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'ABSTRACT .
St

[

Structural organlzatlon of the inner mitochondrial

= ¢

membréne,.lsolated in the, fOrm of the inside-out vegicles
,:called the sub-mitochondrial partlcles (SMP), has been.
investigated in the present'work. The appearance of
F,-ATPa;e.moieculesvin'the neQétiQely\steined preperations

of isolated mitochondrial membrané has led many workers to

i | .

lsuggest'that'therezis airegularly repeating structure in
‘t, ‘inner mitochondrial membrane . Iﬁ the\presept work ex-
periments have been-earried out‘to explere:the'periodic
two- dlmenSLOnal stnucture w1th1n the plane of inner mlto—
' chondrial.membrane_ln SMP:..  SMP prepared from beef heart
~mitochondria have beep‘negatively stained with 2% PT@_
(pH 7.1), and sugseQUently:photographedlin:an electrbn
mlcroscope suitably modlfled to reduce the spe01men2§amage
due to the electron beam. To enhance the high resolutlon
cemponents in’the'image; the eleetrop micrographs were
taken at’underfoeus settings. Such micrographé-of nega-
~titely stained SMP ha;e been sﬁbjected to the optical’diff
fraction andlysis, and the reéulting.opticél Fourier trans-

forms have revealed an absence of any.periodic two-

dimensional structure'Within thé plane o he membrane,

thereby negatlng the p0551b111t of a sub-unit structure in

the membrane as dlscerned in SMP.
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%’ . spatial arrangement of the intramembranous pro-

teins in the hydrophobic,intcrior of the,mcmbrnne has been
cxamlned by frcox ctchlng of the SMP prepdratlons sus-
pengod in glycerol or/wagol ThlS technlquc provides the
dlIeCt Vlsualsyatlon of membrant proteins present both on
the surface andﬂin the hydtophobic zone of -the membranc.

The concave (PF) and convex (EF) fracture faces display

the presence of typical'intramémbfanous pamticles ranging<_

in diameter from 4nm to 16nm An asymmetry in the distri-

bution of these partlcles betweenwx utwo fracture faces
- “'> R
hé% been noted. The packlngTQ#251 ;9, partitles in the
s . A W >

concave fracture facev(PFgf‘ $@pf“

N S 2V )
a N N "v“? kK

‘and in Jthe convex fracture faYe (¥F) is 1300 + 30D parti--

K
*

cles/um’. Mosgt -of the particleé fail.%éto’tﬁ? eize range,
iO—lan, followed‘by 5-7nm range. On comparing’tpe fre-
quency distribution.of par*iclebsiées with frequency dis-
tribution of the sizes of the members of resplratory chgiﬁ
calculated from the avallable data, 1t can be 1nferrcd
thatttnere is no direct correspondence between the intta—

membranous particles and individual'members of respifatory

chain. It appears therefore that the components of res-
% B

‘piratory chain are 1nvolved .in molecular assoc1atlons,

Wthh may occur between members of the resplratory chaln

A
Such dssociations would be dlstlnctly advantageous as they

may fac111tate cooperatlve 1nteractlons. . S
The optlcal dlffractlon experlments on the elec—

tron ﬁicrographS/oﬁ'freeze—fracture repllcas Q1splay_ o

t



-

a diffusc. ring extending from about 9 to 12nm in the opti-

. ! o /
cal Fourier transforms. Had there been a regular two-
dlmonfloqal 1att1cc of Jntramvnhranoua particlegs inn the

‘hydrophobic 1ntcrlor of the membrane of SMP, theloptical

Fouricr transforms chould have displayed sharp diffraction
R’

spots or ging(s). Therefore, it appears that there is a

"

" lack. of~ahy regular two-dimehsiohal periodic arrangement
'of the particles in=the hydrowhoblc 1nter101 of the mcm—
- brane of SMP. ThlS may reflect the fluid matrli of the

'membranc, as most. blologlcal membranes are currently thought

. 4
to have.

. An attempt'has also been made to visualize the
'4

F,-ATPase knobs on the‘surﬁace\of SMP'by‘freeze—etching AR

-~

SMR §uspendeg.in water. The resulting freeze-etch replicas

havc revealed a smooth etched sufface' (PS)

3

.

negatlve staining experlments on SMP which have dlsplayed Aﬁ\\
o

'the presence of ~10nm F,-ATPase knobs attached to the sur-

(

face of SMP by the stalks. Consequently the in ylvo or-
| ’ . ) )
ganization of F;-ATPase particles in relation to the rest °
Y
of the membrane remains uncertain.

o » »
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fNTRODUbTIéN

\' The iast decade has yitnessed é rapid growth in
ourbunderstanding of thé~structure df"biqmembranés and
idea; about'libidrbrotein interactions ﬁnd the diVersity,of
protein types 1in biomémbrdnes have undéfgone a consiaeﬁ—
able 5hange. Biological memb;anes are currently'thOUght
to be fluid mosaics (Singer, 1971; Singer and Nicolsoﬁ,“
1972),’with‘giobular proteins intércalated into an inter-
rupted»lipid bilayer. As with all generali ¥ models of
membrane structure, such a picture‘should be viewed with

, o ‘
caution. Especially it should be borne in mind that al-

though the “‘existence of alibid bilayer méy be considered
to‘bé well established in some membranes, precisevinférma—
tion aboéf the membraﬁe prqteins and thgir-mode of inter-
actibn with lipids is very scarce (Cherry, 1976). How-
. ever, irrespectivé of the particular arfangement of pro--
teins in a~mémbrane, an obvious consequence of flui%ity
in the bilayer matrix leads to the possibility that the
membrane components may be mobile. Lipids may diffuse
laterally in the plane of the membrane (Kornbérg and
McConnell, 197la; Devaux and McConﬁell, 1972%; Trauble

and Sackmann, 1972; Scandella‘ét al., 1972) or by a flip

flop process cross from one side of the bilayer to the -

other .(Deamer and Branton,_l967;'Kornberg and McConnell,



It . / g : E \

: ) a0
1971b; Kennedy and hothfield, 1977). Proteihs can’ also be-
T % v . ° “"\, ' R '
rexpected to show both lateral (ﬁ{ye and Edidin, 1970)

. , ‘ X . ‘

. and rotational (Wahl ¢t al. '1971;XVandork00i and Martonosi, -

1971) dlfoCAOn if they. are not/held in thL]r placo by

/

(

1ntoractlonu wlth eugp othor\or w1th other cel@ular com-

poncnts, e.q.% @xcrotubules and mlcrofll@ments.
v ] . S / . L -

g
{ \
\\\Vk A

understanding Ef\&be structure}of biomembranes that bio-
T . 1]

i /

physical and’biochemical'gﬁpiooches have Eeen rewarding in

°

providing kpowlodge about their s‘tf?uot-ure.\Y Téchniqges of
noc]ear magnoticnresooanoe spec&roscopy (Lee et al., 1974t
Levino; i972); electron spin resonance spectroscopy
(Likhtenshtoin, 19%; Derliner, 1976; Seclig, 1976 Smith
and Botlof, 1976; Griffith and Jost, 1976; McConné]i, L
1976), X-ray diff_w’r’;}:tion (Worthington, 1976; Luzzati, 1976;3;
Luzzati, 1976b; Lu;zati} 1958{ Levioe, 1973), ﬁloureécenée'
spectroscopy (Radda, 1975), neutron beam studies (Worcester,
1976), dlfferent&al scannlng ca]orlmetry and dlfforen;ial
thermal analysis (Chapman, 1973; Sturtevaht, 1974; Mclch01r
andiSteim, 1976), electron microscopy" (Unwin and Henderson,
1975%; Zingsheim and_Plattner, i976)‘and classic techniques
of surface science (Sears and Stark, 1973) héve provided
a wealth of information. 8uch studieé have led to the ac-
ceptance of the generalized mewbrane model described above.
One of the functions of biomembranes is>to serve
as the roversxble transducers of several forms of energy
(Muecller, 1969; Chance et al., 197}; Clayton, 1973; Trebst

: w .
1974; Hodgkin, 1963; Haggins, 1972; Incesi, 1972; Rang, 1974;

.Itlﬁijevidentifrom the recent d®elopments in our

L]



.
. Kaback, 1974; Skour. 197)' Hontal, 1976). One of the

‘major uncoled ploblems of blOCnngCthS 1s to obtain a

complote worklng knowledge of the structure of the mem-
branes of encrady transducing organelles. The process of

oxidative pHdsphorYlation in whlch ATP. is synth051bed by

the cnergy liberated during ‘the substrate oxldatlon

(Slatbr, 1976;. Hatefil et aZ ©1976; Slater, 1971) takcs
5

place ln thc inner mitochrondrlal membrane im cukaryotes.

Therefore the study of the structural organization of.-TITeY

B

mitochondrlal memblane becomes necessary ., as it
important'in elucidatnng the mechanlsm of oxi jtive phos-
il

GphOLylatlon °

¢ ' © The inner membrane of mltochondria contains

iy

.

app10x1mately 80% protelns and 20% llplds (Lehnlnger,
1973) It is composed of 'many’ klnds of protelns and
phOSphOllpldS bunctlonally the protelns present in the‘
inner mltochondrlal membrane can be leldOd into three
grouésf

1. electron transport system, such as flavoproteins
and cytochromes (Keilin, 1930; Yakushiji and Okunuki,
1940; Hatefi, 1966); . . | v

2. ' enerqgy transfervsystem, tneluding mitochondrial
ATPase (Pullman et al., 1960) and oligomycin sensitivity
conterrlng proteins (Kagawapand Racker, l966a;»MacLenhan
and Tyaqoloff 1968); and- | |

3. . thcr proteins, such as earrier_proteins of ions

-~

and'nucleotides.



The 1nner mltochondrlal membrane is functlonally and

,structurally asymmetric and has a spec1f1c vectorlal or-

Pl

ganization (Racker,11970); It is@&ntrinsically_permeable

,to Ht, oH~, C1~ and most other simple cations and anions,

but ‘has a hréhly selective'permeability for specific meta-
..bolites and certain mineral ions because of the presence

S of spec1f1c transport systems kLehninger, l&?é);ﬂ‘

DlstlnCt arrays‘of polyhedral or spherlsal s"b—x,

' structure were observed by Fernandez-Moran in- 1962 on the
surface of 'electron transport partlcles Later on
“Fernéndeszoran et al. (1964) publlshed thelr detalled

i}

' studies on these oartioles and'concluded that the cr;staey
of beef heart mitochondria were made up of thonsands of )
partlcles, each of whlch had three parts: |

vl, a spherical or polyhedral head plece (8 to 10 nm

~

~in diameter); = - v , )
2.  a cylindrical skalk ‘(about 5 nm long and 3-4 nm in

' diameter);hand ( ‘

" 3. ‘a base piece (%‘x 11 nm).

These anthors thought of base-pieces as forming the inte-
gralvpart of the outer dense layers of the cristae (of the
surface that faced away from the matrix). These authors
also claimed that negative stainingrwith‘phosphotungstate
was One'of the several methods which eou1d'be used for the
reproduc1ble demonstratlon of the isolated partlcle. :;so—

lated particle, when stained with phosphotungstate -Or

shadow—cast, was shown ‘as being a studded e111p501d appro-

a



-ximately 12 nm in its short dimension and 18 nm\in its‘long
dimension (Blair et al;; l965). -
| Same particles (8. 5 nm in diameter) were observed
\by Stoeckenlus (1963) in the negatlvely stalned preparatlons
of mltochondrla from Neurospord crassa, ‘while a few experl-
~ments with the mitochondria from the organs of mammals gave
the same results. The stain used was usually phospho-
tungstic~aoid (pﬁ 6.857.2),and the results obtained with
nranyl acetate (pH 7;23 in the presence of ethylenedlamlne—r
tetraacetio acid (EDTA) ;ere almostildentlcal although in,
-general less satisfactory. In~his'electron%mlcrographs,\
vusually, the partlcles appeared to- be separated from the
iedge of the membrane by a llttle empty space, although 1n
some preparatlons at hlgher magnlflcatlons, a narrow
ostalk 4.0 to 5.0 nm long, was seen. Chemlcal fixation by
glutaraldehyde destroys at least 95% of the stalked mem-
branie bound particles (Stoeckenlus, 1963) (Keyhanl, 1972).
When the mitochondria Qeré‘negatively stained after fixa-
tion with KMnoO, , OsO, vaporsu(Stoeckenius,vl963), or
0s0, solutions (Keyhanl, 1972 the particles were'complete—
ly'absent.; In a study conducted by Parsons (1963) pro- '
Jectlng subunits were found on the cristae of mltochondrla
from e1ght types of mammallan\tlssue. Malhotra and Eakln |
udy on the mrtochondria iso~

¥
Neuros pora crassa that the knobs

rl

ly stained preparations only when

(1967) concluded from thel“

lated from the wild typv

e seen in the negatj

the sucrose isolatiof medium did not contain EDTA. These

A
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authors suggesﬁed‘thét the presence of knbbslmay have beenr
debendent on the rhysiological State of mitochondria and
procedure of pegative étainihg, and their appearaﬁce in

the micrographs did not reflect on their capacity for

: Qxidative’phosphorylatipn. Racker and his collabofato;s,
soon demonstrated that®the inner mitochondrial membrane

" knobs were ATPase molecules ("coupling factor Fi";

Racker et al., 1965;‘Ra¢ker{ 1530; Racker, 19?6) and- iden-
tified the stalk as a factor for confefring sensitivity
for a certéinvantibiotic to the‘ATPése;knobs ("OsCP" =
"oligomycin sensitivity cénferring*protein; Rackef, 1970;
Racker, 1976). | : |
| .Anotﬂer’céupling factor, F¢ (Fessenden-Raden,
1972) has also %een identified,‘and this in additionvto
OSCP‘ié needed faor the attachment of F,-ATPase to the mem—
bfane'(Racker,11976; Kanner et.aql., 1976). A hydrophobic
protein féctor F, has bééh obtained in thé form of a mem-
branous preparation from mitochondria (Kagéwa et al.,
1973) . It cohfers oligomycin sensitivity to F, and con-—
sists of a proteolipid. It is tﬁought'to be responsible
for thé transmembranous movement ofrprotons (Racker; 1976);
OSCP and Fg are made up of the single polypeptide chains
of.moiecu;ar weights 18,000 and 8,000 respectively (Rackér,
1976). Another coupling f;ctor Fé or factor B (Rackef,\

)

1970) has also been described, but it still needs further

characterizatiodn. : J
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er, later on Green proposed the electro—

el  (EMC model) for the energy trans-

duction in mitochondria, and again invoked the existence.

" of an inner membran

e repeat unit, 1in which the component.

proteins assume metastable conformations (Green, 1972;

Green, 1974). Green‘also proposed a mitochondrial super-
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molecule (for his EMC model) wﬁich consists 2; five com-
plexes (Green,‘l974): the fOﬁr complexes of the electron
transfer chain and a central unit, the tripartite repeat-’
-ihg unit (TRQ), which_contains systems irvqlved in both
ATP syﬁthesis (the F,-ATPese) and active transport. The
'complexeS‘including.the headpieece of TRﬁ,‘al; span the
membrane from matrix‘to the intracristal side (Green,
1974),.

In the present work Green's hypothesis has been °
tested by_investraating the sub-unit structure within the
plane of the inner mitochondrial membrahe (isolated in the
form of the'vesicular SMP)[‘obteined frdm beef heart |
mitochondria; AThethametiaﬂjxmiyunderlying the experi-

o

ments that were carried out to achieve the above—mentionea
objective, is described below.' ’

o A membrane is a -three-dimensional etructhre_and
'a schematic drawihg of'the single membrane is"given(;ﬁ
figdre 1. The electron density aistribution of;this mem-
.brane can be represented by t(r), yhere r represents.realx’
space coordinates (Worthington, 1976). This t(r) can be J

’

written as

s -

Ct(r) = t(#)t(y,z)," : -

(Worthington, 1976), where t(x) and t(y,z) are lameller
and sub-unit structure respectively. The ene—dimensional

electron density distribution in a direction at 'right



angles to the membrane surface is referred to as the
lameller structure. The sub-unit structure refers to the
’ structure within the plane of the mgmbrane (Worthington,_
1976). )

~Inan X-ray diffraction experiment, diffractions
arising from t(x) end t(y,z).can be distinguished as the
X~ray beam parallel to thensurfece of the membrane gives

rise to lameller diffraction, whereas when the X-ray beam

is perpendicular to the surface of the membrane, it will

<

give rise to sub-unit diffraction. .o
In the case of the inner mitochondrial membrane,

if there is any regularly repeating structure within the

L 4
Y, L}

plane of the membrane as has been proposed‘by tne workers
‘C1ted above, this regular surface lattlce must be repre-
sented in the optlcal Fourier transform t{ the image of
SMP in electron micrographs. This 51tuatlon is analogousv
to the X-ray diffraction experiment, designed to obtain
thersub—unit diffraction‘frqm the membrane. In'tne opti?
cal diffragtion, a laser is used instead'of'x—reys and the
membrane sbeeimen is replaced by its electron microdraph.
In the present study, the tegﬁﬁ}gue of optical diffrac-
tlon was employed to reveal all the periodicities present
1n the electron mrcrographs, as it prov1des the optical
Fourjier transforms 8£‘the micrographs. Klug and Berger
(1964) firstvsuggesfedkthe application of optical diffrac-

tion for the analysis. of periodic structures in elei;ron

micrographs. Later on Klug and his coworkers (Klug and’

1
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\ ' a

DeRosier, 1968; DeRosier and Klugg‘1968) developed‘two
novel methods which enable an electron hicroscopist to ex-
tract pPhase information in the micrographs. (Optical dif-
fraction pattern records only the intensity |y|? 6f the x
Fourier components of phe specimen and not the phases).
The iﬁformation thatuéag be obtained from'the optical dif-
fraction patten@“(optical Fourier-transform) of an object
is quite extenéive. Unit—cell.dimensionslcan be measured
mucﬁ more accurately-from'an optiéal diffractogram than
from the direct measgrementé on the micrograph (Befger,
1969; Sternlieb and Berger, 1969). By ‘employing optical
diffraction one cgn get sepg;ate details of periodic

character from the substrate noise (phase contrast induced

grénulation). Symmetry elements are revealed.in the opti-

- cal diffraction pattern of the micrograph (Kﬂug‘and Berger,m

3964) . -

Thé electron micrographs of the freeze-etch re-
plicas were also processed for optical éiffraction, to s
investigate the arrangement -of the “intramehbranous parti-
cieé" on thé fracture faces of SMP. Purpose of this exer-
cise was to find information regéraing the order of arrange-

ment of these particles in the hydrophobic interior of the

inner mitochondrial magbrane YSMP).

s



MVTEREAL AN MG ns .
‘ &

A

Beet” heart was chosen a= the source for ohtaining the

mitochondria hecauwse (1) 0t i available in bolb quantitios and

I« cheaper, and (2} beof heart mitochondria are more stahle over

M - . . ©
Tong storage periods.  All the chemicals other than potassium
succinate and PTA (which weve purchiased from Fisher Scientific
: % .
Co.) were obtiined from Srgma  Chemical Cox .
Isolation of Mitochondria
- - O . .
The mitochondria were isolated frem the beef heart by
the method given by Smith (1967). Two becf hearts were obtained

from a slaughter house within onc to two hours after the aninmals
were sacrificed.  To ensure the cooling of the tissuce for transport
to the lhbor;l\t,'cr,\j, the hearts were placed in ice. All subscquent
operations were carried out at 2-4°C. . The fat and the comnective
tissue were trimned from the heart and then the tissue was chopped

into small pieces. Approximatcly 300 grams of the chopped- tissue

wids passed through the meat grinder which was maintained m(,AOc.
The meat grinder had plate holes appro;xi'matoly 4-5n‘1m. in diamecter.
Thus obtained mjncé was placed in 400 ml. of 0.25M sucrose and
0'.6151 Tris-HCl, pHl 7.8. The pH of the suspension wasg adjusted to

7.5 as rapidly as possible with 2 Tris (pH 10.8, unneutralized),

This neutralized ground heart ‘mince was placed in a double

2 4 11



layer of chooaecloth and was cqueeved tree of the suacrone
colution. About two hundred grams of this groted, heus
(‘} /\.\ . .

tralized heart tissue were cunpended in 400 ml . of 0,2hHM
sucrosc, 0.01M T {o-tcl, pH 708, T oM i s suceinete, andd
0.2 mM LDTA (this solution will be referred tooas thae sa-
~ .

‘Crosce golution). In a glass ]1mnu>q(ﬂ1i;:in(I“\u755u~l, fifty
milliliters of the SUSpONS1on Was placed, and a loose-
fitting pestle driven by the bogvy—dnty drill o at 1400 rpm

LN
was insprtﬂd jnﬁo the vessel for one pusﬁ'of 10 sceconds and
‘two passes of about 5 scconds cach. ’Fhé rest. of the sus-
pension was homogenized in Q similar way, and the final ‘ ,
homogenate was adjusted to pH 7.8 with the addition of’

1 M KOH. 'The homogenate was ccnt;ifuch for 20 minutes at
1290 g (Sorvall centrifuge RC2-1B, rotor g534 at a setting
of 3250 rpm) in order to separateWunrupturod muscle tissug
and nuclei. The supernazsnt solution was slowly decanted,
taking care not to disturb the Loosojy—packed fluffy layer.
To remove lipid granules; it wag filtered through two layers
of Egeesecloth, and the pll of the suspcnsion was agsén J
brought to 7.8 with 1M KOH. This suspension was centri-
fuged for 15 minutes in a £ypc 40 rotor of the Betkman
L3-40 chi’r‘trifuée at 26,000 g (22,000 Ypm). A p¢llet re-
. gulted, which consisted of three distinc£ layers: (i) a -
light, lobsely-packed puff-colored layer (light beef hearg
mitochondria), (2) a dark prown layer (heavy beef héart

mitochondria),,ané (3) a tiny brown-black button at the

bottom of the tube. The top layer,'Which consists of dan-

. e ) “



aged mitochondria was 2}¥cardod by dccantiﬁg about 20-
25 ml. of the supernaténtysolution and thén gently shéﬁing
the sucrose solutiqn iﬁ'the cenbrifpge tube. Thus the
loovcly packed.damugod mifoghondria,wcre dislodged and the
mlxtiyo was dgcantcd out. Somehlight bccf heart-mitoéhon—
dria adhcrod to thé’51des of the tube, which were remoﬁéd
with the aid- -of a glass stirring rod‘ The dark brown” ldy—
er‘of the hcdvy beef heart mitochondyJa was thcnndls}odged
by a g%ass stirring rod, mixed with"lovﬁl. ofxéucyose so—
iution, and q§canted; ]e%yinq\behind the brown—-black
pgllet. This mitochondrial suspension was homogenized in
a tight fitting teflon homogenizer, with two passcs, each
of 5 seconds at 1400 rpm. h
The'voipme of the homogenate was made up to
180 ml. with sucrose solution, pH was readjusted to 7.8,
and the suspension was again centrif;ged:at 26,000 g for
15 minutes. The resulting pellet had three layers; a small
top, a large middle, and small bottom layer. Oniy the mid-
dle dark brown layer was collected as déscribed above. The
mitochondrial SuspFnsion was homogenized, and the Voiume
was adjusted to 60 ml with+the sucrose solution. The pl
was adjusted to 7.8. Qgis sﬁspension was éentrifuged at
26,000 g for 15 minutes. This time again the dark brown
middle layer was collected,‘suspended in‘a small volume
of sucrose solution, ‘and homogenized. The protein concen-
trationAwas adjusted to 20-40 mg %rotein per.milliliter.

Protein determinations werce done by Lowry's method (1951)



>
and the average yield of h  beef heart mitochondria

(HBHM) was about 1 mg protein per gram of initial mince.
B A i | : ' ‘

. | _ v
CAN ‘ *. o
Preparation of Sub-mitochondrial Particles (SMP)

Theﬂsub—mitochondriai parti&les from beef heart
Tmitéchondr%q were ﬁbtained by thé method.of ﬁanséq and
Smith (1964). HBHT were isqlatedbas'desctjbed above, and
were suspended in a solution O.2§M in spcrose, 0.01M in
Tris—nci, pH 7.8, 1mM in ATP, liM in MgCl, and lmM in
potassium>sﬁccinqte (this solution is abbre&iated as
STAMS), at a protein conéentraﬁion of 30 mg/ml; pl_of the
suspensionYWas adjusted>to,ﬁx8 Qith iN K@H. This suspen-
sion was centrifuged at 26(000g'for 15 minutes.r The dark
brown middle layer of HBHM‘was collected as described

. before, and.suspeﬁded'at a protein chcentration of 30

%
‘mg/ml in a solution 0.25M in -sucrose, 0.0IM in Tris-HC1

(pH 7.5), 1lmM in ATP, i%M in potassium‘succinate, 5mM in
MgCl,, and 10mM in MnCl,. The pH of the solutionJWas ad-
justed to 7.5 with eithér IN HCl or KOH. Aliquots‘of aboui
15 ml. werelplaced in a tube; kept in ice, and subjected
to 10Kc sonic irradiafion for42 minutes from a sonifer
(Braunsonic 1510) at a power output between 160 to 150
Watts (P.E.P.). The pH was adjusted‘to 7.5 and the re-
sulting suspension was centrifuged at 14 x lO“g-ﬁin; (20,01

rpm, 7 mihutes, No. 40 rotor in a Beckman L3-40 ultracen-

trifuge). ~The:supernatant was collected by decantation

4{9



and was centrifuged at 40;000 rpm‘in a Beekmén Type 40
fotpr for 45 mjnutes in a Beckman L3-40 ultrécentfifuge
(105,000 %« g). As a result of this a tigh}ly packed red-
dish brown pellet'was obtained. The surface of the pellet
;yas.riﬁsed,with’a few milliliters of a soluFion.0.25M ih
sucrose and 0.01M’in Tris-Hcl, pH- 7.5, and the pellet was
, suspendéd to a protein‘qoncentration of abouf 20 mg/ﬁl'
.in sucrOsefTris solution\described above. Protéin deterf

minations‘were done by the method of Lowry. (1951) .

Negative Staining /

“For negative staining a drop of the SMP‘suspen—
sion diluted to ‘approximately 1 mg protein/ml, was placed
on the formvar and carboﬁ—coatedbgrids and stained with
2%'phqsphotungstic acid (PTA), pH 7.1. ~Phosphotungstié
,acid was used because it is thought to be 5ﬁ\effective
stain, for the many bolér atoms in its periphery imposé an
‘ordered structure on adjécent water molecules ard ieave the
structure beyond it undistorted so that water can evapog—
'ate-with little damage fo the suffgéeuof the molecule

-«

(Blundell and Johnson, 1976).

Freeze-etching of SMP

a. Freeze-etching of glycerolated SMP
For freeze-etching in glycerol, the SMP suspen-

sion was centrifuged for 45 min. at 40,000 rpm in a Type 40



rotor in a Beckman L3-40 ultracentrifuge. The resulting
pellet was suspehded in 20% glycerol at the protein cong- )
centrations of 10-15 mg/ml. After 2 hours in glycerol
so;ution; drOps of sample were frozen in liguid Freon 22

v

and transferred to a Baizers freeze—fraéture device and
fractured at -100°C as‘described by MalhOtra and-TeQari
(1973).. The prepatations were etched for 70- seconds

with a liguid N, cooled knlfe f;ght over the spe01mens at
a vacuum of 1 x 107°% torr and repllcated w1th platlnum—
carbon. The replicas were soaked in chromic acid over-—
nlght wdshed for . 1 hour in househdld detergent §olhtlon,
followed by three washlngs in distilled water and eventual-

ly these were picked up on the formvar-coated ‘copper grids.

b. Freeze-etching £§ water

ThéwSMP suspepsion was centrifuged <“or 45 minutes
_at 40,000 rpmlin a Type 40‘rotor in a Beckman L3-40 ultra-
centrifuge. The‘resultiné pellet'was suspended in dis- |
tilled water‘at a-concentration of approximately S‘mg
protein/ml and centrifuged'again at 40 000 rpm for 45
minutes, in a Type 40 rotor in a Beckman L3~ 40 ultracen-
trlfuge. The pellet so obtainecd was suspended in dlstllled
" water at a protein concentration of 10- 15 mg/ml. ‘Drops
ofthe sample were frozen in llqu;d Freon 22 and processed
for freeze-etching as described before in the case of the

SMP suspended in 20% glycerol.
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" Electron Mieroscopy of“Negétively Stained SMP Preparations

In the'high resolution”electron microscopy of
‘biological or organic specimens, the radiaﬁibn damage'ppses
a very sevef; limitation over the obtainéble resolution. L
Ih spite of £he continual developments in the instrumen-
tal resolving‘pOWer and the applications that have b¢en
made with these improvements to the ihogganic materials,k
the best reso}ution‘of periodic structure thainéa witﬁ
- stained Qiological specimens is»usqally 2 to 3‘nm. The
~ resolution, attainéd.with fhé dnstéined biological speci-
mens is far worse than the&above;mentioned-valgé. ,wa4
ever, a few'éxceptigns,éo the general limitétions on re-
rsoiution in-orgahic.materiéls héﬁe been-found,vat tLese
exceptions alway$ occur in materials that ére unusually

Y

resistant to the radiation damage (Glaeser, 1975). From
a'simple calculation it can be shown‘thap the usual ex-
posures needed in high resolution electron micro;copy'iead"
to a radiation dose of }Oi° tovlﬁlkrads being deposited .
in thé sample (Glaeser, 1971; Glaeser et’ai., 1971; Grung
and Keller, 1972). On the other hand, a dbse of 10° rads
is sufficient to destroy the original propﬁ%ties of most
organic materials ?dea dose of.lo6 fa&s will'ihactiVafe
~most of the”enzymés and kill the most resistant.of all
living thlngs (Glaesér, 1975). An idea of the severiﬁy

of radiation damage can also be obtained from the&foliowf

ing example (Stenn and Bahr, 1970): 1In a 0.1u thick
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organlc specimen,. at LOOKV a single electron ‘sustains ap—

A t

prox1mately one inelastic c011151on in passing through

it. Each collision has an energy yield of the order of

_ 32ev (the energy yield of a C-C 'single bond is of the

¥

order of 5eV). At a<magnification of 10,000x, a current
density of at least 10-2 amp/?:m2 i&irequ;red and from this
it has been. calculated (Stenn and Bahr, 1970) that energy
absorbed'by lg of specimen in a ls expogure is sufficieut
“to brlng 20g of ice to steam. | |

An estlmate of the electron fluxes to "see"
the molecular detail has been made by Glaeses~(l97l)

The detectablllty of an object feature of the characterls—

tic dlmen31on d is determlned by the ratio of 51gnal to

.noise in the measurement. In order ' to record the image

features with low contrast under the conditions of severe-
ly restricted exposure, the Signal—dependent noise, asso-
ciated with statistical fluctuations in the intensity from
one area te auother in the image; must be given eareful
ccnsideration (Glaeser, 1971; Glaeser, 1975); Image con-
traet.can bevdefined as the ratio between spatial vari-
ations in the intensity and local average‘of intensity

(Glaeéer, 1975) :

In the above equation C denotes inherent -image contrast.
The incidence of the electrons at the image plape is a

4
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random process (Gléeser,pl97l)} If the total nuﬁbér of
electrons passing intO’a given image "point" fpicture
element) is n, then the statistical fluctuation, of "count-
ing error" is /n (Gléeser, 1971). It is benef1d1al to
é&press thls fluctuatlon 1n terms of the follow1ng Para-
meters:
(1) the area of picture Flement, a?;
(2) the‘current density through £hé~objfct, 3%

. 4 .
(3). the "integration time" or exposure time, t; and
(4) ‘the fraction;of eléctrons péssing through the specimen

that actually enter- the lens aperture and contribute to

the image, f (Glaeser, 1971). And thus,

« n = fjtd? e (2)

In case of 1imited,exposure, a certain gtatistical fluc—

—

—

tuation Occurs in the partlclﬁ\flux from one Lmage p01nt
to another, leadlng to the 'generation of spurlous struc—

ture, or spatial noise, with contrast (Glaeser, 1971):
v = AR )
c n'\ Ce . (3)
where

L L@
n v/fidie - EE /

19
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Therefore, in order to "resolve ‘a low contrast 1mage feature,

the 1nherent contrast must exceed the statlstlcal fluctuatlons

¥

by the minimum acceptable signal to norse—ratlo, S/N. It leads

2

to the following inequality (Glaeser, l971)£

. f >S/N_ ,
; cd Tt . . . (5)

!

Accordlng to thls equatlon the product of resolutlon and .con- -
trast must exceed a certaln constant, whlch in turn is deter-
mined by the conditions’ of measurement (f, j, and t) and by the
conditions of analysis (minimum ajceptab&e S/NY (Glaeser, 1971).
Therefore, to record some object feature with contrast C at the
resolution d, the integrated flux_density it must be greaterv
than or equal to (S/N) 2 /C d2 For a specimen with\a value of .
S/N-= 5, the value usually guoted for the visual perceptlon of
stndcture (Rose, 1938), and an inherent image contrast C = 0.1,
the minitum resolution attainabie with a flux density of 10!’
electrons/cm2 (the maximum permissible dose‘for negatively.
<tained catalase crystals) is of the order.of‘l.Gnm (Glaeser,
‘1971). To resolve up to 0.5nm, akcurrent density of 10'® elec-
trons/cm? is needed which would totéll&.destroy the specimen:
Thus the radiation damage leads to a paradoxical situation. In
order to achieve high‘resolutions; we'need greater_electron flux-~
es, but these electron fluxes would destroy the organic speci—-
men's structure. . )
Disorderiné_effect of the high vacuum in the elec—
tron microscope also causes extensrve"damages to . the '

biological “or organic Specimens (Stenn and Bahr, 1970).

&



The suggestion has often been made that. the problem of

‘radiation damage would be greatly reducéd if the speci-

-

mens could be examined in a vacuum of 10~° torr or better.

This suggestion is based on the obsiiziiion that the speci-
e

mens undergo dramatic modifications and it is associated
. ‘ / -
with residual gases in the microscopes at a pressure of

107° to 10~% torr. Specimen contamination §nd specimen -

. S ,
etching are also one of the common problems encountered in

preserving the specimen structure in' the electron micro-

e 4

scopéh
Negatlve stalnlng alleviates these damaglng ef-

fects to some extent. Salts used in the negative staining

; ; 4 '
lose water quicker than the protein molecules in the drying

N ) V.
process and hence preserve the structure of the hydrateq

protein (Horhe and ﬁhiftaker,‘1962;;Johnson'and Horne,
4 ) ,

-1970), and form a glass aiound the specimen which is like-

—~

ly to prdve more resistant to the ‘beam damage ‘than the
.

biclogical mblecule.alone. It was due to this reason that

in the present study, the negative std&ning method was

émployed to visualize the SMP preparations.in the electron

microscope. The electron microscope was also suitably
modified to provide low-dosage conditions for the electron—

mlcroscopy of the negatlvely stained SMP preparations.  The

~overall objectlve was to reduce the specimen damage, due

to the electron be&m, in the electron microscope.
< The following method was used for taking the

brigﬁt field electron micrographs of the negatively stained

™



EMP prcparations. A Philips EM 3 é electron microscope, ‘A
equipped with a 11qu1d N, cooled anti—contamination de-
.v1ce, operatlng at lOOkV with 50um (flrst)and 50um (sec-
onc) condenser apertures was used. No Ob]GCthC aperture
was used. A narrow coherent illuminating beam could be
obtained by exciting the first condenser lene, strongly.
At first the grid uas scanned at low magnifications using
very low illumination levels, justlenough to reveal the
outline of the structUres.'_Once arsuitable area was found,
it was brought on the optical axis of the electron-
microecopy (the marked spot on the large yiewing screen)
and the magnification was increased to the desired level.
The speoimen was then mo&ed slightly using the translation
controls, so that the area of interest\was"removed far
grom the center of the screen. Following this a narrow
coherent illuminating beam was obtained, as described
above, to enable thedf0cusing to be done.  The beam was
then expanded to give the desired intensity on the screen
(this 1nten51ty of 1llum1natlon was kept as low as possible
w1th the photographlc exposure tlmes kept at 4-16 sec.)
and the area of interest was brought back and placed on the

optical axis of the electron‘microscope and photographed.

Electron Microscopy of Freeze-etch Replicas

Freeze-etch replicas were examined routinely
in a Philips EM300 electron microscope operating at 80kV

with a liquid N3 cooled anticontamination .device using
: : - - : - y



300um (first) and.300um (sccond) condenser apertures and

‘a 25um objective aperture.

\

optical Diffraction ' \,

Optical diffraétion experiments were carried oﬁt
on a Polaron electron micrograph optical-diffractometer
model M802. .Optical elements in this opticél diff:acto—
meter aré‘mougted on a 3 metreflength of double rail pre-
cision optical bench. The optical diffractometer lens .
system shown in Figure “ can be easily divided into three -
parts: a |
a. ‘the eléctron microg;aph illdminating system;
5. the trjﬁgform imaging. system; and

c.  the image reconstitution system.

a. Micrograph illuminating system

JA 2 milliwatt helium—ﬁeon‘laser‘pfbvides a source
of coherent 1igﬁt;of A = 632.8nm. It gives a beam of about
omm cross-sectional diameter, and it is mounted on>adjust—’
able legs. A spatial filter, SP, consisﬁiné of microscope
objective fitted with the front face of laser and adjus-
able iris diaphragm is employed to preven% any eXtraneouS
| light from iaser. The rays become divergent in passihg
through the objective and are converted by a planocoﬁvex
lens B to a colliﬁated beam of light approximateiy 1 cm.
in diameter incident -on the electron-miérograph C. The |

electron micrograph is suitably masked to expose the par-



2

L}

be viewed.using the ground glass screen or can be recorded

ticular area of interest only, and mounted on a mechanical
stage which provides adjustments for selecting any area'on

the micrograph.

b. Transform imaging system

A plano convex lens D is used to image the opti-

cal Fourier transform of the micrograph. A two-lens
. 1

telephotosyséem consisting of lenses E and F is employed

to magnify the image of the transform. The transform can

'

be viewed by placing a ground glass screen in the mask’

holder G and recorded with 5 x 4 Polaroid Land cémera back

provided. The polaroid print of the transform is used for

making a metal mask which allows the primary beam.and se-
lected diffracted beams to go into 'the image reconstruc-

tion system. The mask is fitted in holder G in image re-

<
= ]

constitution experiments. - oy

C. Image reconstitution system i

. 1

The rays which pass through' the mask are recorn-
- i

structed using lens H and J. Together these lenses for
f d |

a

a. telephoto system which is reversed and symmetrical with
respect to lenses E and F. Lens K, which is final, i% a
power projecter lens. Again, the reconstituted imagéimay

by the camera.

However, in the present study, where the trans-

form (optical Fougig; transform) was of- main interest, the

lenses H, J and K (image reconstitution lenses) were re-

!



moAed and other lenses were rearvanged on fhe entire
optical beneh to increase its magnif ication.
Both the noqutAVcs of the electron micrographs

of negatively stained SMP (at the magnification of x 25,000
*ﬁﬁﬂﬁéﬂayfﬁﬁxﬂﬂﬁbif :nlargcd transparcncices (at the magni-
fication of x 60,000--80,000) were used in the optical dif-
fraction oxpuagdsents. These were suitably masked to ex- |
pose Qply the particuiar areas of interest and were usced as
objects 1in thé optical diffractometer. A total of 20 dif-
ferent specimens were analyzed.

‘ o Micrographs of the freeze-etch réplicas of SMP
prepara£i0n5 were enlargéd‘td a final magnificaticn éf
Q 242,000. Holes were punched in'the\micrograph at the
locations where there seemed\to be particles on the con-
vex Eracturc face of SMP. Tﬁeﬁ'the micrdqraph was kept on
a black paper with its face down, soO that the holes ap-
peared black on white background. This was then pﬁoto—
graphed on a Kodak Panatomic X film. The resulting nega-
tive reduced the size of the mask (representing the ar-
rangement of particles on the convex fracturé face of a
SMP) 19 times and was finally uéed as an object in the op-
tical diffractometer. A total of 10 specimeps were ana-
lyzed. Photograéhic negatives of the optial diffraction

patterns (optical Fourier transforms) were used for mea-

surements.

N



RESULTS

Negative Staining
a, ‘Rclationship between the electron microscope image
and the specimen

Iﬁ the process of negative staining the specimen
is surrounded by an aqueoué solution of an e¢lectron dense
~salt (the negative stain) which driecs out into a thin
film. This thin film, in effect, is an amorphoﬁs electron
- dense félass' (Horne ané Whittaker, 1962)\in which the speci-
men is buried. The negative stain peneﬁrates into the
hydrophobic regions of the biological specimen and Ehe,re~
sulting image in the electron micréscOpe reveals the un-
penetrafed regions as relaﬁively electron;transparent
structures against an electron deﬁSe background. Thus the
amplitude contrast is provided by the scattering of elec-
trons by the stain (Blundell and Johnson,: 1976).

In the electron microscopy contrast is achieved
by both the amplltude contrast and by the phase contrast
effects which are created"by contributions from defocus-
ing and spherical éberrﬁtion ofwthé objective lens. Phase
contrast plays the predominaht role at medium and high re-

1

solutions. Since thé Fourier transform of the image dis-

plays these phase contrast effects.more simply than the

" image itself (Erickson and Klug, 1971), these can be



readlly lnwestlgated w1th the help of an opfical diffrac-
tometer or computer transforms. According to the wave
.theory of 1mage formation, the effects of, defocu51ng and
spherlcal aberratlon are attributed to a phase shift

(x{a}) which occurs at the diffraction plane of the micro-

scope, in the- scattered electron wave. It is a function of

scattering angle o and 1is glven'by

Cy(a) = 2/A(=3Csa” + 30fa?) ... (6)

”where Cg 1s the coefficient’of spherical aberration and
Af is the defecusing (positive for a weak or underfocused
lens) (Erickson and Klug, 1971). Transform of the phase
ilcqptrast image, Téh'~i5 related to the transform of the

~ object, T° (o, ¢) by‘the expression:

-

Ty (d,0) = -°(&§¢%Kld)f(a)51nx(a) )

where A(a) accounts'for the effect of an objective aper-
ture and is called aperture function (A[c] =1 if a < de-
flnlng aperture angle A(a) - 0 elsewhere), a is the scat-
tering angle,vf(a) is the atomic scattering factor for the
elastlc scattering of electrons, and ¢ is'the,azimuthal
oordlnate j?rlckson and Klug, 1971) This equation tells
us that the relation of the object to the image formed in
the presence of aberraticns is very simple and direct if

expressed 1n terms. of Fourier ‘transforms. According to

’
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this expre551on the image transform is directly propor—
,tlonal to the true object transform,‘modulated by three
- factors. Most important factor among the three factors is
Sinx(a),‘which is also called as the transfer function
(Habzen, 1971). '. |
| The transfer function will have the following ef-

fects on the terms correspondlng to a spatial resolutlo%
of A/a: (a) if Sinx(a) 1is close to 1, then these terms
would‘provide their full weight to the Fourier tranéform
and details corresponding to this resolution WOuld be
faithfully imaged; (b) if Siny(a) is close to zero, then
the terms of spatlal resolutlon will be removed from the

,traneform and will not contribute to the final image;

(c) if Siny (o) changes eign then terms corresponding to
resolution will contribute to the final image with reverse-
contrast leading to therisk’of false image. Therefore it is
required that Siny(a) be reiatively invarianr over‘the |
range of resolutlons of interest to us. Curves for Siny (o)
for different degrees of underfocus were computed by

Erickson and Klug (1971). .It Was’ooncluded that 90nm
underfocus would be a favourable choice for lmaglng details
between 2 to 0.5nm resolution, whlle a greater degree of
underfopus would be suitablegfor imaging details between .

5 to 2nm range. Erickson and Klug (1971) also examrned the
effect of transfer function in real images (negatively

stained oatalase crystals) and concluded that at Af = 540nm

many of the high resolution components are enhanced and

I



micrograbb contdins more detail abd‘coutrast. At this
untderfocus value, 'the phase contrast effect is sufficient
to increase the transfe£ %Unction for beriodicities in the
range of 2 to 5nm by about five times to that of the
1n—focus image. Since thlS range of detall is of partlcu;
lar iuterest in protein studies, SOOnm;was‘tboughE to bea,
the optimum uhderfocus setting for such work. This is a -
very 1mportant study because it provides insight into one
of the‘most important aspects of image formation. In the
:presept work too, most,of’the elect:on‘micregraphs are mo-
derately&undeffocused. In the present work, ﬁhe electron
micrographs of negativeLy stained SMP we;e taken_atutwo
underfocus settlngs. (a) at~100nm underfocus (for‘imaging
details between 2.0 to 0.5 nm resolution); (b) at~550nm
-underfocus (fdr enhancing the high resolutlon,componeuts
g)in the range 2.0 to 5.0 nm. It was in accordance with the
v:cenClUSion dbewn by'Lrickson and Klug»(l97l) wiﬁb respect
to the implication of theirvwofkbin biological electron
microscopy. In their own words,.
Finally it is comforbing to be able to confirm
quanﬁitatively that the moderately underfocused .
micrographs used in most biological electron b
microscopy are valid images, frequently the -
best possible in termg of resolution and-con-

trast, with no artifacts in the low and medi-
um resolution range of interest.

g
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" b. Negatively stained SMP and cristal membrane fragments
In a typical SMP preparation, negatively stained,

such as one shown 1in Figgrev3, knobs approximately 10nm in



A
diameter can be easily identified on the inner mitochondri-
‘al membrane vesic;es (SMP) . These inner mitochondrial
membraﬁe vesiclee haQe the inner—mrtochopdrial membrane
1n‘the inside- out conflguratlon, and these vesicles,(SMP);'
therefonzenable F,-ATPase knobs ro be visualized. These
knobs look more like polyhedraljstructures. It was RaCker
('70, '76) who first of all demonstrated that the knobs
prescnr on the SMP are 'F,-ATPase ("coupling factorﬂ);- In
most cases these knobs appear to be attached to thetﬁeme
brane bynthe stalks (?igure 4). These sta}ke‘are appro#i—
mapely 6nm iong and 3nm wide, aﬁd correspond ro‘the o;}go~
mycin sensitivity coqferringqpreteins ("OSCPf, Racker,
1970). Onvthe edge of the SMP, the F,-ATPase knobs can be
very clearly seen ro'bé arfached by the sralksbto the SMP,
in most of the cases. ?hese'stalks ere‘sepféated frgm,qne

another by approximately an ~llmnm-wide gap, &s measured

+

120

on the edges of the negatively‘jgained SMP.. ..

~ Frozen bsef heart mltochondrla, whehktﬁeY»are'
, eubjected to sweillng and altTrnate free21ng and thew1ng
in lOmM Tris chloride (pH 8.0), their crlstal membranes
Qndergo “tubularlzatlon" (Green, 1976)7 esults from such-
a phenomen&p are shown in quure 5. Rgr looklng ar-
rays of knobs connected to tag membrane by the stalks, on
_either side of the "tubular" membrane, are discernable.
This‘tubuiariZation may be due to the transition of a

single flat continuous membrane sheet to a large number of.

interconnecting tubules (Green, 1976). According to this

rd



author tubularizationdof the innéf mitochondrial mémbfanes
means that the components- of this membrane can Exist in
either of two stapes——the tho—dimensionald state of the
fla£ membran®- sheet and the "three-dimensional"‘state bf
tubular evaginations. 1In spch structures, described 55
"tubdlar“ by Green, the knobs Have the diameter of 11.0nm
(corresponding to the F,rATPase knobs) and the stalks
are ~‘6‘nm long and ~3nm wide. The distange betWeen thé )

two stalks on the "tubular" membrane is ~llnm.

Fréeze—etching

AN

a. Interﬁfetation of‘freeze—etch replicas .

The evidence was first presented by Branton and
his coworkers in support of~their‘hypothesis thét during,
“freeze—étching", the‘fracture plane passes through the
interior of the biological memsranes,‘so:that the inner
faéesvbécpme\expoéed.(Erahton, 1966). Face views of thé
,fractured'membfanes show particies of ~10nm diameter.
Their number is subjéct to variation from one membr§Q§ 
typé'to ghé.other."Branton afgued that these‘particleg

| ' .
fbelongeé_ﬁo_the membrane interior. It was observed that
upon etching, fractured‘membrgges frequently Qisplay a
harrow ridge ;hmlthick;»AWhere therface view‘changes into
cross;fracture, the ridge 1is seen to be continuous/with ong

of the fwo parallel ridges that form.the usual appearance

of cross-fractured membranes. Therefore it was concluded



that the membrane was split. S;milar argument has also
--been applred to the swollen nerve myelin, rod outer seg-
‘ment membranes, and stllen lecithin lameller phases
(Branton, 1967, Clark and Branton, 1968 Staehlin, 1968).
After con51der1ng actuaﬂ dlmen51ons and spacings of the
ridges, it kecomes clear that an ~5. 5nm—w1de gap must
exist between them. Langmuir—Blodgett technlque (Langmuir,
11917; Blodgett, 1935; Langmuir, 1939) has been employed to
assemble radloactlvely labelled bilayers and m ltllayers._y
These were.frozen and Spllt and the\radloactlv ty of the
separated layers was measured The results thus obtained
are explainable only.by assuming that- assemblrec Spllt
along a plane defined~by‘the methyl-end groups;of the indi-

vidual monolayers (Deamer and‘Branton,_l967) After frac- .

turihg-and shadowing uﬁdeﬁ\the conditions offfreeze—etching

;:Ohly”a few
n
particles could be found on these surfaces. ’S'mllarly

(- 100 C) very smooth surfaces were noticed.

membraﬁes whioh have little or'no protein; g%n rally dlS:'
play smooth fracture faces as in the nerve mye in (Branton,
1867; Malhotra et aZ. 1975), liposomes (JaMes and Branton,
1971) and lameller lipid phases (Deamer et aZ > 1970). A
However, more 1nformat10n about the nature Of the surface —
revealed after freeze—fracturlng was. obtalned by experi-
ments employlng chemical preflxatlon Aldehy e flxatlon'
'whlch cross-links the proteins, did not brlng about any
change in the appearahce of the membranes af r freeze-

fracturing and etching. However, an improvemgnt in their
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' ovgkall mechanical stability was noted (Jost,.l965}
Branton and Park, 1967; Tillack and Ma;chesix 1970). ‘When
thF aldéhyde—fixed meﬁbranes were subjected to lipid ex-
traction prior to the freeze-fracturing and etching, the
splitting of membranes was abolished completely. Although
the tr%lqméller structure could still be seen‘in the‘thin
sections (Park and Branton} 1966; Fleisher et al., 1967;
Branton and Park, 1967). These results clearly indicate
‘that the 1ipids or lipid regions are required to achieve'
ffeeze—fréctufing of the membranes alohg aﬁ inner plane. v
Deamer and %rantoﬁ (1967)1haVe proposed an hypof
_ﬁtﬁegis to explain»thé splittihg behaviour of.the biomem~-
branes. They eXpiaiﬁ their argumenﬁs on Kauzman's ~ ~
(1959) thermodynamic‘considgrations bf‘the temperature
de?endehce of the energy of'hydfophobié bonding. Fréezing
" is known to Wéakéﬁ the hydrophobic bbnds and so théihydro—,
phobic interior of the biohembranes bécémes more‘sﬁscép—
tible to‘spliffing'iﬁ_the"f:ozén state than any othérrzoqg.'
Howevgrksince the frozen ﬁembrane‘isvnot in a thermodyna—
mic%lly equilibrium state, their érgument should be weighédv
with caution. ,

. | Experiments wifh the membrane'suffachn kers
(covalently'bbund Ferri£in’oriattacbed\F—Actin) dZégnstfate
that these mafkers can bnly be seen after etching; they
never appear on cléaved membfgne faces (Pinto de Silva and
Branton, 1970; Tillack and Marchesi, 1970). This lends

strong support to the membrane splitting hypothesis. By



employing the techniqhos for the production-of compiimen—
tary replicas from both (complimentary) fracture faces of

a membrane (Sleytr; 1970; Wehrli»et al., 1970; Chglfont

and Bullivant,_l970), it wae found that both fracture faces.
were unetchable. It can be simély~explained on the haSie

of the membrane splitting hypotheeie.

” Branton (1967; 1971) has argued that the molecular
correlates of the membrane intercalated partioles occdrring
withih freeze—fractured biOmembranes, are proteins. It
has been shown that they are pronase sen31t1ve and their
occurrence is 1nfluenced by the "metabolic actlvlty ef a
’celi or membrene type. | B ' |
Wallach'and Zahler (1966).Qere the first to

p01nt out ‘the pOSSlblllty and likelihood of hydrophoblc

proteln llpld interaction in blomembranes. -A large amount

> 1

fof ev1dence has accumulated in the last few years regarding.
the”membrane intercalated partlcles and now the idea is-
’wiaeiy adopted that these,membtane intercalated particles
represent pereins (including the polypeptigdes and oligo—A
mers (Bullivaht, 1974; Bretschervana Raff, 1975). Recently
(Brentoh et al., 1975) a nomenclatere for the freeze-
'etchihg has beeh brqposedmwhich is simple and uniform to
describevtheAQarious fracture faces and surfaces. Accord-
ing to this schehe of nomehclature, fot'any membrane. that
can'beésplit, the‘half‘closest“to cytoplasm, nucleoplasm,>

Vchlbroplast stroma or, mitochondrial matrix is designated

s "protoplasmic half" abbreviated as P; the half closest

/
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to the oxtracellular spdce, exoplasmic space, or cndopla§—.
mic space is designated as extracellular, cxoplasmic or
endoplasmic half, abbreviated as B. E is also used to
designate the half membranes closcst to the space between
$
the inner'anq outer membranes of mitochondria.
After labelling the half membrane as P or E, the
. . . ° N
particular aspect seen in the electron micros‘cope can be.
recognized as a true surface of the membrane or as a
fracture face. Tne surface 1is named either PS or ES and
it is the“hydrophilic portion of the membrane usually re-

vealed éfter etching; the fracture face is designated as

PF or EF.

b. Frecze-etching of SMP
Sub—mitochondriél particles ére inside—ouﬁ
inner miﬁoéhondriél membraneAvesicles, obtaired from the
‘\mitochondria. Therefgre, in SMP, the face of the innecr
v N v

mitochondrial membrane, which is closesf to the mitochon-
»drial matrix - in intact miﬁochondria, faces thé outside\gﬁ
the.vesiqie. And the oﬁter surface of the inner‘m&tochoﬁ—

drial membrane in intact mitochondria faces the inside of

~
o

the vééicle_inFSMP.
In a sub-mitochondrial particle, theréfore;fthe
protéplasmic:half of the'inne£ mitochondrial membrane facés
towards the exterio;néf the vesicle while the exoplasmic
half faces towérds the interior of fhe vesicle (Fig. 6a).

For the sake of explanation the sub-mitochondrial particles



can be cohsidcred_to be the vesiclee of varying size; ‘Dur-

ing the fracturing, the fracture4plane "hits" those veeiJ

cles Which are within the reach cf this plane. ' The mem- .
brane of these vesicles splits in half between the phos-
vphclipid‘leaflets thu;:revealing, on a profile in the form
of a spherical surface, an icternal fracture face of the. .~
membrane studded with particles. If the plane hits the
vesicle above the eqpetor, a convex fracture surface is
formed; if it hits below the equator, the eurface is
biccncavel(Weibel; Losa and Bolender, 1976). ‘In-SMP, the
convex fracture'face is the-exoplasmic fracture face (ab-"'
breviated as EF) and the concave frac%ure face is the pro-
-toplasmic fracture face (abbreviated as PF). The cotres—

pondlng etched true surfaces are called exoplasmlc surface

(the ES) and protOplasmlc surface (the PS) (see Figure 6b).

i. Freeze-etching of glycerolated SMp
The total number of replicas examined was 40 . and

they were selected from 18 freeze-fracture experiments.

- .
-

Typlcal fracture faces revéaled after freeze-
fracturlng and ‘etching oﬁ.SMP in 206 glycerol are exhlblted

in Flgures 7, 8 and 9. Both convex and concave fracture

»

faces were obtained. No true surface was.exposed as a
'result of the etching of glycerolated SMP preparatlons.

The membrane intercalated partlcles are present on both
the convex and the\concave/fracture»faces. " The convex

P .
‘fracture face is the exoplasmic fracture face (EF) and. the

)



concave fracture face is the protoplasmic fracture face
(PF) . The intramembranous particles with diameters rang-
ing from about 5. Onm to 16.0nm are present on both the
fracture facest__}t seems that the convex ;racture face
. (EF) has a lower packing density of particles -as compared ‘
with the packing éensity of particles on the Coﬁcave fracf
ture face (PF). Tﬂere are approximetely 1300 * 300 partiiw
cles/pm? in* the convex fraeture face and about 2090 + 200 '
particles/umzbin the concave fractere face. It 1nd1cates
the asymmetry in the partlcle dlstrlbutlon in” the two halves
of the membranet

rThe size distribution of the.partieles is éiven
in Figure.ll. Most of the particles fall in the size
range 10-12nm, but therelis a significant number of par-

5 »

ticles in the 7 to 10nm range too.. The significance of v

4 #

this distributroh of intramém?ranous‘parﬁicles in respect

- of the knowrn composition of the inner motichondrial mem-
brane is aiseussed on p. 51. On the concave fracture face,
a few of the partlcles are, sometlmes seen to be arranged
-in some kind of irregular rows, and their pattern is un-

I

eveno(Figﬁre 10).

ii, Freeze*etching of SMP in water
When the sub-mitochondrial particles are suspend~_/5
ed in water and subjected to,freeze—fracturing aﬁd etching,
‘at least two types of membraﬁe faces must be exposed in

principle. One is the fracture face containing the
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membrane-~intecrcalated pa:ticles of the hydrophobic interior
and the other is the etch face (surface). A typical con-
vex fracture face (EF) exposed in the freeze-fracturing and

etching of SMP suspended in distilled water is shown in _
: . g »
Figure 12. It displays typical intramembranous particles

ranging from about 5.0nm to 16.0nm in diameter. The pack~

ing density of these particles is about 1600 particles/um

in this fracture face.

However, of the total of 38 replicas (obﬁainedh
o T

from 15 .-freeze-etching experlments) examined, only one

replica showed two-SMP with etch surfaces. -The main reason

for getting the etch surfaces with such difficulty seems

to lie in the very small surface area of the sub-

" mitochondrial particles in the suspension. On fracturing,

‘most of the surface area of the SMP is fractureéd, and it

appears that very little area is left for the subsequent

etching} And- thls, rerhaps, renders the probablllty of

obtaining meanlngful etchlng very low. h

The etch surface (PS) is smooth and’ does not show

the presence of any particles on it (Figure 12) On the

-~
4

contrary, a negatlvely stalned preparation of the same-

SMP, preparatlon displays the "typical ~10nm Py—ATPase par-

ticles. (knébs) attached to the membrane. Th;s observation
ralses some very 1nterest1ng questlons. Wh§7does the
1~ATPase th show up as the partlcles on the etch surface

(PS) of the inner mltochondrlal membrane in the freeze*
etch replica of the SMP preparation? ' Is itfbeing lost in

i
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the (recro-ctcehing exporiment, from the surtace ol SMP?
Could it be possible that the negative staining is causing
the (1ol ipop"-like appearances of F,-aTrase on the SMP?

These questions arc discussed on p. LR

(_)'Ltic:!], Diffraction Stuldivs ) .

a. Negatively stainced SMP preparations.
A'typical optical Fourier transform of the
electron micrograph of a negatively—stained sub-

.

mitochondr;al partlclc 15 dlsplaycd in Figure 13b. The
‘corrospondlng electron m;crogrhph of the negatively stained
spb—mitochondrial particle is sthn in Figure 13a. Only

a part of-the surface (the image) of the sub—m;tochondrial
particle yas sﬁbjected to optical diffraction. The remain-
der of theé area was covered. This was achicved by using a
black maqk with a circular hole in it, which allowed the

desired area to remain exposed to the laser b:eam, in the

optical diffraction experlment. This area is shown under

the Circle in Figure 1l3a. Thérefore, the optical Fourier
ranSform of the electron micrograph (Figure 13b) also

Wcontalns the Fraunhofer’ ‘diffraction pattern of a circular
hole; which displays a central peak called the airy disk,

surrounded by 5uccesa;vely weake; rings. In some cases

1nstead of u51nq a. c1rcular mask, a rectangular mask was
' ’used‘ For example, a rectangular mask was applied to the

~
e A

eiectLOﬂ mlcrograph ofla neqatlvely stalndd SMP (Figure

ﬂ4a) to ;eave»open a rectanguLar area and mask out the
. : y ;- , a- ' oy



_remainder of the arca. The correspohding optical Fourier trans-

form is shown in Figure 14b. 7The transform contains the Fraun-

hofer diffraction pattern of a rectangular opening too,

becausé of the rectangular Nask used. iffraction pat-
tern of a rectanguiar opehing cénsists of a central spot,
the shape of which is inversely related to the shape of
the aperture; that is,‘more extended ong the direction
of thé shorter side of the rectangle and vice versa. In
. the crossed pattern, tﬁere are set% of successively weaker
spots (see appendix for details).
As. is evident from th; Optical Fourier transforms
:of the electron micrographs of the negatively stéined sub-
mitochondrial particles,.the scattering object appears to
be a non~periodic one. The optical Fourier transformsvlack“
apy'periodic elements which must have been representea on
a reciprocal lattice, prbvided there haégbeep any regular
surface lattice or srepeating subunit structure in the plane
of inner miéochondrial membrane present in SMP. ,¥£¥seems
that the lattice of él—ATPase molecules is a compléﬁély
disordered one.. From | e optical Fourier transforms of the

»

electron miérographs\of:
\7 :
particles, it can be¥

gatively stained sub-mitochondrial -
T

ably deduced that there is a lack

of any two-dimensional repeating or subunlt structure within

tﬂﬁ plane of inner mLtOChOudVlal membrane (in SMP). The
optical Fourlerwtransforms of the SMP resemble the optical
Fourier transforms of non-periodic objects.

For the sake of comparison the optical Fourier
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~transform of the elcctron mlcroqxaph (Figure 15b% of a.
frecue- fragtuvcd and etcucd repllca of catalace crygtal is

shown in Figur* 15¢.. Figure 15a shows a cata]ase crys tal'
P Ty
nogat1woly stalncd with 2% PTA (pi 7.2). Tor freeze-—

©

fracturJng and Ltchlng the catalasc crystals werc cuspended
in water, The” optical Fourier transform of the fractyred
-‘7 N . .

face of catalase'shows distinct,rcpetitiVe dGetails limitkd

-

to a resolution Qf 3 2nw Basic spacinqs are lG.lnm
and G.5nm. 7 The optlcal diffraction pattern shows
diffrection spote; symmetrically arranged on the ciprocal
lattice. In the elecrron micrograéh of fhe hegatiVely
staincd\catalase crystél, the ké%tice repeats arc 19nm

and 7. énm .

b Freeze—etch replicas.
The optical Fourier transform of'the mask (Fi-

gure 16b) - repxe%entlna the arrangement of particles _on the
conch)fracture face (Figure 16a) of SMP, obtains: 1 by
freeze Tracturlng and etchlng in 20% glycerol Tis obeown AN
Flgure 16c. It contains Jnformatlon only about the par-
ticles of 1nterest ang thus the confusion likely to be
causcd by both the platinur gra;n and non—unlform appear-
ance of structures as caused ﬂy platinum shadow in the
elegyron‘micrographs of the freeze—fraceered (etched)
'repH&ca has been avoided. The optical Fourier transform*
gf the mask, Lepres ntlng the arrangement of partlclee on
Lhe convex fracture face of SMP, revealq a dlfﬁusc ring

&

&

w
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cxtending from about 9-12nm, with an average radius cor-

f - . . o .
responding to 10.5nm. The Sp&ti&l»fr@d@%nCJuS fall pre-

domlndntly botw .en about 9-12nm range. This demonstrates

[

lack of any Legular two dimcnsional periodic arrangément

of patticles in the hydrophiobic interior of the membrane.

Becausc {f there were any rcgular two-dimens sional lattice

.of the 1ntramowbranous plrchles in the hyd]OUhOblC lntc]l—
. A 4
or of the membranc, the optlcal Fourier transform should
C @ :
have/@isplayed'Sharp diffractlon spots:of ring(s).
/ | .
4 , . R
L ) . . . ©

ih



DISCUSSI0ON

T, —PTPaqo

I
The°negatively stained p;eparatlonq of SMP distinct-

1%

ly dngpla} the presence of typ;cal ~10. Onm FI—ATPasc
("coupling factor F,") knobs attached by’the stalks to the
inner mitochondrial mcmbrahe'(of SMP). These stalks are
the correlates of the oligomycin sénsitivity épnforring
.proteins. It is reasonable to assunie that if these
~10.0nm EL;ATPase'knobs,“as.visualized by the ﬁegétive
staining,qare presént and attached to the SHiP. the freezeé
eﬁéhing technfdue_would:be most suitable for demon;trating

N

the preSencé of these Particles on_the surface of S5MP.
. . .
However, in the present study, Qer etched uubmltocncnerdl

B

particles were found to be devoid of any rembrane-attached

-« particles/ #Ahe etch-surface of -inner mitochondrial inem-

branc in th SMP appears to be smooth. This observation
leads to”a paradoxical situation. . It seems that results of

f}eo7@ etch studiés are in agreement with Sjdstrand's sug-

gestion .that "the "knobs" or "lollipop"—like,structures are
artifacts producéd by the negative staining proceddre in

that the ATPasc molecules would “pop o&%" due to osﬁotic -

. ‘«

shock during the specimen‘drying. But this drgument has
o .
two problcms. -First“of all, it has ocen demonstratOd tnat

n

. the F,- Afld CvfknObS' ane pre ent even when the oamotlg

shoCk'Ls“ﬁeducod to a melmum by necatlve staining in am—

o g

¢ L. v43 #

¥




T 44

o

monium molybdate (Muhcatullo and Horne, ]968; Muscutello

and Carafsli, 1969). Though it is known that the ncgatich"

‘stain drics before the specimen by the rncasurcment of

3HZO' concentrations of negatively S‘ained-prepﬁratioqs
during drying {(Johnson and Horne(>1970)} t(i)shri%kagc‘
artifacts are. “illva metter of eontrOvcrsy.b on the ether
hénd, the phosZtLtungstic acid is expected to be a hgeod"
stain'becausc the large‘numbervof polar atoms on its peri-
phery induce an ordercd strdcture}pn the adjacent.;ater
moleculee and leave the structure beyond it undistorted
so - that the water can evaporate from the stain w1th llttle
damage to the eurfacc of the Spec1men' Therefore it seems
hatiing

J;a@iﬁ? staining. Recently, the Stalked knobs

A2

ephosphotungstlc acid would induce the

less llke}y Lh

artlfacte_lnf,
have bcen- claimod to be v1suallzed in. the ultrathln sec—

tions of r:tochondrla and submltochondrlal partlcles, pre-

™ ‘

ferably after glutaraldehyde flxetlon and stalnlng with

methanolic uranyl acetate (TelTord and Rackér, 1973) .

ki i

However, as compared with packing density o%
partlcles in the neoatlvely stained, unfixed preparati

of inner mitochendrial membrane which exhibit approx1mately

"3000 particles/um2 ofﬂthe membrane area (Stoeckenlus,.l963),
\ , ; ,

packing dcn51ty of partlcles in ultrathin sections (Té]—

ford and Racker, 1973) is much less (Zingsheim and Plattncr,

1976). However when the partrﬁlc packing dehéity of face

IRY

views of ncgatively qtalned inner mitochondrial membranes

following glutaraldehydevfjxation (Keyhani, 1972; Stiles’

. . . e Sk o
and Crane, 1966) is compared with the partiETe packing



densit); in the ultrathin sections ofA the mi‘tﬂlochcg dria“and’
SMP (Telford and Racker,v 1973), both are fou/'Ild t—=o¢ be in
‘agree‘ment. Thus' the negatlve stalnlng and tf‘hlh sectloﬂlng
data appear to be reconciled. But the freez"egbch data
presents the pirob'rlem in its- interpretation. REc:'ently an
1nterest1ng observatlon has.b\een made by Bec"ch%yv and hls
coworkers (Beechey et aZ‘ 1874) . These aut/‘hora have de—'

" monstrated that in the submitochondria—l .p,art'/:iolas ext:rac\ted
with the di,ethy'l ether, the typical 'inner mi/\t%l:jondria;l
membrane knobs,' which‘ are correlated with-A’I‘;TpaSa aCtiv;ith,

1fa‘il to show up'i_n negative staining. The P jes (SMP)

'appear to be less regular One would assume*gtha eit
Athe inner membrane ‘knobs have been contracte’“d lr~
membrane or the PTA now cannot. penetrate the ‘m%rrﬁbrane

‘ and reveal the knobs. However, in these die ‘th}’ll ether
treated SMP, the membrane bound ATPase\is‘vs‘t 511.1 Se'nsi.g;i-\le
to auro‘vertin,' an antibiotic that bi_nds t‘ovtf\\‘hQ P-*\Tpv“ase mole~

Qs)

cule itself (thatris the inner® membgane knob There fore

it appears that the diethyl ether extractionnhﬁa l1ittle

effect on the ATPase molecule 1tself Howev’ ver,

‘,
e

ether extraction t,;auses a loss of the senslt "”’lt:y of the

'diethyl
ATPase activity to ollgomyc1n, ventur1c1d1n, DCQ,D ang
triethyl tin. It causes relatlvelg“ little 1 % o the lipid "
(14% of the total membrane phosphorus is ext ”raCQed )“‘and
“almost no ex‘tracti‘on of protein (just 0.'05%) lry the mem-
brane. It appears that the lipid loss m.aywb/Qe teggponsible

for contracting the F,;- ATPase w1th1n the llp danvlronment

i



and thereby rendering it inaccessibie to éhe negative

'stain. | | ‘
Penefsky and~Warne; (1965) have‘pgepesed a\

structure for'the’mitochondrial ATPase Whichaponsiets of

11 subunits each" with a molecular weight off appgoximately

26000 and the entire complex has a molecular weight of
284,000 (eStimatedqby the sedimentationxvel city}a-‘For—
rest and Edelsteln (1970) have conflrmed th s value |
However, subsequent examinations of the molecular welghts
have led to a revised flgure of 340, 000 384 000 for the

enzyme isolated from rat liver, ox heart and Saceharo-,

mycés cepeviéide‘mitochondria;(Lambeth etaal > 1971; Lamf
éeth.and La}dy, 1971% Catterall ana_Pedersenl 19;1; Senior
"and Brooks, l§7l} fzagoloff and Meagner, 1971) . Purified

v prepa;atiens‘of ATPase moiecules from these s urces show,
on negative'staininé, the subunits arranged in\ a hexagonal.
array. The maximum distance_aefess the hegago vis approxié
matelyVIOnp (Kagawa and Rackef, 1966;'Schatzset7ai,,

1967; Kopaczyk et aZ.,v1968; Tzagolof% and Meaghear, 1971-
Pedersen and Catterall 1973). 1If the average ‘molecular
welght of the subunlts is 55,000 and the subunlts are

5

spherical, then based on these assumptlons it can be\cal-

culated that the diameter of the subunits is

\pproxi-
- mately 5.5nm and a hexagonal array of these suiunits
give rise- to a structure wiﬁh‘the maximum_dimenbione
15nm % Snm (Beechey, 1974). HoweVer, this iS1not in

A ¢ . . . N
cordance with the sizes measured in the electron mi



scope. Therefore it seems more likely that the subunits

are not spherical. If one assumes that the subunits are
. i A L _ _
ellipsoids with a minor axis of 3.3nm, the length of the

ﬁajor axis .is 1l.4nm (Beechey, 1974). A hexagonal array
of six of these subunlts w1th parallel major axes gives

a structure that agrees well with most of the e%ectron
mlcroscope 1mages. But this model does not account for at
-ieast one and p0551b1y three other subunlts whlch are |
assoc1ated with the six subunlts that have been considered
i.h’-ere.. | . .
| Beechey‘(i974{ has presented a diagramnatic,sunf
mary of the information avaiiabie on the orotein subunit

'structure of the ollgomyc1n—sen51t1ve ATPase, 1solated

~

from Saccnaromyces cerevisiae (Flgure 17) 5gThe structure

appears to be a hexagon made up of subunlts 1l and 2
(dlameter 5nm) . The subunit 3 (diameter 4.4nm)jis thought
to be connected to the cyllndrlcal ollgomyc1n—sen51t1v1ty—
conferring proteln (Snm-long, B,bnm diameter) in the cen-
tre of the hexagon. Ba‘andISb (3.0hm.diameter) and 9

(2 6nm dlameter) are . dlsplayed arranged around the ollgo—
nycin- sensrt1v1ty conferrlng protein cyllnder. Though the
calculated dimensions of this model (15nm x 9.4nm) agree
“well with the measurements on'the negativeiy—stained
ollgomyc1n sen51t1ve ATPase (15nm X lOnm), it must be
stressed that thls model should be viewed w1th cautlon.

‘The subunlts in this model are assumed to be spherlcal in

hape, which is probably not the case for. the ATPase sub—

o [.@
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units (they are most probably ellipsoidal).

Beeéhey (1975) envisages the above-described "
complex of éubuhite to traverse the thickness of the inner
mitochondrial membrane end not protrude from the membtane
~as observed in the'negatiVe staining. This model readily
' explains the ehsence of any patticles on the etched sur-
face‘(PS)'of’the suhmitochondrial partitles‘thet cortes—
pond with the stalkcd knobs seen in the negat1Vely stalned
preparatlons of SMP. ThlS model also explalns the presence
of a membrane bound ATPase in the dlethyl ether extracted
SMP (Broughall et aZ 1973) Wthh in hegat;ve stalnlng
reveal the absence of typicallinner mitochondrial mem-
brane stalked knobs. Perhaps on negetive steihingvthe phoés-
photungstic acid penetrates betﬁeen“the ATPase molecules
w1th the attached ollgomyc1n sen51t1v1ty conferring protein
and rest of the ollgomyc1n sen51t1ve ATPase complex to
' extrude the ATPase and ollgomyeln sensitivity conferrlng
proteln molecules (Cunnlngham et aZ., 1967; Beechey et_al.,
1973.

Howevet, the ebove givenvexplahation has some
serious broblems. Accordlng to a model. of the mitochon-
drial proton pump (the mltochondrlal ATPase system) (Fi-
gure 18) descrlheg_bg,Racker (1976), it contains a minimum
of eightvpolyﬁeﬁtfde cheins‘that are rethied for func-:
tion. The biggest component where the energy/transferma—l

tion takes place is the ATPase (F,). There are two other

coupling factors, OSCP, an oligomycin sensitivity confer-



o .

s

’ring protein and anotper coupling factor, Fg, that are
required for ‘the attachment of Fl to the membrane. Fy

is a hydrophoblc protein factor (Kagawa et al '1973)
.contain%ng a proteolipid. It,lS'a membranous preparation
from mitochondria andlconfers oligomycin sensitivity to
3\€h% F,;-ATPase and is responsible for the transmembranous
/\nmwement of protons. F; is a coupling factor that still
_needs furthet characterizatlon (Racker et aZ., 1970) .
fhougn the orecise funct;on of F,; 1is st%ll“unknown, it
'seems to stimulate the energy coupling by decreasing the
permeability of mitochondtial membranes to protons (Rac—
ker, 1976). The proteolipid is the most/;ntrlgulng com-
ponent of the ATPase system. It is known to 1qteract l
with® energy transfer innibitors such as DECD (N,N' dicyclo-
hexyl carbodiimide). .The precise molecular correiates of
thestalk afe also unknown. Itrooﬁld be OSCP or F; or |
both or neither (Racker, 1976). lalreasonable alternative
is aiso § subunit ;f F, whlch is required for the attach-
ment of the water-soluble ATPase to the membrane (Smith et
al., 1975). Presumablyithé stalk.is to:med by all three
as. shown in Figure 18.) Racker;s model clearly disolays.
the extramembranous iocation of F,-ATPase and is in agree-
ment with the iesults obtainea by .negative staining of 'SMP
in the present study Results obtained by thin sectioning
of SMP (Telford and Racker, 1973) also ‘support the extra—

membranous locatlon of F,;-ATPase. Moreover, the reacti-

vity of F;- ATPase in SMP to nonpermeant diazobenzene is

A



compareble'to that of.Fl—ATPase in solution (Schneider

et ai., 1972)‘quantitatively. - These results would be dif-
ficqlt to recenCile with any model which_shoWs'the F,~-
ATPase to be submerged in the mehbrane, end strongly fa-
vours tﬁe extramembranous location of F,-ATPase.

) There is another line of argument which also
favours the extramembranous location of F,-ATPase. ‘.it is
‘knowﬁ that - the negatlve stalns-are hydrophlllc and hence
they 'should 1nteract‘w1thvthe,hydrophllle surfaces only.

1f the F,-ATPase was submerged in the lipid milieu of the
bilayer in the inner mitochondrial membrane, tﬂen it ehould
not be "stained" at all by the PTA in the negative seaining.
But, since in the negatively'stéined preparations of SMP

the typical "stalked knobs" are clearly seen projecting

out from the membrane, it is dnly reasonable to assume tha€~

-

. the F,-ATPase projects out from the inner mitochondrial
membfane'and it is nof an artifact of negative s?aining.
However this model is wunable to.explain the smooth appear-
ance of the etchea surface of SMP in the freeze-etch ex-
pefimenfs doqe with the SMP euspended in water. Moxe work
is clearly needed in this area to unravel t%e secret of
'this phenomenon. There may be "non-sublimable" water
.present on the surface of the SMP and it will render ‘a
smooth profile to the etched sufface. |

In the freeze-fracture .of the SMP preparations

in 20% glycerol, the .typical membrane intercalated parti-

cles are observed .on both the concave and the convex frac-
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ture faces. 'There is an asymmetryvin the distribution of
these partlcles between the t;o membrano halves. V\Ther
protoplasmic half ‘'has more particles (2000 * 200 parti-
elés/umz) in comparison wit; the exoplasmic half (1300 %
300 particles/umzj. These particles most likely represent
the components of respiratory chain (Wriggleswbrth et al.,
1970).. A theoretical frequency distribution of the com-

onents of thée respiratory chain (Klingenberg, 1968) has
been calcu]ated from a knowledge of the approx1mate mole-
. cular weights and molar composition of the respiratory
chain (ergglesworth et al. 1970). -Cytochromes would
comprlse the ma]orlty of proteln components in such a dis-
tribution, Cytochromes fall in the partlcle size range
4-6nm with a peak at énm due to eytochromes a‘and as.

The distribution is given a low frequency tail

‘by the ATPase and marious dehydrogenases, between 7-13nm,
Assuming a Pt deposit;oJ thickness of 1-1.5nm, a particle
»eize distribution has been calculated for the intramem-—

\

branous particles observed on the fracture faces "of the

. - >
SMP (Figure 1l). From this distribution it is obvious that
the maximum‘number of particles belong to 10-12nm range, and

s

te

it is followed by the particles in.the 5-7nm range. There- -

fore, the freeze fracture particles ‘do not correspond one-
to-one with the members of the resplratorv chain (the mo-
lecular correlates of the members of the respiratory chain).
é%me types of associations between the molecules of»various

members of the respiratory chain would give rise to such



. a situation, dand it is rcasonable to asjsume sO as it would

\

) ‘ .

facilitate the cooperative interactionyg in the respiratory
chain. o
It is not surprising to find/that tho particles

on ‘the f{racturc faces are not roproso#tative of “the indi-
. N i

: : ' : . | . -
vidual protcin molecules. When mombrjnps'reconstitutod

with rhodopsin arc freeze-fractured, despite the low mole-

t

.éqlar weight of the prosthetic groupjbf rhodopsin (26,500~

28,500; -Bownds and Gaid-Huguenin, 1970), the fracture faces
i . "‘/ N

"show ~20nm lérge partic¢les (Honé and Hubbel, 1972). These

particles are tooxlarge to represent indibidual rhodopsig

..

molecules, and therefore. it is‘quité;likelf that theybare
multimorsz MN—glycoprotein,‘théh is obtained from the
erythrocyte membranésb(glycophorin, molecular'weight~55ﬂm07
Steck, l9745,lcan be incorporated into liposomes. Thi; 3
protein undergoes multimerization above a critical concen-
tration %n the liéosomes ana sbowé up ash~§nm'large parti-
cles in fracture faces, after freeze—fractdring (Grant and
McConnell, 1974; Sergrest et al., 1974). Récen;iy”Fisher én§
Stoeckenius (1977) héve correlated the freezefffaéfﬁred re-
pligés of the purple membranevprepéfgtions with'£hé elec-
fLon dcnéit§ projection workea out byrtﬂ‘.,‘and Henderson
(1975). »These'authors'haVe determined t(hat each particleg?\_

. «
in the fracture f%@e contains 9-12 bacteriorhodopsin 4

molecules--63 to 84 transmembrane<gj£elices.

‘

Optical Diffraction Studies . . !

The results f the optical diffraction experi-
: s .
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Pa =

»*lattlce, and the average particle~to- palthlC distance 1ig

” <t . "
! ¢

ments on the electron micrographs of, negatively stainced

f
»

SMp- clcarly demdnstrate thd” abs;c'ncc.‘.*'of any subunit struc-
f L ’ . ; £ " . '
ture inthe plgne Qf innbr%mit&chonérlal membrane.in SMP,
: A v
sFurthetYmore, i1t also suagests that‘tho’igtticq of F,-
ATPasc molecules is highlys disordered. The data from the

' > ' ‘ . ‘
(AR ¢ ¢

. ' _: . 2 R : LY ’ ! ., - .
-optical diffraction experlmchts on the masks obtainced from

.the electron micrographs of the fra@tu;o1faccs of the SHP

- o
4 kA

. R . . : :
also denonstrate a lack of any subunit structure in the

"

' N S ) o .
ﬁhydropWOblc Lntcilor of the membrane. The lntramembranous

/ o ¢ 'g

/

partlcles are not arrangcd in any rogular two- dlmen51onal

R u’

<

'lO.Snm. These results nogato the prosenco of the,'muCh

o7 !

' n

discussed"‘pronounced‘subun;t/strgcture'[Green, 1974;

972; Fernénéez*Morén.ct al.,, 1964) -in the plane

.

iy k4

'hner m1tochond1 l mcmbrane THe%e conclu51ons are
4 s

. ' t
_workers (Thompson et aZ., 1968) who have stuiiedﬁthe innes

N h . M

all~angle X—Iay dlffractlon..;The diffraction patte:ns

. L

d £ (231 hydrated pellets of the inner mitochondrial

membrﬁhe (obtalncd fromﬂrat liver mitochondria) showed

-

tw0gor'three’brders,of a lamgllar repeat of;ll.SQm at water

contents of 10-30%. Thé lameller phase is Ehgught to re-
4 . .

present the intagt membranc which retaips water essential

7

to its integrity. Subsequent alteratlons Jn
- tion patterns.on further drying

cular reorganization within the

o ]
. .




/o
found no X—ra¥ diffract{on ey}ﬁonce in support of a\pro~
nounccalsubunit structgr; ithin the plane of the }nncr
mitochondrial mcmb;;ne.

These results, which negate the‘prosence‘of the
subunit or any two-dimensional periodic structurq.within‘
the plane of the inner mitochondrial mombreno,rpoint
against the "tripartite r&ﬁeatiﬁg unit" (TRU) cgncept of"~
tﬁérinher mitochondrial membrane organizdtibn given by
Green aﬁd his colleagues (Fernandez-Moran et al., 1964;
Green aﬁ? Ji, 1972; Green, 1974). - First these authors had
invoked the concept ofnzﬁe lipoprotein subunits, which was
refuted later on (Stoeckenius and Engelmen, 1968). Now, t
G;een'has prbposed a model (Greén, 1974) in which the mito-
chondrial subermolecule is envisaged to contain five',com-
plexes: the fgpr éo&plexe;obf the electron transfer chain
énd a centraliiﬁiéértite repeating ﬁnit, which consists of
the systems involved in ATP'synthesis (the.Fl—ATPase)'and
active transport (ﬁhe membrane-forming basepiece). But
on fhe_basis of thetobservations]made in the present study
it seems that there is no repeating unit‘in the inner
mitochondrigl membrané.

The concept of the lipoprotein subunits has been
abandoned now. In'some membranes the éfeseﬁbe of a sub-

unit structure (here the word subunit structure refers .

to the two-dimensional periodic structuré within.the plane
Bt 5 !
2 1P ‘h ,

of the membrane as definea«in the introduction and there-

fore it shouid'pot be confused with the lipoprotein sub-




units) has been demonstrated. Subunit X¥ray diffraction

patterns f(arising due to the-preteiné witbﬁnvtﬁe plane of.
: : . A '

the membrane) have been reGorded from the disc membranes

o . . _ v
obtained frem the retina, sarcoplasmic retfeulum membranes,

hepatic gép junctions,fpurple membranes of the halophilic

bacterium #al obacterium kapobqum, and from the quantasomes

*

Qf tH€“chloroplasts. The subunlt dlffractlon 18 dlffuse

‘_ana of weak 1nten:1ty and is therefore npt‘ea51ly re-
cqaded The flrst X—ray evidence for a subunit structure‘.
\‘ﬁlthln the pl;ne of the membrane wasvobtaiped from the
subunif diffraction paﬁtern_reeorded from'fully_hYdrateE; o
véartially_ﬁyﬁrated or air—dried'isolated disc membrane
pfeparatione.(Blasie et al, 1965). 1In the gormal hydratedb
state Fhe latfice of rhodopsih molecules?is disordered but
inﬂthe»airfdried discimembranes, rhodopsié molecules are
arrangeé in a equare lettice of 7 0 X 7.0nm. In the ease
of the fully hydrateo sarcoplasmlc retlculum mfmbranes, a
subunit pattern con51st1ng of two diffuse reflections has.

»
been recorded. Inshe normal hydrated state the lattice

s 7N
of ATPase_molecules is disorde?ed with an average center-
to-center Hearest-neighbour distance ofvabeut 7.3nm
(Worthing&on and Liu, 1973). Dupont and his{coworkers'
(Duﬁont et al., 1974) have obtained a. subunit pattern
from the X-ray etudy on the membrane fragments from Tor-
pedo electric tissue. In the partially dehydrated elec~

" troplax membrénes, the cHbolinergic receptor molecules are -

‘arranged in a hexagonal array of 9.Qnm in-size. In the ‘case



Fl

of the putple membrane, the unusually regular arrangement
4 , , : |
of the pretein and lipid components was first demonstra‘gd .

hy,Blaurock and Stoeckenius (1971). TheAX—ray diffraction
patterh of purple membrane in water cons;;ted of avseriesu
of sharp rings, the spacings of yhich corresponded~to
a two—dimensional hexagonal'crystai with a 6.3nm unit .
cell. [Recehtly Unwin and Henderson (Unwin and Henderson,

[

1975- Henderson and Unwin, 19754 e achieved a notablg

breakthrough in the~analy51s/ 'periodic arrays of

’vblologlcal moleculesnand they.hate determined the three—
dlmen510nal structure of purple membrane at 0. 7nm,£§solu—
tion, The unstained purple membranes ;n 1% glucose;were
exposed to very. low electron doses, low enough to avoid the
destruction of their-structure, to obtaln the "low dose
images". The data obtalned from 1ow does 1mages was comblned
w1th the data from the electron dlffractlon patterns. The

@

low doseylmages were processed to prov1de the phases (the
phases were sultably corrected ‘for the contrast transfer
function by UtlllZlng the optlcal Fourler transforms of,
the normal high- dose 1mages), and ‘the amplltudes of the

. structure factors were obtained by measurlng the lnten—
sities in the electron diffraction patterns. By employlng
the, data obtained for various tilt angles, a three-
dimensional Fourler synthesis was computed accorddng to
the method glven by DeR051er and Klug (1968) . The map

reveals that the bacteriorhodopsin protein in the membrane4

s globular and it extends to both‘sides of the membrane.



i

-a hexagonal lattice of .8.6na.

t

It is made up 7 a-heliceg “ked 1.0-1.2nm épart and

¢ Werpendicularly to the plane of -

the_membrahe. The molecﬁles_gre érranged around a three-‘~
fold axis-with a space of 2.0nm§§; diameter at the centré,.
ich is filled with lipid. The membrane displays a sur-

éat degree of Oﬂ&ﬁr. Purple membrane is phe
only eXamplé of‘afgi. embragé<where‘we know the structure

of a membfane—boundfpfotein in4§%ju.] The_gag'juncgigni i
are made up of the units hexagonally,arraygd with tWoJVWJSA

dimensional scrystal-like regularity in the plane of the
. . ) . o .

membrane. Goodenough and @toeckeniUSA(l972)‘have“obtained

" the su@unit reflections from gap junétions correspondihg to

] ’
Very recently Caspar and his group have used

X~ray crYstallographic methods and electron microscope

image analysis tO'correlatekthe structure and composition

i
! 1

of gap junction plaquesvisélated from mouse liver (CasparA
et w{:, 1577; Makowski,éf'dl., 1977). They havedshéwn that
there is»a‘éignificant shorﬁ—range‘disorder in junction
lattice,.even though the long—rénge‘order of arfay is re-
markaﬁiz. JThis disbrder ﬁas'provided mére information

aboutmthe nature of forces that hold thé array together.

In the case of gap juncﬁﬁons and purple membranes, the® sub-

J
Vi

unit structure remains unaffectbd by drying.

w? It is now-known.onwfﬁe basis;:of the observations
of Blasie and Worthington (1969), who had‘émpldyéa‘thé

radial distribution functions to analyzeathe subunit
. 1 . B .
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% gtructure, and that of poo a?d Cone (1973), that the rho-

.
L -
4y
v

e S

dopsin molecules in the hormal‘hydrated‘disc membranes have .

freedem of motion within“the plane of membrane and beﬁéve

-

like a "planar liquid". The subunits in the sarcoplasmic

reticulum have also peen demonstrated to behave in thé& same

wayULWOrfhington, 1976) . y
;What are the probable reasons for the apsénce of
a subuﬁit strucfu?e in £he'plane of'thelinnér mitochoﬁdrial
membrane? . It is kgown in the case of the‘cytoc;;;;;\zs\\:
.that it moves between;its'Q§idaéeiand réductaselih the lipid
milieu of the ﬁémbréné (Chanée;(I974). For sqchl£rans—
lational and .rotational ﬁgtiéns that the éytoéhrome ¢ under-
éges,rthe mehbrane lipids‘must,be in a suffiqiently’fluid
stafe‘to allow for éuéh motions. And thiS'mgie fluid lipid
: envi;onmentvwould,reducé the.possibility of the organizationm
of membfané proteiﬁs in 5ny regulér'two;dimenéional lattice ° |
.in. the élane of.the.membraneﬁ Most. of the membranes which
have distinctive subUnit étructure haye,é relafivély rigid
lipid environmént.‘ For eXampléfiﬁvfhe‘case of the p;rple'
membrane which has auregﬁl§£’subunit.structure, the bac-
teriorh?dopsin molecules e#iét in}é very rigid lipid eﬁj
vifbnmept (Blautock and Stbeckenius,-1§7l). quever, there
is still a possibility of the existence of regions of .high
lipid fluidity and re;atively’rigiﬁ‘lipid eﬁvirdhmgntg%gc—w‘
curring together in the‘ihngf‘mitqcﬁondrial.memgrané; “The <
evidence fb; the présenée of»rglatively_rigidieﬁwiféhﬁénts 

in the inner mitochondrial membrane came from the experi-:'. -

-

Yy
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ments w1th cytochrome ‘oxidase, which demonstrated that it 1is

soet - -

probably completely 1mmoblllzed in the inner mltochondrlal
membrane or its, rotatlon is. conflned to a single axis

‘,coinciding with the symmetry axis of herne aj; (Junge and _

Devault, 1975). o

The absence of subunit or any two~d1men51onal
periodic structure within the plane of lnner mltochondrlal
memblane 1nd1cates that there 1s, perhaps, a considerable
freedom of molecular motion w1th1n the plane of the mem-

brane.

o

S However, in relation to the'implications,of the
present work it should be borne in- mind that the results
reported hefe are based on the/studles of SMP and it is
possible that thelr organization may not be a/true repre—
senation of the life- llke structure of the 1nner mitochon=
: dr%gé membfane. This constralnt is of particular’ s1gnlf1—
%Y

can in view of the current concept of the "iynamlc

>

Biomembrane organization and functlon.
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PLATES AND FIGURE LEGENDS
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Figure .1. A three-dimensional drawing of a t.,rj.p‘l\e—layerefA
‘membrane:with a regular subunit structure
(Worthington, 1976). ‘ '

A






.Figure 2. Optical'di"fvfractomete_r lens system. Ray dia-
gram showing diffraction and reconstitution .
positions (Polaron Instruments Inc.).

~
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PLATE 1

Figure 3. A typical SMP preparation negatively stained
: with 2% PTA (pH 7.1). F,~ATPase knobs are
seen attached to the surface of SMP.

Y

!






Figure 4.

PLATE 2 | »

An SMP pféparation negatively‘stained with
2% PTA (pH 7.a) showing F,-ATPase knobs at-

tached to the SMP by stalks (arrows point. at
the stalks). :



wr
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'A'negatively stained (with 2% PTA; pH 7.1)
"tubularﬁzed" preparation of membrane fragments

- Figure 5.
‘ .of mitocHondrial cristae.
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Figure 6. Freeze-etch nomenclature for SMP; membranes of

P

mitochondria; freeze-etching of SMP in glycerol;
freeze-etching of SMP in water.

Cc. = convex fracture plane
' = concave fracture plane
'EF.- = exoplasmic fracture face

EH = exoplasmic half .
ES = exoplasmic surface
"I = inner mitochondrial membrane
.0 = outer mitochondrial membrane
IMS = the.space between the inner and outer
’ mitochondrial membrane :
‘M = matrix - : g
PH = protoplasmic half
PS = protoplasmic surface : :
PF. . = protoplasmic fracture face S
sp = surface proteins
¢ water - R

"W
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/ PLATE 4 : o
Figure 7. tFracture faces ‘revealed after freeze etchlng

SMP suspended in 20% glycerol. Arrow indicates
the dlrectlon of shadow1ng :

EF

"exoplasmic fracture. face {(convex)
protoplasmlc fracture face (concave)

b
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Figure‘S.

PLATE-S® . .

Feh]
1

'Typiéal-ff@cture faces revealed: after ffeezé—

etching SMP in’ 20% glycerol. Arrow indicates .

the direction of shadowing.

?







PLATE 6

-
“

. r $ ) : :}4 .. . £ ;
Figure 97 Typical fracture faces obtained by freeze-etching .
: v SMP preparation suspended in 20% glycerol.
. < R & Arrow indicates the direction of shadowing.

»
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_PLATE 7°

.

Lo X
Figure 10. A convex fracture face '(EF) revealing the
’ intramembrahous particles arranged in irregu-
lar rows.- Arrows indicate the rows. T
. - } .

oy S






Figure 11l. Frequency distribution of particle sizes om
the SMP fracture faces. Note that most of
"particles fall in 10-12nm diameter range.
Over 200 particles were counted. ‘_ -
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PLATE 8

' Figure 12. Astypical SMP, freeze-etched in water. It
displays a rather smooth. etched sur{fface (PF)
#nd a typical convex fracture face '(EF).
Arrow indicates the direction of shadowing. .
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PLATE 9 SN

{ : .
Fi%%;e 13a. A typical negatively stained SMP subjected to‘
T optical diffraction. 'The area under the circle
was -left open and the remainder was masked g
out 1n the optical dlffractlon experlments.A
13b. Optical Fourier. transform of the area enclosed
S within the circle in Figure 13a. It reveals an
absence of any periodic-elements' and the fore
it eliminates the possibility of a subu t
_ structure w1th1n the plane of membrane in SMP.

l3b¢ and 13b". Optlcal Fourler transform of the same
" ‘ area as shown in Figure '13a, obtained by using
I .shorter exposu¥e times. These, too, reveal an
‘ absence of periodic elements.






PLATE -10

5 | = |

Figure l4a. An SMP negatively stained with 2% PTA (pH,7.1).
v . The area within the rectanglé was subjected to ¢
optlcal dlffractlon

Y

enclosed within £he rectangle in Flgureil4a.
It reveals an stinence of periodic elements.

N

14b. ‘Optlcal Fourle;;zransform .obtained from area

'
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PLATE 11
Q,

Fiéure”lSa. A cataléée'crystal_negatively stained 'with
2% PTA, pH 7.1. The lattice repeats are 19nm !
and 7.8nm.-" ¢ . TN - ‘ '

g--etched il water.
“Qigﬂ_\The area within
g to optical dif-

15b. A catalase G
It reveals Wl
the rectandtén
fraction. '

v

n

. ' . ' s, N - \ ~
15c. Optical Fourier, xénsform‘of‘the'fracture face

enclbsed within rectangle in‘gigure-le. It

shows distinctive répetittive Hetails to a re-
solution ‘of 3.2nm. Basic spacings.are 16.1nm
and 6.5nm. : ' ' K






Figvre lé6a.
lé6b.

‘16cC.

~with a mean radius of 10.5nm.

PLATE 12

4
7 s

Convex fracture face (pF).bf a freezefetchéa
dMP. The fracture face displays typical

‘intramembranous” particles.

The maﬁkhprepared'by punching holes at parti—'
cle positions in the micrograph shown in Fi-
gure l6a. ' ' ' -

The optical Fourier transform of the mask
shown in Figure 16b. The diffraction pattern
shows a diffuse ring extending from about 9-12nm,






vFigurew17.

3

Figure 18.

Diag:ammatié summary of subunit structure of
the oligomycin-sensitive ATERase isolated from
Saccharomyces cerevisiae (Beechey, 1974) .

Structure of the mitochondrial proton pump
(Racker, 1976). It is intentionally incomplete
with respect to the subunit structure of F-
ATPase, because the topographical positions of

_ the y and € subunits (which are deleted in the

drawing) are not clearly kKnown.

]






Figure 19.
Figure 20.

“Figure 21.

Path difference for rays scattered at an angle
o from two points A, and A; -(Lipson and Lip-
son, 1969). ‘

Image formation in a single-lense optical
systém illuminated with a coherent beam
(Johansen, 1975). ) -

Path differences between waves resulting from
scattering in a plane object at two object
points O and P/ Thes angular coordinates of

the interference pattern -at point Q are @
and 8 (Johansen, 1975).
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A. ABBE'S THEORY OF IMAGE FORMATION

According to the Fourier theory of Fraunhofer
) : -\ .
diffraction, the Fraunhofer ‘diffraction pattern.of an

object is the Fourier transform of the object (Lipson and
Lipson, 1969). Amplitude and the phase of ﬁhe“radiation

_at any point in the diffraction patfe;n are the amplitude 

. o

aﬁd the phase at the corrésponding point in tﬂevFonier
transform. lSuppose a radiaﬁioh of wévelengthix is §cat—
tered by two points A; and Az-(Figure{lQ) placed aﬁqa
distance x apart. If thé rgdiation‘is incidentAnormally
to a.line separating'tWo‘boints, the phase difference

for waves.diffrgctéd ax'éh éngle a is equal‘to fZHx/A)siﬁa,
which can be w:ittehvas kksina too (where k = 20/A) . If
there is a collection of points A,\each scattering,én am—
piitude f(x),.the complete wave‘diffrécted7in the‘Ainection

t

a is given by

¥y = jmf(x)éxp[-ikxsina)dx v .. (8)

- 00

(Lipson and Lipson, 196%). Y is the Fourier transfofm of

f(x) in terms of the variable ksina, which is also called

as u. This treatment is one dimensional.

According to Zernike (1946) -there are two steps:
of diffraction, in the process of image formation, in an

\
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) optical{instrument: the incident light‘wave‘is first dif-

- . - ] » N ' b v
fracted by the object and the image is formed by a second
diffraction process in which diffraction of the diffraction

patterh} producedvin the back focal plane of the’objective'

" lens, takes place

However in case of the incoherent 1llum1natlon,
waves will be inclined to the object from a variety of
angles? If only one such wave inclined at an angle B to

the object is considered, the Fourier transform can be

written: ’ o : . - o e
' , - - E \ [
¥ (u,B) = f f(x)exp{-ikx(sinq + sinB)}dx L. e (9)
‘ . .
_(Lipson,vl972). However,dunless-f(x)'is an extraordiharily

simple function, the problem becomes extremely complicated

to deal'with- therefore in order‘to explain.the image - form-
ation process a simp.e case. of plane parallel illumination
w1llhbe used (Johahsen, l975).. In order to- complete the

o

requirements of forTlhg‘an'image, it is necessary for an
optical instrument to recombiﬁe"all the scattered waves from
one point in the object to a single point in the spacew |
‘because of the fact that the object scéiters’thebplahe %9”
parallel wave. The occurrence of an imége‘point will be
‘determined by whether all the waves arrive in phase. For =~

the saxe of cldrlty and slmpllclty, the object is taken toi

be a dlffractlon gratlng 1llum1nated by a coherent plane

wave as shown in Figure 20. The 1n01dent radlatlon will be
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. scattered by the object with the maxima of successive

orders at the, angles . » . -az, -ay, 0, oy, G2 « . . .

,‘These rays would be refracted-by the lens so that all rays

b

entering a glVen angle, an, w1ll intersect at a p01nt P
in the image focal plane, also known as the back focal
plane. : i _ oo

The diffraction pattern of the object is in the

back focal plane of the lens, each point -s,, -=Si, So.,

£

's,;, s, being a center of coherently reconstructed rays

scattered from the object at a giVen angle. In this plane,
. ¢ T .

intensity of each point.would be observed. (The wave VY

is a complex quantity and -has both amplitude aha'phase.

However in the diffraction pattern only intensity can be

recorded. Intensity is equal to |¥|? or Y¥*, where ¥*

~is the complex conjugate of ¥.) _If the'rays are allowed to

go further from the back focal plane F' to the 1mage plane

I, they w1ll gecomblne to give the image of the object.

3

To produce an' image, the relative phases between

" the object points and image points,must be the same, and

as is obvious‘the phase change between the object and the-
back focal plane, F' is’ Opp051te and equal to the'phase
Change_between F' and the lmage_plane. It therefore im-
plies that the phase relation between the back focal plane
of the lens and the 1mage is the inverse of that between
the 1mage and the focal plane. Therefore, it can be con-
cluded that the lmage is the inverse Fourler transform of

Y (U) ‘
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£r(x) = ]t:W(ufeXp(iku)du' . ... (10)-
o, . | A o
(Lipson, 1972), indicating the inverse nature of the trans-
formation by omitting the minus sign in the exponential.
. A {

So far only thé objects in one dimension have

"
Y

gbeﬁ considéred by the théory, but tyo—dimensionaliﬁlénev
objects perpendicular to the lens system,caﬁ élso be con-
sidered easily. Accordiqgrto Lipson 21972),.each point in
theobjeq£ is defined b?va'vecﬁor rf'dir%btiah of the inci-
" dent beam is définqd“b§ a vécto;.sg and that of diffracted
béam'by a vector s. If the diffracting object is ;epge—
sented'by £he_funétion £f(r), the total sqattéredVQave,would

be: o ' ' .

Y =ft:f(r)expgﬂ%¥£l(cosa - coxB)dA’ N 6 5§

Here dA is the element of -area around point r, and o and B
are angles of incidence énd scqﬁtering respectively. By
giving the vectors s and s, moduli of 1/x, equation (11)

can be written as:

¥ ; ]t:f(r)eXPZHi(r'S —6r&So)dA e (12)

or

y = J1°f(r)exp(2Nir-s)da Co.o. (13)

Al

where S = s-s,.
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This general e;pression (Lipson and Taylor, 1958; Lipson,
1972) is vélid for ail ahgles-of incidence. Equa%ion'(l3)
represents the Fourier transform of the object f(r). To
deflne a complete Fourler transform, two quantltles, the

v
- phase angle and intensity are needed at each image point.

Slnce the dlffractlon pattern in the back focal plane of the

‘objectlve lens-gives only 1ntensxty |¥]?, it is referred to

-

as the optlcal transform.



B. ‘CONCEPT‘ OF OPTICAL DIFFRACT;)METER _
. . \
It was assumed in the one-dimensional diffrac-
tion theory‘that the beam illuminating the diffraotingaoh—
ject was aAplane(coherent wave, and that the lens was lo-
cated,close to the object. By mountrng‘a coll&mating rens
in front of the drffracting objeot, thrs illumination con-—
dition can be achieved tola certain approximation in the.
optical diffractometer.' Under these conditions Fraunhofer
diffractiOn is observed, and its theory has been treated
in detail by many authors (Sears, 1949 Goodman, 1968;
Lipson and Llpson, 1969)" Lipson (1972) has prov1ded a
srmpllfled view of the theory whlch con51ders a plane dif-—
'fractlng object (Figure 2) 1llum1nated by a plane wave
travelling perpendicular to it. It is to be determlned
then, how the waves from all. points‘(P), having the coor-
dlnates (x, y), add together in a parallel plane at a larg-
er dlstance (2)y. If it is supposed that point Q is -located
at such a plane, the coordinates are Qa and 28, where o
and B are the angular coordlnates of the line 0Q. The
lxth differences 0Q-PQ are equal'to_22(qx + By), where «
nd B are very small. The diffraction functlon ¥ (a,B), then,
can be obhtained by using equatlon (13) In order to deter-

"mine the diffraction patterns of :various objects, this equa

‘tion can be used. Of speoial importance is the object of .
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an opening_wheré f(x) is constant, it is needed to inte- fn
'grate the expression
e
¥(a,B) = [exp{-ik (ax + By) }dxdy ‘ c. . (14)
. oS
‘over the area of the 6pening.

- When the periodicities present in.an electron
micrograph are to be analyzed inhaﬁ optical digfractometer,
usually a rectaﬁgular maskjis applied leaving out the
'area of the_micrograph-whiéh is of no_inte;est. Upon,
illumination’this single opening would produce Fraunhofer
diffraction péttefh with a central spot. Shape of the
central spot is inversely reléted to the sﬁapeﬂof_the
aperfﬁre‘and in the crossed pattern tﬁere'are Sets Qf’
‘successivély faint spots. It can also be treated purel&
analyt&cally, since the two dimensions can be dealt witH
sepatately.' Assuming that the.two'sidé§ of the rectangle

are a and b, eqguation (14) will become

a/2 . +b/2. .
¥ (a,B)o= f- : exp(—ikax)dx[. exp (-ikBy)dy . . . (15)
-a/2 ' '/ -b/2 .

After integration,

2T _ '»Sin%kaa». SinkkBb-
b4 ((1, B) = ab— %._kaa %ksb

. ... (e,

N

which represents the intensity distribution and shape of

the Fraunhofer diffraction pattern (Lipson  and Lipson,

A}
-
~



1969). A circular mask can also be used instead of rec-

tahgular opening to leave out the parts of the micrograph

-

that are of no interest. _GoogmanA(l968) and Lipson and

Lipson (1969) have prescnted the theory, explaining the
Fraunhofer diffraction pattern of a circular opening, eX-
pressing it in terms of Beésel funCtiqns. The diffraction
pattern of a circular hole consists of a'central pegk,

\calleq thelAiry disk, surrounded by the successive weaker 3’!’

rings. : y
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C. I\NA)LYSIS OF PERIODIC SPACINGS AND ORIENTATIONS
IN THE E_LECTRON MICROGRAPH : : :

The éeriodic spacings and orientations in the
electron micrograph are determinqiby the-analysis of the
obtical diffraéﬁion éattern in a way that-is preéisely.
similar to tpe detcrminatioq of interpianar spacings and
oriéntations in the ;pecimen by the aﬁalysis of the electror
diffraction pattern'(Beeston, 1973} Jorne and_Markham,
1973). The distance on the optical diffraction éattern
between any particular first order diffractioh spot and th
central spot 1is inversely related to-the periodic spac-
ings between the répeat-featgres of the micrograph, which
has been subjected to optical diffracﬁionkw The periodic
spacing, 4, ih the.électrqn micrograph and. the distance
between the assééiatea first order spot in the optical di:

fraction pattern and the central spot, R, are related by

the following equation:

Rd = AL ... (17
where \ is the wavelength of the laser light (632.8nm for
the helium ﬁéon laser) and L ‘is the'diffractioﬁ camera
length. Camera length of the optical diffractometer can

be calibrated by agﬁﬁﬁber of suitable test objects (Horn
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and Markham, 1973,) for. example, negativel stained micro-
i J Y

crystals of catalase, platinum pthalocyanine crystals, ctc.



