
Largeand complex,the ribsomehas resistedeffortstockipber its structure for 4 decades, but now 
four groups-hawit inZWlr sights, to€heexcitement of everyone in the field 
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luttons and cryt$aWWon proceeures to get tmbaW of dee$onsthan smgle atoms could the ribosome, one that began when he se-
tinycrystais of the lagq,br 505, subunitof provide and so decided to use cluste,rs of quenced and chmkxbd  its various RNA 
theribosomefrom a Bacillus bacterium, and heavy Atoms instead. Even with these ad- components. Because dbedy determining 
m a ~ e t b n a y e a r k , . g e t t b e f i v e r y ~~by1995wtrentheinteraatonalnb f h e e n t i r e s t r u ~ s e e m e d ~ i a t t h e  
x-ray f x y s a d l e  images. Butwfien & some c o m t y  met in Victoria, time, he and his teamdevekpdbiochemical 
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link with the individual ribosomal proteins. 
But by the mid-1990s, Noiler was ready to 
try theimpassible. He remit& qst&gm-
phr Imie Cate,who badjustf m  solv-
inga mbuchsimplerRNA shuchm. "In terms 
of struGhKalbiology, this was the biggest 
chan*Icwklp*Wrecalls. 

cmvbed everyox alone. E v a  as tPie m y d s  improved, the 
that you could do group was stumped sbout the best way to 
structural analysis 
[on the ribosome] 
try x-ray cry@%-
*,"-Roger

~ a m o ~ b i o l o g i s t c r t C o p e n b a g i e n  

proved &cult, becauseshe .aewied&abler Protein Research Iasti-
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ments. For one, n i s  b m  theDcd embark& oa tbeh owa 
,Sea microbe HaloarcuJcr lnarismortui pursuit of ribssomt8 proved stabler and better suited to x-ray cryhis at the . M S u a e  

a studies than those from W l I w .Together in 1 
with Hakon Hope, a n J l s t z l l e  at the had 
University of California, Davis, Yonath the

" made another key advance by adapting smaller 305 ~Iruait 
Hope's s u v l i n g  techniqueto the dbo- from the biwtarium :WkkJthe entire ribo-

- some crystals so they would laat longer in Thennw tkmopkil@. 
~ ~ ~ o f ~ - r a y s . ~ ~ ~ ~ t e w a ~ o n e o f t h e f ~~ut~usvpovrecai~s,r t  
' p m p l c @ ~ t h s t y o u h a d t o &  was~ ibbtomlve the [Btrmca~e] in  studythcmAtfnstitseemedL'wejusthadtoI~ ~ j ~ m a g a ~ w ~ ~~ u s s ~ ~ b i o l ~ t b s . l s c ~ e d a c -m l l u p m ~ ~ ~ f i ~ w i t h ~ ~ s a y s  

i&mdqishan."She should gata lot of cess to thex-ray beandines. Cate.DailyheandY~wouldsitdawn 
$ awlit,'' now &at fhe trXhx&pe is E m i d  Aiher thedishtionof the Saviet Union for mffee to hash out ideas. Cate found5 i n r 3 l a c m m l ~ @ ~ .  in 1989, howwx, the Yisapvs began col- Yusupov's methodical approach a good 

W& stablercrystals inhand,thenext step labomtbgwith Din0 Maras at theUnivmi- counter to to his-of-tkqmts, "let's do an 
f m s t o f i m m t h w t o a a t e ~ ~  t y o f ~ ~ m g i n ~ m m  experhent and work out the details later" 
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; terns.CrystaUogmpherstypidlydothisby downintheearly1990sbecauseofsfioPt- N o l l e r ' s g r o u p a l s o t a o k a n ~ ~
s - ages of funding. So So 11996, theYumpovs amao;ich to making sense of the di&don 
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Challenge From ElectronMicroscopy 
Physicist joachim Frank may well feel a twinge of envy when he 
turns to pages 2095 and 2133 and sees the x-ray uystallographic 
imagesof the complete ribosome made by Hany-Ndler's team at 
the Uniwrsityof California, Santa Cnrt For 2 decades, bothFrank's 
team and a rivalg i in Europe led by Marin van Heel haw been 
pushing the limits of another imaging technology, called c r y -
electron miaoxoplr (cyro-EM), to a c h i i  the same goal: seeing 
the r i b o s o m d  cetl's protein factory--in all its molecular de-
tail. And 4 years ago, when both teams published structures re-
solved to about 25 angstroms, it seemed they might succeed 
ahead of the crystallographers.Now, crystallographers have taken 
the lead, but for understandingthe dynamic natureof this molecu-
lar complex, aye-EM iss€iivery much inthe running. 

Before tadding the ribosome, F d had spent yearsh n gout a 
mputer pro~gamthat couldkl~Utwo- and three-dimwiondmod-
els of mdecules by awragng and aUgninge k t r m  miuagraphs of 
thosemoleculestaken from d i i  angles. He usedtheW q u e  in 

1981to aeate a 20 recan-
struction of the ribosome, 
but rapid progress didn't be-
come possible until the late 
1980s. By then, lacques 
Dubochet of the European 
MalendarBidogy Laboratory 
in Heiddberg.Germany, had 
developed a way of rapidly 
freedng molecules in water 
so thatthey end up encased 
inglassy vitreous ice, which 
lacks the crvstals that 

ctyhh-. This m t  im- w l d  otherwik distort the 
age of the kchetfchia coli ribosome structure. 
with transfer RNA (green) shows Preparedthis way, the ri-
cryo-EM'Spotdi l l .  bosorne couldbeseenmuch 

more dearly,and both Frank 
and van Heel, who was tknat the Fritz Haber Institute of the Max 
Planck~inklin,quickiyappliedayo-EMtothissbucture.In 
1991,Frank puMishedthe first 3Dmmsbwthof ribosomesbased 
on q a - E M - T h e  msobtim was only about 45 an@rom. &R, Frank 
says, "wesaw thetwo [dbosome]subunits and the triangular shape 
of the intmwbunit *,* 

Meanwhile, van Heel, who is now at ImperialCdlege in London, 
was workingout his own methodfor making3D reconstructions.In 
1995, at a Gordon C o n h c e  in New Hampshire, his group and 

mens are frozen in vitreous ice before they 
are imaged (see sidebar). His team then re-
fined those maps by difliacting x-rays of dif-
ferent wavelengthsthrough ribosome crystals 
containing clusters of heavy atoms, a tech-
nique called multiwavelength anomalous dis-
persion. These clusters provided improved 
phasing information, which the researchers 
used to locate single heavy atoms inserted 
into another set of crystals. 

This approach, aided by improvements 
in both the crystals and the synchrotron fa-
cility that provided the x-rays, helped the re-
searchers surpass their expectations. "My 
feeling was that if [the crystals] only went to 

Frank's 'had two posters right next to each other," with models of 
the ribosome resolved to about 25 angstroms, van Heel recalls. 
For the first time, the molecule's surface topography, with all of 
its cavities and bulges, came into view. "All of a sudden, the ribo-
some had a spatial reality," Frank says. The researchers could see, 
for example, how the 
messenger RNA, which 
specifies a protein's wm-
position, might thread it-
self through the ribosome, 
The images also helped 
~ ~ h =intgrret
their x-ray diffraction 
data. "Crystallographers 
wouldn't havegotten any-
where without the cryo-
eWmn micmcopymaps,* 
says Roger Garrett, a 

Denmark Lmolecular biologist at ~ r z trbucrurab EL., -.....,,, 
Copenhagen University in of the ribosome's WSsubunit preceded 

good aysta~ography~ ~ r e s( 0 ~ ~ 0 -
Since then, both cryo- site page). 

EM teams have been get-
ting structures with progressively higher resolutions. Frank now 
has some 70,000 projections of the entire ribosome with an 
11.5-angstrom resolution, and until recently, he says, "wethought 
we couldwin the race against Noller." 

Van Heelstill thinks he can win the next phase of the race: the 
quest for images with 4-angstrom resolution, almost good enough 
to revealthe positions of individualatoms. At the international ri-
bosome meeting in Finland in June,he showed data on ribosome re-
constructions with a resolution as fine as 8 angstroms. Frank isn't 
convincedthat the resolution is that good, as he thinks the images 
didn't have the kind of detail he would have expected. But van 
Heel is bullish."We're expectinga new microscope, and I'm expect-
ingitto get below four [angstroms]." he says. 

Even if the crystallographers also beat Frank and van Heel to 
the next milestone, cryo-EM has a unique advantage over crystal-
lography. With cryo-EM, freezinga complex of moleculestakes less 
than a second, instead of the weeks it takes to grow a crystal So 
Frank and van Heelcan easily catch the ribosomeat various stages 
of operation, revealinghow the molecules needed for protein syn-
thesis move during the process. And that, notes Albert Dahlbeg, a 
molecular biologist at Brown University in Providence, Rhode Is-
land, "is going to be the next step, exploringthe dynamic nature" 
of this proteinfactory. 4.P. 

12 to 15 angstroms, it would still be impor-
tant:' says Thomas Earnest, Noller's collab-
orator at Lawrence Berkeley National Labo-
ratory in California. But so far the team has 
resolved the structure to 7.8 angstroms. 

And they're off 
Like Noller, Yale's Moore had been in the 
ribosome field for many years. With Yale 
colleague Donald Engelman, he had spent 
a decade working out the relative positions 
of all the proteins in the 30s  subunit by 
scattering neutrons through crystals of the 
subunit, a structural technique that gives 
less precise information than x-ray crystal-

lography. Still, says Noller, it was "a monu-
mental piece of work." But as it began 
winding down in the early 1990s, Moore 
began to think seriously about the next 2 
step. "I got interested in higher resolution 5 
information:' he recalls. For years, he and $ 
Yale structural biologist Steitz, who had 2 
distinguished himself by solving the struc- a 
ture of several proteins, had talked about $ 
tackling the ribosome. E-

In 1994, Steitz brought in Nenad Ban, 
who had worked on crystallizing viruses. g 
Although Yonath's and Yusupov's work had 5 
shown that ribosomes can produce high-
quality crystals, "we had to stretch every 
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