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Abst r act . A r econst r uct i on, at 40 A, of t he Escher i chi a
col i r i bosome i maged by cr yo- el ect r on mi cr oscopy, ob-
t ai ned f r om 303 pr oj ect i ons by a si ngl e- par t i cl e
met hod of r econst r uct i on, shows t he t wo subuni t s wi t h
unpr ecedent ed cl ar i t y . I n t he i nt er i or of t he subuni t s, a
compl ex di st r i but i on of hi gher mass densi t y i s r ecog-

T
~1HE r i bosome i s a hi ghl y compl ex or ganel l e, f or med

by assembl y of pr ot ei ns and nucl ei c aci ds, and r e-
sponsi bl e f or pr ot ei n synt hesi s i n al l or gani sms . Knowl -

edge of i t s st r uct ur e, even at moder at e r esol ut i on, wi l l hel p
t o unr avel t he numer ous st eps i n t he t r ansl at i on of t he genet i c
message i nt o a pol ypept i de chai n . Model s of t he r i bosome
t hat wer e der i ved by vi sual i nt er pr et at i on of el ect r on mi cr o-
gr aphs ( r evi ewed by Wi t t mann, 1983) have been gener al l y
hel pf ul i n concept ual i zi ng t he spat i al i nt er act i ons i nvol ved i n
t r ansl at i on; however , t hese model s ar e based onl y on a sub-
j ect i ve synt hesi s f r oma f ew vi ews of t he par t i cl e and t he r e-
sul t s of i mmuno- el ect r on mi cr oscopy.

Because of t he l ar ge si ze of t he r i bosome, and t he di f f i cul -
t i es i n obt ai ni ng wel l - or der ed cr yst al s of suf f i ci ent si ze, t he
pr ogr ess of x- r ay di f f r act i on met hods has been ver y sl ow.
EM combi ned wi t h t echni ques of i mage pr ocessi ng and
t hr ee- di mensi onal ( 3D) ' r econst r uct i on, ei t her appl i ed t o
t wo- di mensi onal cr yst al s ( Ar ad et al . , 1987 ; Yonat h and
Wi t t mann, 1989) or si ngl e par t i cl es ( Rader macher et al . ,
1987a ; Wagenknecht et al. , 1989) has t her ef or e been t he
mai n sour ce of quant i t at i ve st r uct ur al i nf or mat i on .

To dat e, t he most det ai l ed descr i pt i on of 3D mor phol ogy
has been obt ai ned by appl i cat i on of t he r andom- coni cal
r econst r uct i on t echni que ( Rader macher et al . , 1987b, Ra-
der macher , 1988) t o r i bosomes i n si ngl e par t i cl e f or mpr e-
par ed by negat i ve st ai ni ng and ai r - dr yi ng . However , t hi s pr ep-
ar at i on t echni que has t hr ee maj or l i mi t at i ons : ( a) i nf or mat i on
i s obt ai ned pr edomi nant l y about t he sur f ace of t he par t i cl e,
and l i t t l e about i t s i nt er i or ; ( b) i f ur anyl sal t s ar e used, t hen
posi t i ve st ai ni ng of RNA exposed at t he sur f ace may occur ,
r esul t i ng i n a mi si nt er pr et at i on of cer t ai n f eat ur es ; ( c) t he
r el at i vel y open, hi ghl y hydr at ed st r uct ur e evi dent l y pr esent ed
by t he r i bosome may col l apse under t he f or ces exer t ed upon

1 . Abbr evi at i ons used i n t hi s paper : CTF, cont r ast t r ansf er f unct i on ; 313,
t hr ee- di mensi onal ; EM, el ect r on mi cr oscope .
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ni zed, whi ch i s at t r i but ed t o r i bosomal RNA. The
masses cor r espondi ng t o t he 16S and 23S component s
ar e l i nked i n t he r egi on of t he pl at f or m of t he smal l
subuni t . Thus t he t opogr aphy of t he r RNA r egi ons r e-
sponsi bl e f or pr ot ei n synt hesi s can be descr i bed .

i t dur i ng ai r dr yi ng ( Wagenknecht et al . , 1989 ; Car azo et al . ,
1989) .

By cont r ast , t he met hod of cr yo- el ect r on mi cr oscopy of
speci mens embedded i n vi t r eous i ce ( Dubochet et al . , 1982)
has been shown t o avoi d t hese pr obl ems, by pr eser vi ng t he
speci men i n a f ul l y hydr at ed f or mwi t hout t he hel p of a heavy
met al cont r ast i ng agent . I nt er i or f eat ur es become vi si bl e,
whi ch can be r el at ed, i n a quant i t at i ve way, t o t he scat t er i ng
densi t y di st r i but i on, and i n t ur n t o t he el ect r on densi t y di st r i -
but i on ( see Jeng et al . , 1989) . Gi ven suf f i ci ent r esol ut i on,
t he spat i al di st r i but i on of r i bosomal RNAwi t hi n t he par t i cl e
can be vi sual i zed because of t he hi gh scat t er i ng of t he phos-
phor us at oms i n t he RNA backbone . To dat e, however , onl y
t wo- di mensi onal cr yst al speci mens have been i maged by
usi ng cr yo- el ect r on mi cr oscopy, and t he r esul t s have been
l i mi t ed i n r esol ut i on by cr yst al di sor der ( Ar ad et al . , 1987 ;
Yonat h and Wi t t mann, 1989 ; f or eukar yot i c r i bosomes, see
Kuhl br andt and Unwi n, 1982 ; Mi l l i gan and Unwi n, 1986) .

We have been successf ul i n ext endi ng t he r andom- coni cal
r econst r uct i on appr oach t o i mages of t he Escher i chi a col i
( E. col i ) r i bosome i n i ce . The r esul t i ng r econst r uct i on, at
40- . Br r esol ut i on, pr ovi des t he most det ai l ed quant i t at i ve de-
scr i pt i on of r i bosome mor phol ogy yet achi eved by means of
EM. The mut ual ar r angement of t he t wo subuni t s i s r eveal ed .
The i nt er subuni t gap appear s t o pr ovi de ampl e space f or t he
bi ndi ng of t he t wo t RNA mol ecul es and ot her t r ansl at i onal
component s engaged i n pr ot ei n synt hesi s . I n t he i nt er i or s of
t he t wo subuni t s, compl ex- shaped r egi ons wi t h hi gh densi t y
st and out t hat ar e t ent at i vel y i nt er pr et ed as r RNA or r RNA
r i ch . A br i dge l i nki ng t he 16S and 23S r RNA component s
i n t he r egi on of t he 30S subuni t " pl at f or m" i s r ecogni zed .

Mat er i al and Met hods

Exper i ment al Mat er i al

E. col i MRE- 600 cel l s ( Gr ai n Pr ocessi ng, Muscat i ne, I owa) ar e gr ound
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Fi gur e 1 . EMof r i bosomes embedded i n i ce . ( Lef t ) El ect r on mi cr ogr aph of speci men t i l t ed by 50° . ( Ri ght ) t he same speci men f i el d, unt i l t ed .

wi t h al umi na and t he r i bosomes ar e ext r act ed i nt o a buf f er consi st i ng of 20
mMt r i s- HCI ( pH 7. 5) , 10 MMMgC12, 100 mMNH4C1, 0. 5 mMEDTA,

and 3 mM0- mer capt oet hanol . Ti ght - coupl e 70S r i bosomes ar e pr epar ed by
ul t r acent r i f ugat i on of al umi na ext r act i n a Tí - 60 r ot or at 30, 000 r pm f or

15 h ( Rober t son and Wi nt er meyer , 1981) . The i nact i ve r i bosomes ar e r e-
moved f r om t he r i bosomal f r act i on by sucr ose densi t y gr adi ent cent r i f uga-
t i on ( 10- 30% wt / vol sucr ose i n 20 mM Tr i s ( pH 7. 5) , 5. 5 MM MgC12,
100 mMNH Cl , 0. 5 mMEDTA, 3 mM0- mer capt oet hanol ) .

Bef or e EM, r i bosomes wer e t est ed f or t hei r pr ot ei n synt hesi zi ng capabi l -
i t y accor di ng t o t he pr ocedur e of St aehel i n and Magl ot t ( 1971) and wer e
f ound t o be 79% act i ve. I n addi t i on, A- and P- si t e t RNA bi ndi ng t o 70S
r i bosomes was t est ed as r epor t ed by Rhei nber ger et al . ( 1988) . P- si t e bi nd-
i ng t o 70S was conf i r med by coval ent cr oss- l i nki ng of val - t RNA° u i n t he
pr esence of pol y ( U2G) ( Of engand and Li ou, 1981) as wel l as by pur omy-
ci n r eact i on . The i ncor por at i on was f ound t o be 0. 6 t RNA mol ecul e/ r i bo-
some. The A- si t e bi ndi ng obt ai ned under si mi l ar condi t i ons was 0. 4 t RNA
mol ecul e/ r i bosome.

Cr yo- el ect r on Mi cr oscopy

We cl osel y f ol l owed t he exper i ment al pr ocedur e of Wagenknecht et al .
( 1988) usi ng GATANcr yo- t r ansf er equi pment and goni omet er st age ( model
EM420; Phi l i ps El ect r oni c I nst r ument s, I nc . , Mahwah, NJ) . Copper gr i ds
( 400- mesh) ar e cover ed wi t h a t hi ck car bon f i l m, cont ai ni ng hol es, on
whi ch a t hi n car bon f i l m( t i 100 A) i s appl i ed . The gr i ds ar e gl owdi schar ged
i n t he pr esence of amyl ami ne. The par t i cl es ar e t hen appl i ed t o t he speci men
gr i ds and f r ozen by t he bl ot t i ng t echni que ( Dubochet et al . , 1982) usi ng a

l i qui d et hane sl ush as f r eezi ng medi um.
I n our met hod of dat a col l ect i on and r econst r uct i on ( Rader macher et al . ,

19876 ; Rader macher , 1988) we make use of pr ef er r ed or i ent at i ons of t he
par t i cl es on a suppor t f i l m. When t he speci men i s t i l t ed, t he par t i cl es adher -
i ng t o t he gr i d i n a pr ef er r ed or i ent at i on pr esent a coni cal r ange of pr oj ec-
t i ons, f r omwhi ch an aver aged par t i cl e can be r econst r uct ed i n t hr ee di men-
si ons . I n pr act i ce, each speci men f i el d i s i maged t wi ce, f i r st wi t h t he

speci men t i l t ed by 50° under l ow- dose condi t i ons, and t hen wi t h t he speci -
men unt i l t ed . The pur pose of t he second mi cr ogr aph i s t wof ol d : t o al l ow
t he r ot at i on angl es among t he par t i cl es t o be det er mi ned, and t o al l ow
cl asses of par t i cl es pr esent i ng i dent i cal or i ent at i ons t o be sel ect ed by
cl assi f i cat i on t echni ques ( see bel ow) . Thus t he i mages ar e t aken i n pai r s
( 0° / 50° ) at 2 pmdef ocus, 36, 000 x magni f i cat i on, and l ow- dose condi t i ons
( 6- 8 el ect r ons/ A) . At 50° , t he r ange of def ocus acr oss t he t i l t ed f i el d i s 1 . 5
t o 2 . 5 pm.

I mage Pr ocessi ng

For i mage pr ocessi ng, t he mi cr ogr aphs ar e di gi t i zed usi ng a f l at bed

mi cr odensi t omet er ( PDS 1010A; Per ki n- El mer Cor p . , Nor wal k, CT) wi t h

a 20 gmsquar e scanni ng aper t ur e ( cor r espondi ng t o 5. 6 Aon t he speci men

scal e) . Par t i cl e i mages ar e si mul t aneousl y sel ect ed f r om t he 0- degr ee and
50- degr ee mi cr ogr aphs di spl ayed si de- by- si de on a wor kst at i on, usi ng an i n-
t er act i ve par t i cl e sel ect i on pr ogr am ( Rader macher , 1988) t hat est abl i shes
t he geomet r i c r el at i onshi p ( i n t er ms of r ot at i on, t r ansl at i on, di r ect i on of t i l t

axi s, and t i l t angl e) bet ween t he t wo mi cr ogr aphs . The 0- degr ee i mages ar e
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subj ect ed t o al i gnment ( Fr ank et al . , 1981) , mul t i var i at e st at i st i cal anal ysi s
( Van Heel and Fr ank, 1981) , and hi er ar chi cal ascendant cl assi f i cat i on usi ng
compl et e l i nkage ( see Fr ank, 1990) . For cl asses cont ai ni ng suf f i ci ent num-
ber s of par t i cl es, t he cor r espondi ng t i l t i mages ar e used f or r econst r uct i on
accor di ng t o t he r andom- coni cal geomet r y . The r econst r uct i on uses an i t er -
at i ve scheme ( Penczek and Fr ank, 1991) t hat i s based on mi ni mi zi ng t he
f unct i onal L = W+ X C, wher e W, t he cost cr i t er i on, i s t he sumof squar es
of t he r econst r uct ed obj ect , C i s t he chi - squar ed di scr epancy bet ween t he
r epr oj ect ed r econst r uct i on and t he known dat a, and X i s a wei ght i ng f act or ,
chosen i n such a way t hat t he di scr epancy at t he mi ni mum of L i s cl ose t o
i t s expect ed val ue .

The r esul t i ng r econst r uct i ons ar e l ow- pass f i l t er ed usi ng a r adi us of 1/ 40
A` i n accor dance wi t h a phase- r esi dual consi st ency t est ( Fr ank et al . ,
1981) . For i nt er pr et i ng t he r esul t s we use bot h sol i d- body sur f ace r epr esen-
t at i ons ( Rader macher and Fr ank, 1984) and vect or - gr aphi cal di spl ays of 3D
cont our s on a wor kst at i on ( Si l i con Gr aphi cs, Mount ai n Vi ew, CA) usi ng
I NSI GHT ( Bi osymTechnol ogi es, San Di ego, CA) sof t war e . Onl y t he l at t er -
t ype di spl ays ar e shown i n t hi s paper .

Resul t s

The Ri bosome Reconst r uct ed f r omPar t i cl es
i n Di f f er ent Vi ews

The mi cr ogr aphs ( t ypi cal f i el d, see Fi g . 1) show a hi gh

Fi gur e 2 . Aver ages of seven maj or gr oups ( r anked by number of i m-

ages) of 0° - pr oj ect i ons showi ng t he r i bosome i n t hr ee di f f er ent

or i ent at i ons on t he car bon gr i d . Onl y t i l t ed- speci men pr oj ect i ons

bel ongi ng t o gr oups I - I I I wer e used f or separ at e r econst r uct i ons .

Bar , 100 Á.
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amount of noi se, and i t t her ef or e pr oved di f f i cul t t o use t he
est abl i shed met hods of al i gnment ( Fr ank et al . , 1981) wi t h-
out bi asi ng t he r esul t s by t he choi ce of t he al i gnment r ef er -
ence . A new r ef er ence- f r ee al gor i t hm was devel oped ( Penc-
zek and Fr ank, 1991) t o al i gn t he set of 0° - par t i cl e i mages.
Af t er al i gnment , t he i mages wer e subj ect ed t o mul t i var i at e
st at i st i cal anal ysi s and cl assi f i cat i on . Basi cal l y t he i mages
wer e f ound t o f al l i nt o seven cl asses ( Fi g . 2) , and we hy-
pot hesi zed t hat t hese cl asses r epr esent di f f er ent pr ef er r ed
or i ent at i ons of t he par t i cl e . Of t he seven cl asses, t he t hr ee
wi t h hi ghest member shi ps ( 93, 144, and 66, desi gnat ed I , I I ,
and I I I , r espect i vel y) wer e chosen f or separ at e 3D r econ-
st r uct i ons . Two of t he cor r espondi ng 0° aver ages ( Fi g . 2)
r esembl e t he vi ews pr evi ousl y i dent i f i ed i n negat i ve st ai n
pr epar at i ons ( Ver schoor et al . , 1986) . Cl asses I I and I n
cl ear l y f al l i nt o t he O- t o- R r ange of vi ews descr i bed i n t hat
st udy, wher eas cl ass I has not pr evi ousl y been r epor t ed .

Usi ng a 3D sear ch pr ogr am( Penczek and Fr ank, 1991) ,
we wer e abl e t o f i nd t he mat chi ng or i ent at i ons, i n t er ms of
Eul er i an angl es 0, B, and t p, as def i ned by t he maxi mum of
t he cr oss- cor r el at i on coef f i ci ent . The " r ocki ng" angl e B was
f ound t o be 71° bet ween r econst r uct i ons I and I I , 80° be-
t ween I and I I I , and - 10° bet ween I I and I I I . On t he basi s
of a phase r esi dual cal cul at i on, we est i mat ed t he r esol ut i on
t o be i n t he r ange of 40 A. The r econst r uct i ons, br ought i nt o
mat chi ng or i ent at i ons wi t h t he ai d of a 3D sear ch pr ogr am
and l ow- pass f i l t er ed t o 40 Á, ar e r emar kabl y si mi l ar i n
shapes and t he mut ual or i ent at i ons of t he t wo easi l y r ecog-
ni zabl e subuni t s . A compar i son of equi val ent sect i ons of t he
t hr ee r econst r uct i ons ( Fi g . 3, 1- 111) br i ngs out t he cl ose cor -
r espondence of t he i nt er i or densi t y di st r i but i ons . Thi s hi gh
degr ee of consi st ency among t he r econst r uct i ons, al so r e-
f l ect ed by mut ual cor r el at i on coef f i ci ent s cl ose t o 0. 8, makes
i t vi r t ual l y cer t ai n t hat t he t hr ee cl asses of i mages r epr esent
a si ngl e st r uct ur e l yi ng i n di f f er ent or i ent at i ons, and r ul es
out t he pr esence of si gni f i cant or i ent at i on- dependent def or -
mat i ons . The r emai ni ng di f f er ences can be at t r i but ed t o r e-
si dual noi se and t o t he di f f er ent or i ent at i ons of t he " mi ssi ng
cone" r el at i ve t o t he par t i cl e . I t i s t her ef or e j ust i f i ed t o com-
bi ne al l t hr ee dat a set s i n a mer ged r econst r uct i on, by assi gn-
i ng appr opr i at e Eul er i an angl es t o t he pr oj ect i ons . Because
of t he l ar ge angl es bet ween t he cl ass I r econst r uct i on and t he
r emai ni ng t wo r econst r uct i ons, t he mer ged- dat a r econst r uc-
t i on achi eves vi r t ual l y compl et e cover age of t he angul ar
r ange wi t h dat a, so t hat ar t i f act s due t o t he " mi ssi ng cone"
ar e al l but el i mi nat ed.

The Mer ged Reconst r uct i on

A sl i ce of t he f i nal , mer ged- dat a r econst r uct i on ( Fi g . 3, M)
shows t hr ee r egi ons wi t h di f f er ent densi t i es : ( a) l ow densi t y
i n t he ext er i or , due t o i ce ; ( h) a medi um- densi t y r egi on
wi t hi n t he appar ent par t i cl e boundar i es ; and ( c) a r egi on of
hi gh densi t y . Because of t he hi gh amount of def ocusi ng,
some caut i on must be exer ci sed i n i nt er pr et i ng t he r esul t s i n
t er ms of i nt er nal densi t y var i at i ons wi t hi n t he r i bosome. Ob-
ser ved var i at i ons coul d be due t o t he act i on of t he cont r ast
t r ansf er f unct i on ( CTF) f or a par t i cl e whose densi t y di st r i bu-
t i on i s homogeneous, at t he r esol ut i on of t hi s st udy. I t pr oved
di f f i cul t t o appl y a CTF cor r ect i on ( e . g. , Toyoshi ma and Un-
wi n, 1988) because of a st r ong l ow- r esol ut i on peak i n t he
power spect r um pr obabl y because of i nel ast i c scat t er i ng,
whose r el at i ve st r engt h i s r el at ed t o t he t hi ckness of t he i ce .

Fr ank et al , 3- D Reconst r uct i on of E. col i Ri bosome i n I ce

Fi gur e 3. Cor r espondi ng sl i ces of r econst r uct i ons I - I I I af t er or i en-
t at i on mat ch and of mer ged r econst r uct i on ( M) . Bar , 100 A.

A model comput at i on showed, however , t hat t he obser ved
var i at i ons cannot be expl ai ned on t he basi s of CTF i magi ng
of a par t i cl e wi t h i dent i cal shape but uni f or m i nt er nal den-
si t y . Densi t y var i at i ons i n t he i mage showed a di f f er ent pat -
t er n, and wer e of smal l er magni t ude t han t hose r epor t ed
her e .

Al t hough some di st or t i on of t he mass di st r i but i on cannot
be r ul ed out , i t seems l i kel y t hat t he di vi si on i nt o medi um-
and hi gh- densi t y r egi ons i s because of t he hi gher scat t er i ng
densi t y of r i bosomal RNA ( = 1 . 15 r el at i ve t o gl ucose ac-
cor di ng t o Kuhl br andt and Unwi n, 1982 ; Kuhl br andt , 1982)
as compar ed t o t he l ower scat t er i ng densi t y of pr ot ei n ( 0. 94
i n t he same uni t s) . ( These aut hor s f ound a spat i al segr e-
gat i on of t he r econst r uct ed 80S r i bosome mass at 60- 70A
r esol ut i on i nt o r egi ons of di f f er ent densi t i es, and i nt er pr et ed
t hese r esul t s i n t er ms of r RNA vs . r i bosomal pr ot ei n di st r i -
but i on ; see Di scussi on . )

On t he basi s of t hi s di vi si on, whi ch wi l l be quant i f i ed i n
t he f ol l owi ng, we have der i ved t wo 3D cont our s : one of t he
ent i r e r i bosome par t i cl e, and one of a put at i ve r RNAr i ch
mass cont ai ned wi t hi n i t . Obvi ousl y, under t he l i mi t at i ons of
hi gh- def ocus br i ght - f i el d i magi ng, whi ch i s known t o cause
l oss of bot h hi gh- and l ow- spat i al f r equency i nf or mat i on, i t
i s not possi bl e t o make an unambi guous det er mi nat i on of t he
densi t y boundar i es . I n f act , t he ver y concept of a densi t y
boundar y and i t s depi ct i on as a " har d" sur f ace ar e at odds
wi t h t he l i mi t ed r esol ut i on . Fol l owi ng t he pr act i ce of x- r ay
cr yst al l ogr aphy, we make use of a sur f ace i n t he vi sual i zat i on
of 3D densi t y wi t h t he i mpl i ci t under st andi ng t hat i t r epr e-
sent s an est i mat ed medi an boundar y wi t hi n a " shel l of uncer -
t ai nt y" whose t hi ckness cor r esponds t o t he r esol ut i on . Thus,
any boundar y speci f i ed i n t he f ol l owi ng shoul d be under st ood
as bei ng accompani ed by mar gi ns of 20- A t hi ckness on ei t her
si de . I t i s i mpor t ant t o r eal i ze t hat t he r esol ut i on l i mi t at i on
( Four i er ser i es t er mi nat i on) i nt r oduces an ambi gui t y i n t he
at t empt t o di st i ngui sh r egi ons of an obj ect accor di ng t o scat -
t er i ng densi t y : i n t he 3D i mage, any hi gh- densi t y f eat ur e wi l l
be encased i n a l ayer of medi umdensi t y . For i nst ance, a par -
t i cl e composed of pur e RNA i maged under t hese condi t i ons
woul d appear as a hi gh- densi t y mass sur r ounded by a l ayer
- 20- A t hi ck of medi um densi t y " pr ot ei n " Whi l e t he det er -
mi nat i on of t he out er par t i cl e boundar y i s f aci l i t at ed by t he
cont r ast wi t h i ce, t he pl acement of t he i nner boundar y must
r emai n t ent at i ve . Ar gument s f or t he choi ce of t he appr oxi -
mat e i nner boundar y densi t y ar e put f or t h bel ow ( i n f act ,
t hr ee di f f er ent obser vat i ons suggest t he same densi t y val ue) .
I n addi t i on, t he val i di t y of t he put at i ve r RNA di st r i but i on
must al so be scr ut i ni zed by compar i son wi t h t he r esul t s f r om
ot her exper i ment s, as wi l l be done l at er i n t he Di scussi on
sect i on .

Ahi st ogr am of t he r econst r uct ed r i bosome ( Fi g . 4) i s di s-

599



m

15, 000 t

U00 t

n I CE

DENSI TY

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

dRNr A

Fi gur e 4. Hi st ogr am of 3D densi t y di st r i but i on wi t hi n t he mer ged
r econst r uct i on . The i ce peak i s cl ear l y di st i ngui shabl e f r om t he
par t i cl e- r el at ed por t i on of t he hi st ogr am by a di p ( densi t y dp) .
Densi t y dRNA was consi der ed t he most l i kel y di vi si on bet ween pr o-
t ei n and r egi ons r i ch i n r i bosomal RNA. I n addi t i on, densi t y do
was used as t hr eshol d t o vi sual i ze " cor e" of RNA di st r i but i on . Ac-
cor di ngl y, t he dat a r ange i s di vi ded i nt o t he t hr ee r anges desi gnat ed
i ce, pr ot ei n, and RNA.

t i nct l y bi l obed, wi t h a shar p nar r ow l obe at t r i but ed t o i ce
and a br oad l obe encompassi ng bot h t he medi um- and hi gh-
densi t y r egi ons of t he par t i cl e pr oper . The mar ked di p i n t he
cur ve bet ween t he t wo l obes ( dp i n Fi g . 4) may be used t o
def i ne t he par t i cl e boundar y ( see bel ow) . The br oad l obe
shows an i ndi cat i on of a di vi si on ( dRNA) r oughl y hal f way
wi t hi n i t s densi t y r ange . Vi sual i nspect i on of a sl i ce ( Fi g . 3
d) al so pl aces t he boundar y bet ween hi gh and medi umden-
si t y i nt o t he vi ci ni t y of dRNA. Fur t her mor e, t he l ocat i on of
t hi s densi t y val ue wi t hi n t he par t i cl e- r el at ed por t i on of t he
hi st ogr am agr ees wi t h t he vol ume r at i o of 0. 85 : 1 f or r RNA/
pr ot ei n i nf er r ed f r ompubl i shed mol ecul ar wei ght s and mass
densi t i es of pr ot ei n and r RNA ( Wi t t mann, 1982) . Ther e i s
some uncer t ai nt y i n t hi s l at t er val ue because accor di ng t o
t hat st udy mor e t han 10%of t he measur ed mol ecul ar wei ght
of t he r i bosome i s not account ed f or by t he combi ned chemi -
cal wei ght s of pr ot ei n and RNA . Thi s ext r a mass i s at t r i but ed
t o t he pr esence of sper mi di ne and cer t ai n i ons known t o be
bound t o t he r i bosome . Ot her r easons f or uncer t ai nt y come
f r om t he packi ng var i at i ons i n l oop, si ngl e- st r anded, and
doubl e- st r anded RNA, and f r om r i bonucl eopr ot ei n com-
pr i si ng var yi ng pr opor t i ons of RNA and pr ot ei n . However ,
despi t e t hi s uncer t ai nt y, t he agr eement wi t h t he ot her obser -
vat i ons makes densi t y d RNA accept abl e as t hr eshol d f or a
r epr esent at i on of t he r RNA- r i ch por t i on of t he r i bosome . I n
addi t i on, we made use of a t hi r d r epr esent at i on, wi t h a
hi gher t hr eshol d d. t o f i nd t he " cor e domai ns of r RNA .

I n t he r epr esent at i on of t he par t i cl e usi ng densi t y d,
( out er magent a cont our , Fi g. 5, a- d ) , t he l ar ge and t he smal l
subuni t s ar e cl ear l y r ecogni zabl e as t wo par t i al l y f used
masses of densi t y t hat encl ose a si zabl e space whi ch i s acces-

si bl e f r omt wo si des ( " i nt er subuni t gap? Fi g . 5a) . The wi dt h
of t hi s gap r anges f r om50 t o - 70 Á.

The 30S subuni t por t i on, wi t h i t s di st i nct head ( h) r egi on,
bear s si mi l ar i t y t o some vi sual l y der i ved model s ( Lake,
1976; Wi t t mann, 1983) . The pl at f or m ( p) , par t i al l y f used
wi t h t he 50S subuni t mass, becomes vi si bl e af t er a f ur t her
r ot at i on ( Fi g . 5 c) . I n t hi s or i ent at i on, t he 30S subuni t out -
l i ne cor r esponds t o t he vi ew descr i bed by Lake ( 1976) . The
50S subuni t por t i on of t he r econst r uct i on ( Fi g. 5 d) r esem-
bl es a l ow- r esol ut i on ver si on ( Rader macher et al . , 1986) of
a pr evi ous st ai n- der i ved r econst r uct i on ( Rader macher et al . ,
1987a) , wi t h al l t hr ee pr ot uber ances cl ear l y r ecogni zabl e :
t he Ll r i dge ( LI ) , cent r al pr ot uber ance ( CP) , and st al k base
( S) . ( The st al k component i s r ender ed i n t r uncat ed f or m,
due t o i t s mobi l i t y ; we not e, however , t hat a por t i on of t he
st al k i s st i l l vi si bl e i n t wo i ndi vi dual r econst r uct i ons ; not
shown . ) The mut ual ar r angement of t he t wo subuni t s con-
f i r ms ear l i er pr oposal s based on vi sual i nt er pr et at i ons of
el ect r on mi cr ogr aphs ( Lake, 1976 ; St oef er and St oef ï i er -
Mei l i cke, 1986) . I f t he 50S subuni t i s pl aced so t hat t he cen-
t r al pr ot uber ance poi nt s upwar ds, as i n Fi g . 5, t he 30S sub-
uni t l i es i n a di agonal posi t i on . The 30S subuni t head makes
cont act wi t h t he 50S subuni t i n a posi t i on consi st ent wi t h t he
cr ossl i nki ng obser ved f or S19 wi t h L5 next t o t he pept i dyl
t r ansf er ase cent er ( Lamber t and Tr aut , 1981) and wi t h t he l o-
cat i on of S19 on t he 30S subuni t head ( Ol son et al . , 1988) .

Thr ee- di mensi onal Di st r i but i on of Ri bosomal RNA

The put at i ve vol ume occupi ed by r RNA i s vi sual i zed by ap-
pl yi ng densi t y ( dRNA) def i ned above as a t hr eshol d t o t he
r econst r uct i on ( cyan i nner cont our s i n Fi g . 5, a- d) . The
r esul t i ng i nt er i or mass has a shape of hi gh compl exi t y, and
al l ows f or a consi der abl e degr ee of i nt er penet r at i on of RNA
and pr ot ei n . The 16S RNA of t he smal l subuni t ( Fi g . 5, b
and c) appear s as a hook- shaped mass t hat ant i ci pat es t he
over al l shape of t he subuni t and f or ms t he maj or por t i on of
t he pl at f or m. A domai n t hat occupi es 25 %of t he 16S r RNA
i s separ at ed f r omt he mai n mass . ( The l ow r esol ut i on of t hi s
st udy woul d not al l ow a t hi n connect i ng st r uct ur e such as a
si ngl e RNA st r and t o be vi sual i zed . )

Wi t hi n t he l ar ge subuni t ( Fi g. 5 d) , we see a mass of con-
vol ut ed shape, whi ch we at t r i but e l ar gel y t o t he 23S r RNA,
not i ng t hat t he smal l 5S RNA component i s known t o be
packed i nt o t he cent r al pr ot uber ance ( Shat sky et al . , 1980 ;
Chr i st i ansen and Gar r et t , 1985) . Sever al hol es and cr evi ces
ar e vi si bl e i n t he 23S RNA.

When t he st r uct ur e i s pr esent ed i n an or i ent at i on such t hat
t he t wo subuni t s appear maxi mal l y separ at ed ( Fi g . 5 a) , t wo
r egi ons of cont act or at l east cl ose pr oxi mi t y bet ween t he 16S
and t he 23S RNA mass become vi si bl e : one occur s as a
st r ong " br i dge" f or med by an ext ensi on of t he " pl at f or m" por -
t i on of t he 16S RNA, l i nki ng i t wi t h RNA at t he base of t he
Ll pr ot ei n r egi on of t he l ar ge subuni t , and one ext ends f r om
t he separ at e " head" domai n of t he 16S RNAt o r RNAl ocat ed
wi t hi n t he cent r al pr ot uber ance of t he l ar ge subuni t .

I t i s di f f i cul t t o appr eci at e t he shape of t he RNA- RNA
" br i dge" domai n wi t hout r esor t i ng t o a r epr esent at i on of t he
r i bosome f r omt he t op ( Fi g . 5 e) , i n whi ch t he RNA por t i on
of t he 30S subuni t head i s seen t o f ace t he RNA por t i on of
t he 50S subuni f s cent r al pr ot uber ance. I t t hen becomes ap-
par ent t hat t he " br i dge" cont act i nvol ves an ext ended por t i on



of RNA at t he pl at f or m l i p on t he si de of t he smal l subuni t
and a l ong st r and of RNA on t he i nt er f ace si de of t he 50S
subuni t . Thi s l at t er st r and r uns f r omt he base of pr ot ei n L1
t o t he base of 0/ 1, 12, f or mi ng t he l ower r i m of t he i nt er f ace
canyon whi ch was r ecogni zed i n Rader macher and co- wor k-
er ' s ( 1987a) r econst r uct i on of t he 50S subuni t . I t i s i mpor t ant
t o not e t hat t he " br i dge" pr evai l s even at t he hi gher densi t y
t hr eshol d dc . We al so not e t hat a subst ant i al por t i on of RNA
i n t he i nt er f ace r egi on i s encased i n a medi um- densi t y l ayer
whose t hi ckness i s <20 Aand t hus coul d r epr esent t he ef f ect
of l ow- r esol ut i on ser i es t er mi nat i on i n t he i mage of RNA di -
r ect l y exposed t o sol vent / i ce.

Di scussi on

The Shape of t he Ri bosome : Compar i son
wi t h Ot her St r uct ur al St udi es

Bef or e di scussi ng t he put at i ve RNA di st r i but i on and t he l o-
cat i on of RNA- RNA cont act s, t he ext er nal shape of t he 70S
r i bosome wi l l be br i ef l y compar ed wi t h r esul t s f r omot her
st r uct ur al st udi es . Ar ad et al . ( 1987) obt ai ned a r econst r uc-
t i on f r om or der ed ar r ays of Baci l l us st ear ot her mophi l us i n
aur ot hi ogl ucose . We not e an over al l agr eement wi t h our
r esul t s i n t he gener al out l i ne of t he 70S par t i cl e and i n t he
appear ance of a si zabl e i nt er subuni t gap . However , Ar ad and
co- wor ker ' s model appear s t o be r epr esent ed at a densi t y
t hr eshol d subst ant i al l y hi gher t han t he hi st ogr am- der i ved
t hr eshol d used i n our model , and l acks some of t he hi gher -
r esol ut i on f eat ur es t hat woul d al l ow a mor e det ai l ed com-
par i son .

The onl y r econst r uct i ons of t he E. col i r i bosome f r om
negat i vel y st ai ned si ngl e par t i cl es sandwi ched bet ween car -
bon f i l ms ( Wagenknecht et al . , 1989 ; Car azo et al . , 1989)
show t he r i bosome par t i al l y col l apsed : t he i nt er subuni t gap
i s cl osed, and t he 30S subuni t i s st r ongl y f l at t ened, whi l e t he
50S subuni t appar ent l y r et ai ns i t s shape as j udged by com-
par i son wi t h t he r econst r uct i on of t he 50S subuni t al one . As
di scussed i n t hose paper s, t he col l apse i s l i kel y a r esul t of
f or ces act i ng upon t he r i bosome i n t he par t i cul ar r ange of
or i ent at i ons whi ch t he par t i cl e assumes i n t he sandwi ch
pr epar at i on . Thi s i nt er pr et at i on i s suppor t ed by Ver schoor
and Fr ank' s ( 1990) r ecent si ngl e- par t i cl e r econst r uct i on of
t he negat i vel y st ai ned 80S r i bosome f r om r et i cul ocyt e,
whi ch i s or i ent ed i n such a way t hat col l apse- i nduci ng f or ces
ar e mi ni mi zed . Thi s l at t er r econst r uct i on i ndeed bear s a
st r i ki ng r esembl ance t o our pr esent r esul t s i n t er ms of t he
mut ual ar r angement of smal l and l ar ge subuni t and t he t opol -
ogy of t he i nt er subuni t space . ( The f act t hat t hi s space i s
somewhat mor e open i n t he 80S r i bosome t han i n t he 70S
r i bosome may be a r esul t of i nt er ki ngdom var i at i on and ar -
t i f act s of negat i ve st ai ni ng . )

The compar i son bet ween t he cur r ent r esul t s and t hose ob-
t ai ned wi t h negat i ve st ai ni ng cl ear l y i ndi cat es t hat t he t ech-
ni que of f r ozen- hydr at ed EM of t he unst ai ned sampl e
pr oduces a bet t er pr eser ved 3D st r uct ur e of t he r i bosome .
However , t he most i mpor t ant i mpr ovement i s t hat i n t he un-
st ai ned speci men, t he di scr i mi nat i on bet ween r egi ons of t he
obj ect wi t h hi gh and l ow scat t er i ng densi t y i s possi bl e .

Spat i al Di st r i but i on of r RNA

Despi t e t he ambi gui t i es due t o l i mi t ed r esol ut i on and CTF

Fr ank et al . 3- D Reconst r uct i on of E. col i Ri bosome i n / ce

ef f ect s, t he model we pr esent i s mor e speci f i c t han pr evi ous
st udi es i n pi nni ng down t he spat i al di st r i but i on of r i bosomal
RNA. I s t hi s di st r i but i on consi st ent wi t h what i s known f r om
ot her st udi es? Ther e ar e f our t ypes of dat a wi t h whi ch we
can compar e our r esul t s : ( a) t hose obt ai ned by di r ect l y i mag-
i ng r RNAcomponent s of t he E. col i r i bosome ; ( b) t hose ob-
t ai ned by i magi ng t he phosphor us char act er i st i c f or t he RNA
backbone ; ( c) r esul t s obt ai ned by cont r ast mat chi ng ; and ( d)
model s obt ai ned on t he basi s of i nf er r ed RNA secondar y
st r uct ur e and cr oss- l i nki ng i nf or mat i on . I n addi t i on, some
const r ai nt s ar e set by t he r adi i of gyr at i on f ound by l ow- angl e
scat t er i ng st udi es and t he pr ot ei n l ocat i ons known f r omneu-
t r on scat t er i ng .

Di r ect I magi ng. The f i r st t ype of exper i ment al r esul t s,
not abl y t hose obt ai ned by Vasi l i ev' s gr oup ( 1986) , was ob-
t ai ned by EM of 16S and 23S r RNA par t i cl es t hat wer e
f r eeze dr i ed and shadowed . Compar i son of t hese unaver aged
i mages wi t h our r esul t s i s di f f i cul t because of a gr eat degr ee
of var i at i on, and because t he pr eci se vi ewi ng angl e i s not
known . Never t hel ess, t her e i s a si mi l ar i t y i n t he basi c shapes
of bot h t he 16S and 23S r RNA par t i cl es i n publ i shed mi cr o-
gr aphs ( Vasi l i ev et al . , 1986) and cer t ai n pr oj ect i ons of t he
cor r espondi ng masses di st i ngui shed i n t he pr esent r econ-
st r uct i on : t he 16S par t i cl e has an asymmet r i c I ' - shape, and
t he 23S par t i cl e has t he char act er i st i c shi el d shape, appar -
ent l y t he pr ecur sor of t he cr own vi ew of t he l ar ge subuni t .
On t he ot her hand, t he val ue of t hese r esul t s i n t he pr esent
compar i son i s somewhat weakened by i ndi cat i ons of l ar ge
conf or mat i onal var i at i ons and compact i on of r RNAupon as-
soci at i on wi t h r i bosomal pr ot ei ns ( Mandi yan et al . , 1989) .

Phosphor us I magi ng. An i mage of t he 16S RNA compo-
nent of t he 30S subuni t was r ecent l y obt ai ned by Boubl i k et
al . ( 1990) by usi ng t he scanni ng t r ansmi ssi on el ect r on mi cr o-
scope i n a mode sensi t i ve t o at omi c number . Thi s i mage
cl osel y r esembl es a pr oj ect i on of our put at i ve 16SRNA di s-
t r i but i on when pr esent ed wi t h a vi ewi ng angl e bet ween t hose
used i n Fi gs. 5 a and b ( dat a not shown) . Bot h 16S and 23S
RNA component s wer e ear l i er st udi ed by Komet al . ( 1983)
by spect r oscopi c i magi ng i n t he t r ansmi ssi on el ect r on mi cr o-
scope equi pped wi t h an ener gy f i l t er . I n t hei r i mages, t he
out er shapes of t he subuni t s ar e not wel l def i ned, and t he 16S
RNA component appear s i n a var i et y of shapes . However ,
t he i mage of t he 23S component obt ai ned by t hese aut hor s
i s r emi ni scent of t he cor r espondi ng mass i n our r econst r uc-
t i on when t he l at t er i s pr esent ed at t he hi gh ( dJ densi t y
l evel , showi ng a compl ex shape wi t h di st i nct st r ands and
hol es . Apar t f r om pr ovi di ng conf i r mat i on f or t he over al l
shapes of t he put at i ve 16S and 23S masses i n our st udy, t hese
f i ndi ngs i ndi cat e, i n suppor t of our r esul t s, t hat RNA- r i ch
mass i s concent r at ed over r egi ons l ar ge enough t o be ob-
ser ved by EM.

I magi ng by Cont r ast Mat chi ng. A vi sual i zat i on of r RNA
wi t hi n t he eukar yot i c r i bosome was accompl i shed by Kuhl -
br andt and Unwi n ( 1982) by a cont r ast - mat chi ng t echni que
( Kuhl br andt , 1982) . Al t hough l i mi t ed i n r esol ut i on t o 60 t o
70 A, t he r esul t s of t hi s st udy cl ear l y showevi dence of a con-
cent r at i on of a mass wi t h hi gher scat t er i ng densi t y, as ex-
pect ed f or RNA, t owar ds t he cent er of t he par t i cl e . Thi s
f i ndi ng agr ees wi t h t he mor e compact di st r i but i on of our
put at i ve RNA masses wi t hi n each subuni t , and t hei r asym-
met r i c posi t i ons whi ch pl ace t hem cl oser t o t he i nt er f ace
t han t o t he sol vent si des ( see Fi g . 5 a) .
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Fi gur e 5. Comput er - gr aphi cal r epr esent at i on of mer ged r econst r uct i on i n st er eo vi ew. Magent a : sur f ace d = dp , r epr esent i ng t he out er
envel ope of t he par t i cl e ( i nt er f ace i ce/ pr ot ei n) ; cyan : sur f ace d = dRNA, r epr esent i ng t he envel ope of r i bosomal RNA ( appr oxi mat e i nt er -
f ace pr ot ei n/ RNA) . The vi ews ( b- d) wer e pr oduced by r ot at i ng t he r i bosome ar ound t he ver t i cal axi s by t he angl es 0 i ndi cat ed . Meani ng
of symbol s i n 30S subuni t : h = head, p = pl at f or m; 50S subuni t : I d = Ll ar m, S = st al k base, CP = cent r al pr ot uber ance ; b = " br i dge"
r egi on wher e 16S RNA and 23S RNA ar e i n cl ose cont act . ( a) Si de vi ew, showi ng 30S and 50S subuni t s par t i al l y separ at ed by a gap
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RNA Fol di ng Model s. Thi s t ype of dat a i s obt ai ned f r om
at t empt s t o i nt egr at e secondar y st r uct ur e i nf or mat i on, i nt r a-
RNA cr oss- l i nki ng i nf or mat i on, and RNA- pr ot ei n cr oss-
l i nki ng, consi der i ng t he pr ot ei n l ocat i ons i nf er r ed by neut r on
scat t er i ng and i mmuno- el ect r on mi cr oscopy. The r esul t i ng
model s ar e cur r ent l y r at her specul at i ve, whi ch can be seen
f r om t he conf l i ct i ng r esul t s obt ai ned by di f f er ent gr oups
( Exper t - Bezancon and Wol l enzi en, 1985 ; Br i macombe et
al . , 1988 ; St er n et al . , 1988 ; Mal hot r a et al . , 1990) . Pl at -
f or m, body, and head domai ns can al ways be di st i ngui shed,
but t hi s agr eement can be at t r i but ed t o t he use of si mi l ar
subuni t model s der i ved f r omEMdat a . I nt er est i ngl y, St er n
and co- wor ker ' s ( 1988) model shows a di st i nct head domai n
wel l separ at ed f r omt he ot her domai ns, a f eat ur e not shar ed
by t he model s of t he ot her gr oups, but i n agr eement wi t h t he
mass di st r i but i on f ound i n our st udy. Based on t he number
of r esi dues i n St er n and co- wor ker s' ( 1988) 30S head do-
mai n, i t shoul d occupy r oughl y 1/ 3 of t he t ot al 168 RNAvol -
ume. By compar i son, we f ound t he head domai n i n our
r econst r uct i on t o occupy 1/ 4 of t he t ot al 16S RNA mass at
t hr eshol d l evel dRNA.

Fur t her mor e, on t he basi s of cr oss- l i nki ng st udi es and
what i s known about t he 30S subuni t mor phol ogy, Oakes et
al . ( 1990) ar r i ved at t he concl usi on t hat t he pl at f or m i s
f or med by a r i ng of RNA. I n f act , t he RNA- r i ch mass we
have f ound f or ms a r i ng and t her eby def i nes t he pl at f or m. I n
Fi g . 5 c, t hi s r i ng i s seen i n a hor i zont al posi t i on, sl i ght l y
f r omabove. I n Fi g. 5 e, t he r i ng appear s as t he most st r i ki ng
f eat ur e of t he hi gh- densi t y mass wi t hi n t he 30S subuni t .

Low- angl e Scat t er i ng St udi es . Some i nf or mat i on on t he
r el at i ve spat i al di st r i but i on of pr ot ei n and RNA i s avai l abl e
f r oml ow- angl e scat t er i ng . A r ecent st udy of t he 308 subuni t
( Ramakr i shnan, 1986) shows t hat t he r adi i of gyr at i on of
pr ot ei n and 16S RNA ar e cl osel y mat ched ( 70 and 68 A,
r espect i vel y) when nonr i bosomal pr ot ei ns and excess pr o-
t ei n Sl ar e r emoved by sal t washi ng . Thi s i ndi cat es t hat t he
subuni t def i ni t el y cannot be model ed as a cor e of RNA t o
whi ch pr ot ei n i s per i pher al l y at t ached . However , t hi s f i ndi ng
st i l l per mi t s many conf i gur at i ons i n whi ch RNA i s hi ghl y
l ocal i zed, f or mi ng si zabl e r egi ons bet ween whi ch pr ot ei n i s
si t uat ed . Speci f i cal l y, i t i s not i nconsi st ent wi t h our i nt er pr e-
t at i on, as a di r ect r adi us of gyr at i on comput at i on shows, ap-
pl i ed t o a vol ume i n whi ch t he smal l subuni t was i sol at ed by
usi ng a cut t i ng pl ane : f or t he put at i ve di st r i but i ons of 168
RNA and 30S pr ot ei n, t he r adi i of gyr at i on wer e i ndeed
f ound t o be mat ched wi t hi n 2 %, at an aver age val ue of 63A.
I n ot her wor ds, whi l e l ow- angl e scat t er i ng i ndi cat es t hat t he
pr ot ei ns and RNA ar e i nt er mi ngl ed i n t he 30S subuni t ( as
st at ed by Ramakr i shnan, 1986) , t he " coar seness" wi t h whi ch
homogeneous r egi ons of t he t wo component s appear i n t hi s
mi xt ur e cannot be der i ved f r om such measur ement s . The
par t i cul ar mi xt ur e we have f ound i s one of t he many consi s-
t ent wi t h a f i ndi ng of mat chi ng r adi i of gyr at i on .

For t he 50S subuni t , t he r adi us of gyr at i on was al ways
f ound t o be subst ant i al l y l ar ger f or pr ot ei n t han f or RNA

( e . g . , Cr i cht on et al . , 1977 ; Ser dyk and Gr enader , 1975) .
Thi s i s consi st ent wi t h t he appear ance of RNA wi t hi n t he
l ar ge- subuni t por t i on of our r econst r uct i on as a r el at i vel y
compact mass .

Pr ot ei n Locat i ons f r om Neut r on Scat t er i ng. The most
det ai l ed pi ct ur e of r i bosomal pr ot ei n l ocat i ons wi t hi n t he
smal l subuni t has been obt ai ned by neut r on scat t er i ng
( Moor e et al . , 1985 ; Capel et al . , 1988) . These st udi es ar e
abl e t o pi npoi nt t he cent er s of gr avi t y of pr ot ei ns, and
t her eby pr oduce const r ai nt s f or t he l ocat i ons of known pr o-
t ei n- RNA cr ossl i nki ng si t es . However , t hey do not al l ow
speci f i c l ow- r esol ut i on model s of RNA di st r i but i on t o be ex-
cl uded, ot her t han t hose whi ch, unl i ke our s, pr esent t he
RNA component concent r at ed i n a compact cor e.

23SRNA: Rel at i onshi p t o Ot her I magi ng St udi es . The
compl ex shape of t he put at i ve r RNA mass wi t hi n t he 508
subuni t r equi r es a det ai l ed i nt er pr et at i on, but cur r ent l y ver y
l i t t l e i s known about t he secondar y and t er t i ar y st r uct ur e of
t he 23S RNA. I t i s t empt i ng t o i dent i f y t he t hr ee pr onounced
hol es seen i n t hi s mass wi t h some f eat ur es r ecogni zed i n
pr evi ous el ect r on mi cr oscopi c st udi es . The " t unnel " r epor t ed
by Yonat h and Wi t t mann ( 1987) i n t he l ar ge r i bosomal
subuni t of B. st ear ot her mophi l us coul d i n f act be a l ow-
r esol ut i on ver si on of t he most pr onounced hol e, r epr esent ed
wi t h a hi gh t hr eshol d t hat essent i al l y excl udes t he r i bosomal
pr ot ei n . Two of t hese hol es occur at posi t i ons t hat cl osel y
mat ch t he hol es vi si bl e i n Rader macher et al . ( 1987a) 508
subuni t r econst r uct i on f r om negat i vel y st ai ned speci mens
when vi sual i zed at el evat ed densi t y t hr eshol ds ( Fr ank et al . ,
1990) .

RNA- RNAI nt er act i on

The most i nt er est i ng speci f i c f eat ur e of our r econst r uct i on i s
t he appear ance of t wo evi dent poi nt s of RNA- RNA cont act
or cl ose pr oxi mi t y : t he " br i dge" l i nki ng RNA wi t hi n t he 30S
pl at f or m wi t h RNA cl ose t o t he base of Ll , and t he cl ose
pr oxi mi t y of t he RNA domai n i n t he 30S head domai n t o
RNA i n t he cent r al pr ot uber ance . The r esol ut i on of t hi s
st udy makes i t di f f i cul t t o ascer t ai n whet her or not act ual
cont act occur s at ei t her poi nt ; however , t he f act t hat t he
" br i dge" r emai ns i nt act at t he hi gher densi t y t hr eshol d makes
i t ver y l i kel y t hat i t r epr esent s a r egi on wher e cl ose i nt er ac-
t i on bet ween t he t wo r RNAcomponent s t akes pl ace, and t hat
i t has an i mpor t ant f unct i on i n t he subuni t associ at i on . I n
f act , 16S and 23S RNA associ at e i n t he absence of pr ot ei n
t o f or ma compl ex under condi t i ons t hat ar e known t o i nduce
assembl y of r i bosomes ( Bur ma et al . , 1983) . Thi s assembl y
i s f unct i onal t o a si gni f i cant ext ent i n sever al st eps of pr ot ei n
synt hesi s ( Bur ma et al . , 1985) .

Accor di ng t o Her r et al . ( 1979) and Vassi l enko et al .
( 1981) , t he r esi dues t hat ar e f ound at posi t i on 337, t he 790
l oop r egi on and t he r egi on 1389- 1390 of 16S RNA cont ai n
si t es t hat make cont act wi t h t he 50S subuni t and ar e essent i al
f or subuni t associ at i on . Resi due sequences t hat f al l i n t hese
r egi ons have r ecent l y been mapped by Oakes and Lake

( " i nt er f ace gap" ) and t he l ocat i on of a br i dge b connect i ng 168 and 238 RNA masses ; ( b and c) cyt opl asmi c vi ews ( i . e . , f r omt he sol vent -
accessi bl e si de) of 30S subuni t f r om t wo di f f er ent di r ect i ons ( 0 = 40° and 80° , r espect i vel y) ; ( d) cyt opl asmi c vi ew of 50S subuni t ( 0
= - 110° ) ; ( e) t op vi ewdown t he l ong axi s of 308 subuni t , showi ng onl y RNA cont our and r eveal i ng connect i ng " br i dge . " Thi s vi ew was
gener at ed by r ot at i ng t he r i bosome f r om posi t i on ( d) by 90° ar ound t he hor i zont al axi s. Dashed l i ne, demar cat i on of boundar y bet ween
t he t wo subuni t s .
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( 1990) t o t he pl at f or m r egi on of t he smal l subuni t . These
r esul t s agr ee wi t h t he l ocat i on of t he RNA- RNA " br i dge as
an ext ensi on of t he pl at f or m. Resi dues 1492 t o 1505, whi ch
f al l i nt o t he cl ef t of t he smal l subuni t , i n cl ose vi ci ni t y t o t he
pl at f or m r egi on ( Oakes and Lake, 1990) , have al so been i m-
pl i cat ed i n t he associ at i on of t he subuni t s . Ot her chemi cal
modi f i cat i on exper i ment s t hat have a bear i ng on subuni t as-
soci at i on have been r evi ewed by Raue et al . ( 1990) . I n t hi s
cont ext i t i s i nt er est i ng t o not e t hat t he f ol di ng model by
St er n et al . ( 1988) pr edi ct s t hat 16S si t es pr esumed t o i nt er -
act wi t h t he 50S subuni t ar e hi ghl y l ocal i zed i n t he pl at f or m
r egi on, on t he si de wher e t he connect i ng " br i dge" of our
r econst r uct i on i s seen .

Our r esul t s have many i mpl i cat i ons as t o t he l ocat i on of
f unct i onal si t es i nvol ved i n t - RNA bi ndi ng and t r ansl ocat i on,
si nce i t pr ovi des new spat i al const r ai nt s f or t hese mecha-
ni sms . Numer ous st udi es have poi nt ed t o t he i mpor t ant f unc-
t i on of bot h 16S and 23S RNA i n al l st eps of pr ot ei n synt he-
si s . The speci f i c RNA sequence domai ns t hat const i t ut e t he
subuni t i nt er f ace have f or i nst ance been mapped by Mei er
and Wagner ( 1985) . I t i s t her ef or e t empt i ng t o pr oceed t o
const r uct a speci f i c model of t he ent i r e t r ansl at i on mecha-
ni sm( cf . Nol l er et al . , 1990) i ncor por at i ng t he new i nf or ma-
t i on . However , such concl usi ons coul d onl y be t ent at i ve as
l ong as t hey ar e not accompani ed by 3D mappi ng usi ng t he
same met hod wi t h whi ch t hi s st udy was under t aken . Cur -
r ent l y we ar e expl or i ng t he f easi bi l i t y of ext endi ng t hi s st udy
t o a compl et e t r ansl at i onal syst em i n whi ch t he r i bosome i s
i n def i ned st at es of pr ocessi ng .

I n concl usi on, t he r econst r uct i on of t he r i bosome i n i ce
has r eveal ed a sur pr i si ng amount of i nf or mat i on especi al l y
on t he i nt er nal di st r i but i on and cont act poi nt s of r i bosomal
RNA despi t e t he l i mi t ed spat i al r esol ut i on . Even t hough t he
i nt er pr et at i on of t he i nt er nal hi gh- densi t y mass as RNA or
RNA r i ch does not r est on a posi t i ve i dent i f i cat i on of RNA
by i magi ng- whi ch woul d r equi r e ei t her spect r oscopi c i mag-
i ng or t he use of chemi cal l abel s- t he di st r i but i on f ound by
appl i cat i on of a t hr eshol d i s bot h pl ausi bl e and consi st ent
wi t h t he r esul t s of numer ous st udi es.

We expect t o be abl e t o over come t he pr esent r esol ut i on
l i mi t at i on by combi ni ng dat a f r om di f f er ent l y def ocused
mi cr ogr aphs, a t echni que al r eady successf ul l y used f or cr ys-
t al s ( Toyoshi ma and Unwi n, 1988) . At t he same t i me, a cor -
r ect i on of t he CTF wi l l enabl e us t o del i neat e t he boundar y
of r RNA i n bot h subuni t s wi t h hi gher f i del i t y . 3D vi sual i za-
t i on of l i gand bi ndi ng i n f unct i onal st udi es of t he f ul l y
hydr at ed r i bosome now appear s f easi bl e .

We t hank Mi chael Rader macher , Ter ence Wagenknecht , and Adr i ana Ver -

schoor f or many val uabl e suggest i ons and ext ensi ve di scussi ons . We ar e

gr at ef ul t o Wi t ol d Gr ochul ski ( Pur due Uni ver si t y, Laf ayet t e, I N) f or a di s-

cussi on of t he 3D r econst r uct i on t echni que . We r ecei ved t echni cal as-

si st ance f r omMi chael Mar ko and Ar dean Lei t h . Fi nal l y we t hank St ephen
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