to their density in a
budyant aalt solution, TFurthermore, in the preparstive nltra-
centrifuge compenents car be qvqn**tntive?v‘soparqted ard col-
lected. A‘hethod to increase the resolution of density hetero-
geneity in the ultracentrifuge could become a useful technique
for biochemists, The subiect of this paver is 2 new desimn

for an ultracentrifure cell whose effertiveness in incressing

such resolution will be anslvzed in detail,
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The normal shape of the analytical ultracentrifuge cell is
shown in Fig. la. It is termed the "uniform aector angle cell™,
or the USA cell. 'The design of the rew cell is shown in

Pig. lb, 1t 15»@2}196 the "dual sector angle cell”, or DSA
cell;b Thé centrifﬁge cell is filled with a s2lt solution

such as CsCl and at h1€F angular veloc1ty a density gradien

is formed which is assumed to be linear a+ equilibrium,

A high molecular'wéight material, suchlas DNA or protein,

if placed in the cell with a solution cf appropriate density,
will form a band in the central region of the cell, Assuming
a consfaﬁt centrifugal field in the region of the band, and
ignorlrg effects at the two ends of the cell, a méterial
komogeneous with respect *to both densify and molecular weight
will have a perfectly gaxcsa**’ésncentration distribﬂjion.

It is importént‘to:keep‘ir mind that the band will Ee gaussian

regardleas of the particular shape of the cell. Thus a homo-

geneous material in the new DSA cell will always form a geaussian

band, but the magnitude of the peak concentration will vary
greafly depénding on the location'of,tﬁe band in the aell..
Therein liesithe'key to the increased resolution possﬁble
with-thg DSA'cell. 'To {1lustrate by the simplest exa"plé,
suppése a sampIE'were composed of two rmaterials of equal anmount
and ﬁoiecular weight but of slightly different densities,

In the vormal USA cell +bc chserved uamﬁ would- be the
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of'two gaussian bande separsted by a small distance, and it
would be difficult to distinguish this observed bard from a
perfect gaussian band, Towever, in the DSA cell, the heoavier
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band would be centered in the rarrow sector and would thus have
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a peak concenﬂratian relatively higher than the lighter band
whiah 1$ eentered 1n the wide sector. The observed band,as
the aum of these two, would be distorted to some degree by

this asymmetry, ””'1t might be possible to resolve the bands

more easily,

III@ GLSES Tb.CCﬁ%?ﬁER. Out of}t%e wide variety of problems
that_éould'befaﬁalyzeﬂ in the TEA céll, there are three general
cases that étanducut for two reagons.. First, they are similar
to pfactical problems that have been encountered, and so
aﬁalyéis'could-provide very useful information. Second,
they are amenabie to treatment with relatively straightfcrwafd |
mathemaﬁimal and computer techniques, '
1. The sample contains two bands of equal amount and

mole@uiar weight'but of different dersities, TFor instance,

a Samp;e of homogeneous DNA that is denatured into complemen-
tary strends ﬁill satisfy approximately the above conditions.
e The é&gple»géntains predominantlﬁ one component but

has a.minof'cdﬁponent of greater density whose presence is

obscured by the dominant band,

e The tample containg an essentialWy 1nfinite range
of componentw‘vuose densities are symmetrically distrjbutpd

around a‘central densitv° the amount of each component is a

$1ty.' This caee is referred to a8 a gaussian diatribution
of gaussian bands. and it will be shown that the oomnosite
band ia;actually a2 true gaussian curve in the USA cell, but

not in the DSA cell,




IV, MWATN‘AL AEALNIS For a single homogeneous comronent

in ﬁ!u tm cq‘ll, tha conc»nfmtion e(r) at equilibrium e
e Qe ,

C‘M* C e e

where = distance from center of rotation

" rm = position of hand peak '

d"'s ban&r width, or standard deviation of bard (2
1ength Aevendent on the density gradient)

c® e determined by conserving mase within the system:

M = h¢(r) r- ) dr
va!

where = r,, P, ¥, are as indicated in Fig, 1b

@(v) 1o a8 in Fig. 1b: #(r)= f. between r, and r,

d'(?) o ¢' between r, and r_
h = thickness of the cell (the third dimension)
M = amount of component
Tenoring end effects (i.e. (r -1 ) = - and (rkfrm)/r =00),
integration yialds the result :

Co T hﬁ,r —-o«)o-;‘—@:aﬂrrdf i ((a+0+0—°<)e*(yﬁ

where 9’\‘ A/‘ = ratio of large to small angle in TSA cell A

erf(x) = error function = R
- fe dv

Note that erf(-x) = ~erf(x)
erf(0) = 0 and erf(e@) =1

For -~simp111’ieation and convernience in menipulation it is

ey




worth%ilié 0 shift the secale of ’dis’tance from "r" to a new

dimensionless variable s = '('rc-.r&)/ﬂr . HKlso we define

ﬁm = (rﬁ'.l‘b)/ﬁ & . Te concentration (fg) as a funetion of
. : -E-5. Y

s becomes Ci)= C° e -

H 5

C’'= ne f{}&q},é-ﬁ + f_if r.,.((f+«)+ (**°9“’F"§

Tmder all conditions tc be considered, rm/b~) 1 snd since

e <! the first term of the denominator e (‘-o()d"e 4

can be ignored without sigrificantly affectines results.

The exrression can be further simnlified by defining

| |-« _ el oW = ™ ‘
K: e wi D h @, o(14x) NE he(0+4)

Thus | ]

B
€ = R (i+Kkefs)

1 -G-saft
. cme £l .

Ve are ﬁow reaﬁ§ to procerd with arnalvaes of the speeific
casesvm@ﬁtioned on page 7.

X Two components of equal smount and molecular weicght
but banding at slightly different densities. The total
concentraion 0Ofs) is

Rl , ~GRe) (e
Cie)= C+ G = (e + (e

cb. B _—
s o ()l + K erfish)

Da »
ra@ (1 + K erﬂ‘»‘”’)_

0 ;
C =




Since tha quantity in each band is the same, Dl =D, =1 for

simpliciﬁy. At this point it is'anpronr1ate t0 insert reason-

able_v&lues fcr,the‘parameters rm(l), rm(2), sm(l), sm(z), and K.

Then the reMult car BE pYotted with the aid of the computer.

Thefparﬁicﬁiar case studied was one with the two bands both

equidistant fram Y the sector discontinuity, but on opposite

sides of it. The separatlow between bands, A= N‘) ‘-U) 6"[&‘”'3«[’3

was variéd batween 0 and 2,00 , K = L—-’u:%waq tried |

at several values. The design of the analytical ;ell is E

such that the maximum value of X for 2 cell that functions

acceptably is pmbably around 10, Note that for &« = ‘1/’,-—/ )‘

K=0 , the cell is a normal USA cell, and the eguations

behave accsr&ing,ly. Values of O between 1 and 10 were

tried. The values af v (1) =nd . (2) were determined by

. setting Ty = 5.0 em ( the exact value depends on the design

of the cell, but is not eritically important here), letting

O = 0.02 em (a reaéanable value for a DNA sample), and noting

oz 5% & Gaa) = by 3

The affect of putting a sample as described above into the

DBA cell is shown in Program I. PFor each value of ar between>

O and 1,6 00 , 5 values of & from 1 (the USA cell) to 16

were tried, and the resultant curves were plotted The

amplituﬂps were adjnstpd 80 that repgardless of the value of

a(, a single band/@entered at r, would have a peak height

ofzé.?”in arﬁitrary”units. The results show that the DSA

cell has a vé’r‘yxsignificant effect in cases where Ar&d’ s
Aﬂméthcd df aaa1ysis which shows the precise effect of the

DSA .c‘e?l?l'..is*the‘ following. Assume that a sample contains




oompnn&n‘m, ar‘caé i"’"if‘*‘fﬁ: is homogeneous. |

~(s+
) (s}z F‘T‘. e ﬂ % s
m t, m = (w? m(z))

 where Y= I- log [w&@

The gmwaian m;rve B has been adjusted so that it represents

”’&est fi’b" tb eurve A, the sum m° two gaussians, The
compzaﬁar pl'a‘t‘fs: _Y(see ‘Program T1) show that for 4r 5 1.50°,
theré ia‘rﬁas:mfially verv little difference in the shape of
curve A and wm B, This mesns’ in the T9A cell one eannot
dwtemine uhethw $he aample contains one componert or two,
Hcmemr, ,if the sample is then nlaced in a DSA cell having

A= }:t‘i *(the »-ymctiml maximum), there is a qip‘mﬁcant Aif-

vference :in t’!m abserved band dpnendir}g on whether one compon-

ent cxzv twe is gmsent If it is a two oomponent sample, the

’ apnarem dans.tty {!:.e. the density at the peak) and the peak

height aru bothincreased. It appears that for cases with
Arl 8, t‘h;e t:w@ comyonent nature of the semple should be

_ meaaumble.

’f‘h&augg&steﬂ methed of analvzmp an unknown sample for
the maanca Q‘f two equal components u as follows. Vhile
the smg?w :m 1n the ultracertrifuﬁe t"‘e temperature of the

cell ean bé m&eé over a wide range, r‘hﬂwg:ng the temperature

" gﬂ thh bulk ‘solution ﬁenqitv, the sample density,
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and ‘!;he émﬂ' gMiznt 80 thé bané position will thereby
chagg&. ‘Hie y el -',, effect of temperature on the first three
pa,"' era ia'mwnl, 80 by appropriate control of temvera-

ture tha band cm % é(msed to move from one side of the

sec‘t(ﬂ* éiaaantinuity to the other, Both the peak height
and. peak posiﬁtm can be determined as a funetion of temvera-
ture. Mul this tha effect of the sector angle discontinuity-
alozm on bund haight and pnosition can be deduced, Finally,
this obeerved effect can be compared to the theoretical effect
as 8 mnction of dr as calculated on the computer, thus
allcwing an eatimation of the band sepvaration & r to be made.
- 3. Comppnents} of egual molecular weight, but in differ-
ent qmtitt“ and of different -densities, If the bard ser- |

arati,tm is Qr and both veaks are equidistant from r,, then i

C-ts“}: C,' F &f S-Sy

, : i Da o
(f‘___ Cw"‘ ﬁ,f?‘X(—Fk er?gj_

M euen wem analyze&‘, and for each case the curves were

platﬁad fﬁr &u 1 (USA cell) and K= 10 (DSA cell).
Case 1. !g denser component with 5% of the amount of the
majar compouont. located 2r from the major band,

Thus Ars 24" ~and D,/D, = 0.05

. AJ 1% 1mpurity located 4 o~ from the main peak.
'rhas Arnq.r . end D,/D, - 0.01

Case .

The l‘aaults ura p}.otted in Program III. In the USA cell
the minor conpronent is not rotioeable in either c=ase,

In ﬁhe 198& eell the minor comronent can be seen as a definite




itha larger one in easa 2. Thus it ia

3 & gausaian distribution of gaussian banda._ Ignoring
e’mi eﬁeét«a and rwdial dilution Pf'fec'ts, ‘the aoncentration

diatri ution c(r} cf a gau551an Aistribution of gaussian ;
ban&a 15 % Cl"') j j(X) C(rﬂ)lx
| wh_}:e'rg, ‘v'g‘:(x}é& a.g.e = dx = fraction of sample with
: e equilibrium position between '

¥ and x4dx

”'x5f;7yaak»noqition of the comnoeite band

i R e A PRy SN oy

ar'u band width of each fraction, assumed to be constsnt
‘ = st'andard deviation of the density distributson
a) For a ﬁ*ﬁ'eﬁll,

.
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b) In’ the DSA ee11, =
sl C‘(x) = +Ker’f’( )
where K = :“‘_i!: as 5(&"!

Then %3&31. (g
il il f: I+ Ker‘F(aT!l)

Direct manipulaticn of this vields

Cin= t‘f ~W f: M-KerF(Acr)"")

A W s

Again invoking the assistance of the computer, the effect of

the DSA cell can be determined in this situation. The
analyéis is aimilar to thet mnde ifor the two component
problem on pasge 7. Surrose the ‘samrle is either a) homo-
geneous, with band width ¢, or b) a paussian distribution

of géussian bands with @= 02+8" P '!‘wo: cages were analvzed:
case 1, @ =0 and @P=AR o 1
case 2, #:&rand =45 o

In the USA cell, the band is gaussian, and the nature of the
semple cannot be determined, The results for the DSA cell
with o4 = 10 are shown in Program TV. Th-both cases it can g
reé&iiy‘bevseen whether the gsample is homogeneocus or a gaussian ‘;ﬂ

distribution of gaussians. For'an unknown sample, analysis

4ri the manner described on pages 7-8 will allow estimation

of @ « It is interesting to note that Sueoka’

has Studied
the density heterogeneity of several types of DNA and has
found that thé vdriance in density, which orresponds to
g @28 déscribed above, is of the asame order of magnitude

as ¢~ , the standard deviation of the homogeneous components,

Thus there in fact exist materials which would definitely
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show.distributional effects in the DSA cell. Although such
materials‘éownot hécessari}y have density distribttions even
approXimatingsgausaién,form, the analysis described above
can be modified and extended to handle any tvpe of density

heterogeneity.

V. PRESENT STATUS OF TUE RRAFARCH, Tt is unfortunate that

a DSA cell has not‘yet been used for experiménts, nor has

one éven been built, This is becsuse of a2 misjudgment T

made at a critical point in the project, When T first tackled
the problem in the summer of 1965, T was not trained in
computer programming, nor did T realize that the computer
would be mo ukeful that T should have learned o program at
that time, 7T 414 succesd in the fundamental analysis of the
problem and attempteé to try test cases by manual computation, j
1 chose ﬁhe3case of two eoual hands wifh very 1ittle senarntion;
for thebpecific values T picked, the DA cell had little ]
effect,‘so ¥ decided {too hastily, obviously) that the T

BTN e, I

cell was not practical. When T began to write this rerort
T decided to use the computer to analyze the problem and
thereby disccvered that the TSA cell promises to hecome =

very effective tool for binchemists, T regret that T will

not h&fa a chancévto ¢arry out the numerous exverimerts which =

should be done with the DSA eell; having 1ald the groundwork
T will leave the experimentation and further development of

analytical methods to someone else.
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