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To Fold or Not to Fold 
March 1, 1999 / Scientific American 

 

Proteins are born resembling strings of beads.  Then as shown in the computer simulation, they fold 

in an instant into intricate patterns that make them become brain, blood, biceps, and bone. 

 

But sometimes something goes awry in the folding process.  One result is disabling diseases like 

Alzheimer's and "mad cow" syndrome.  They also cause respiration and locomotion failures because 

protein functions cannot be fully carried out.  Yet until now, biophysicists could only guess at what 

happened. 

 

The problem was that even supercomputers were not up to the enormous computational task of 

describing the interactions between more than one protein molecule.  In fact, no one had devised a 

computer algorithm that would model the interaction between just two protein molecules until Jonathan 

King of Massachusetts Institute of Technology recently teamed up with researcher Sorin Istrail of 

Sandia National Laboratories' computational biology project to do so. 

 

"What Sorin has done is to say 'If bumping is important, I will have a pair of strings move in space 

and bump into each other.'  He quickly discovered properties of folding that were absent in previous 

simulations," says King who pioneered "wet" laboratory experiments to uncover protein-misfolding 

mechanisms. A paper describing the work will be published this Spring (1999) in the Journal of 

Computational Biology. 

 

Using the model developed by Istrail and MIT graduate student Russell Schwartz, the researchers 

tracked 2 highly simplified proteins interacting on a grid during millions of computerized trials.  They 

found it was the apparently random positioning of water-loving (hydrophilic) molecules in a protein that 

prevents water-hating molecules (hydrophobic - which possess the dominant folding force) from binding 

with other proteins.  
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"PROTEIN ADULTERY" 

 
ARROW INDICATES where 2 proteins have linked, foiling the folding process and creating a joint protein incapable 

of action.  This occurs when duplicate sequences of amino acids coincide so that they bind between 2 proteins 

rather than the appropriate sequence on the folding protein itself.  A random arrangement of hydrophobic 

and hydrophilic molecules normally prevents this from happening. 

 

In Alzheimer's and other protein-based diseases, an amino acid from one protein links to an amino 

acid on a second protein rather than waiting to link to one on its own chain.  This "protein adultery" -- 

which occurs as each protein passes through a series of intermediate folding steps -- results in proteins 

stuck to each other in inert masses. 

 

The researchers found that in an aqueous solution, amino acids usually hook up with others in their 

own string because of the randomness with which water-hating amino acid molecules are interspersed 

among water-loving ones on the same protein.  The water-hating molecules are prevented from 

combining with their counterparts on other strings by the action of water-loving molecules which form 

little pockets of protection around neighboring water-hating molecules.  These pockets require another 

protein to have exactly the right shape to inject a corresponding amino acid into the tiny coastal 

boundaries created by the protectors.  Which rarely happens. 

 

"Our Monte Carlo [i.e., statistical] simulations unveil how the kinetic competition between folding 

and aggregation is resolved by the 'good sequences' built-in protection against aggregation due to their 

hydrophobic-hydrophilic pattern," says Istrail.  "This allows them to escape misfolding traps and move 

towards the hypothesized 'fast track' folding that takes place for real proteins". 

 

The results will help laboratory scientists understand the mechanisms by which incomplete folds 

occur, in order to prevent them. "This is a step toward successful protein engineering," says Istrail. " It 

provides our first clue in how to design sequences of laboratory proteins that can survive the essential 

but complicated folding process." 
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Catching Ribosomes in the Act 
New images reveal how these tiny organelles turn genetic information into vital proteins and how 

antibiotics can foul their performance. 

by Kristin Leutwyler 

May 7, 2001 / Scientific American 

 

Scientists in the genome race did not cross a finish line draped with the usual 10-foot-long yellow 

ribbon but rather one marked by a string of genetic code stretching on for miles.  From there, researchers 

have started on a new course, hurrying to learn how this expanse of DNA instructs our cells to assemble 

proteins. 

 

Central to the process are ribosomes.  These tiny organelles crank out thousands of proteins needed 

to sustain life with remarkable efficiency.  And two papers in Friday's issue of Science offer a wealth of 

new information about how they work and how antibiotics can foul their performance. 

 

"As biologists, we are fascinated by these results because of their fundamental importance in 

understanding how the genetic code gets translated into proteins," says Venki Ramakrishnan, head of the 

U.K. Medical Research Council Laboratory of Molecular Biology and lead author of one of the papers.  

"However, pharmaceutical and biotech companies are keenly interested because this research not only 

helps us to understand how many known antibiotics work but also helps us to understand the basis of 

certain kinds of resistance.  This will hopefully allow us to design new antibiotics in the future that can 

overcome the growing worldwide problem of resistance." 

 

The new results are the latest in a fast-paced series of 

advances biologists have made in creating ever-sharper images 

of the ribosome and its two main parts: a large subunit called 

'50S' and a smaller subunit '30S'.  These two lumps (which 

together measure some 200 angstroms wide) are linked by a 

series of bridges. 

 

Between them lie three distinct "docking stations" of sorts.  

Transfer RNA (tRNA) -- carrying the building blocks of 

proteins or amino acids -- move from one docking station to 

the next as if on a conveyor belt.  In the process, they are 

compared with genetic instructions from the cell nucleus [or 

messenger RNA (mRNA)].  When the two match, the tRNA 

drops its load and the ribosome catalyzes a reaction fusing the 

amino acid onto a growing protein chain (see image at left). 

 
PROTEIN FACTORIES in all cells -- known as ribosomes -- are 

revealing their secrets.  New detailed images are showing how their two 

subunits (blue and gray) interact with each other and with tRNAs (red, 

orange, yellow).  Image: M. YUSUPOV et al.; copyright Science 

 

In 1999, Harry Noller of the University of California at Santa Cruz and his colleagues used X-ray 

crystallography in a novel way to produce pictures of the entire ribosome at a resolution of 7.8 

angstroms.  Then in August of last year, Peter Moore, Thomas Steitz, and their colleagues at Yale 
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University published an account of the ribosome's '50S' subunit in even greater detail.  Another group 

from the Max Planck Institute and the Weizman Institute headed by Ada Yonath has worked on the 30S 

subunit. 

 

Now Ramakrishnan's team reports on the structure of the '30S' subunit bound to pieces of mRNA 

and tRNA resolved to 3.1 to 3.3 angstroms in the presence and absence of antibiotic.  And Noller's team 

has come back with images of the entire ribosome (also bound to both tRNA and mRNA) at a resolution 

of 5.5 angstroms. 

 

Ramakrishnan's work reveals for the first time the exact four parts the ribosome uses to make sure 

that the three base pairs on a tRNA (an anticodon) match up properly with three on an mRNA (a codon).  

This codon-anticodon link is crucial to guarantee that the proper protein gets made. 

 

The team found that two different residues ('A1492' and 'A1493') change shape and probe the 

geometry of codon-anticodon interaction to check that the first two base pairs are matched.  The third 

pairing, they observed, is afforded more freedom in support of Francis Crick's wobble hypothesis.  This 

flexibility helps explain how a single anticodon can bind to more than one codon. 

 

To examine the effects of antibiotics, the scientists worked with ribosomes from the bacteria 

Thermus thermophilus.  Bacterial and human ribosomes are sufficiently different that antibiotics disrupt 

the actions of the former but not the latter. 

 

"Although these antibiotics were discovered several decades ago," Ramakrishnan says, "we haven't 

understood in detail how they work." 

 

The scientists found that the antibiotic paromomycin induced some of the same structural changes in 

A1492 and A1493 as did matching mRNA and tRNA base pairs.  Thus they conclude that the antibiotic 

makes it easier for the bacterial ribosomes to accept mismatched codon-anticodon pairs, leading to the 

production of many incorrect proteins and the bacteria's death. 

 

Noller's team uncovered just as many important insights.  They too produced images of T. 

thermophilus ribosomes, which are slightly smaller than those in higher organisms and so easier to 

resolve using X-ray crystallography.  Husband and wife Marat Yusupov and Gulnara Yusupova worked 

on creating near-perfect crystals for generating sharper images.  The group -- which also included Jamie 

Cate of the Whitehead Institute -- found that higher resolutions were attainable when tRNA and mRNA 

were bound to the ribosome (perhaps because they helped to stabilize it). 

 

In fact, much of what the researchers found provides evidence of just how dynamic the ribosome 

actually is.  For one thing, they were able to see in clear detail the great distances tRNAs must travel 
over 20 to 50 angstroms along the ribosome's conveyor belt.  They noted that a prominent kink in tRNA 

reaches out to ribosomal proteins in each of the three docking stations. 

 

And some ribosomal proteins also extend thin tails down into the docking stations to hold on to the 

tRNA backbone.  Their analysis further revealed that the ribosome's two subunits must themselves move 

in order for the tRNA to complete its journey. 

 

How the two subunits move in relation to one another remains to be seen.  But it undoubtedly 

involves the numerous molecular bridges that stitch the two parts together and come in contact with the 

tRNA.  In Noller's last 7.8-angstrom image, they were able to see 10 of these connections.  The new 
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sharper picture shows another two.  Scientists speculate that these bridges may also help the two 

subunits communicate, relaying the status of protein production. 

 

When Noller's last work was published in 1999, he commented that "what we have at present are a 

few snapshots and ultimately what we would like is a movie of the ribosome in action." 

 

Now scientists have captured a few vital scenes. 

 

"Both the Noller and Ramakrishnan manuscripts are landmark contributions to the understanding of 

ribosome structure and function," Albert E. Dahlberg of Brown University writes in an accompanying 

article in the same issue of Science.  "Our appetites have been whetted and we now look forward to 

seeing crystal structures representative of different conformations of the dynamic ribosome." 

 

Frame by frame, the film will be completed. 
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Protein Computer Games 
How thousands of would-be scientists are helping a team of researchers figure out protein shapes via 

the Internet and in the comfort of their own homes 

by Jeffrey M. Perkel 

October 14, 2008 / Scientific American 

 

I'm stuck.  Again. 

 

I'm sitting at my computer playing a game.  It's not a typical game.  I'm using human spatial 

reasoning and puzzle-solving know-how to manipulate and shape virtual proteins. 

 

The game FoldIt is an exercise in molecular origami.  I use my mouse to tug and twist at a backbone 

of mottled greens, browns, oranges, and reds on my screen -- each color representing the properties of a 

particular region of the protein.  Side chains (i.e., chemical pendants that make the protein’s building 

blocks unique) hang off the main backbone like charms on a bracelet. 

 

Proteins are long chains of building blocks called amino acids -- the specific number and 

arrangement of which makes each protein (whether it makes up your hair or carries oxygen in your 

blood) unique.  In the cell, proteins fold as they are assembled, the chain (or backbone) of molecules 

twisting and kinking to make a structure that resembles a tangled Slinky.  A protein's shape (or 

structure) determines what it does, where it goes, and the molecules with which it interacts. 

 

At the moment, I'm working on a poisonous protein produced by the funnel spider.  The protein is 

clearly unhappy.  Unnaturally elongated, its color palate is more angry red than green and 4 atoms have 

been flagged as too close to one another for comfort. 

 

A few simple moves yield big dividends.  From a starting score of 1,807, two quick keystrokes make 

the protein noticeably more compact.  The atoms get their space and the color palate has shifted toward 

green.  My score now at 7,710, the current high score (8,649) seems within reach.  Yet I'm at a loss of 

how to get there. 

 

I have a PhD in cell and molecular biology from the University of Pennsylvania.  But it's not 

enough.  Frustrated -- and with my player ranking at a dismal 430
th

 out of 450 -- I give up. 

 

Having a doctorate means that I know how laborious and expensive it is to determine the correct 

structure for a given protein in the lab.  A relatively short protein of say 100 amino acids could assume 

trillions of different shapes.  Only one is correct.  Typically the one with the lowest energy. 

 

That's because --as University of Washington (U.W.) in Seattle biochemist David Baker explains it 

-- a protein's structure is like a ball on a sloping floor.  It will find its lowest energy state just as the ball 

will naturally roll to the surface's lowest point.  Figuring out the "correct" shape of a given protein then 

means finding the shape with the lowest energy level. 

 

Baker came up with an automated way to do that: Rosetta@home 

(http://boinc.bakerlab.org/rosetta/ ).  Like the popular SETI@home screensaver that is used to help 

sift out any signal from the Cosmos that may be of intelligent origin, Rosetta harnesses processing 

http://www.sciam.com/article.cfm?id=protein-computer-games-foldit
http://www.sciam.com/topic.cfm?id=molecular-biology
http://depts.washington.edu/bakerpg/
http://boinc.bakerlab.org/rosetta/
http://www.sciam.com/article.cfm?id=processing-for-science
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power from idle computers around the World to predict protein shapes, twisting and bending chains to 

try to get to the minimum energy. 

 

Sometimes the program makes rookie mistakes.  Users saw them.  "I'm watching what's going on in 

my computer.  And these random moves that the computer's making," Baker recalls hearing, "are often 

just silly." 

 

A colleague (David Salesin) suggested converting Rosetta@home into an interactive game.  He 

connected Baker with Zoran Popović (a computer scientist at U.W.) who in turn passed the project to his 

graduate student Seth Cooper and postdoc Adrien Treuille.  The first public beta version was unveiled a 

year later. 

 

Your challenge if you download the software (http://fold.it/portal/) is to pull, push, nudge, and 

rotate the protein (represented as a three-dimensional, multi-colored pipe) into its correct shape using 

tools such as "pull and tweak", "shake and wiggle".  Each structure is assigned a score.  The lower the 

energy level, the higher the score.  Introductory exercises and in-game aides like "peekaboo" (which 

compares top-scoring solutions with yours) help novices get up to speed. 

 

For me, there are too many options.  For Top-10 player (and former Number One) "Sirenbrian" (aka 

Florida-based software engineer Brian Smith who plays FoldIt a couple of hours every night), the 

signature move is known as the "local wiggle strategy" as well as "walking the backbone", "slice 'n 

dice", or just "Brianizing".  He isolates short segments of the structure and "wiggles" to lower the energy 

of the locked-off segment. 

 

Former "Number One" player Charles Cusack (screen name "Ferzle"; he's now ranked 23
rd

) -- an 

assistant professor of computer science at Hope College in Holland, Mich. -- uses a very simple strategy.  

Pull on the protein's backbone, shake, wiggle and repeat.  "You just change it a little bit," he says.  

"Then let the algorithms do their work." 

 

Staying up late playing protein-folding games may seem a lonely exercise.  But chat windows, a 

wiki, duels, and group play make FoldIt into a social environment in which users learn from each other.  

More than 50,000 individuals have downloaded the application since its release in May.  Hundreds 

actively play it both alone and in groups with 5-or-6 new gamers joining hourly.  Only about half are 

biologists.  The others range from software engineers to historians, from grandmothers to middle-

schoolers. 

 

There aren't any prizes although Baker acknowledges the winners on the FoldIt Web site. Y et for 

users, it's about more than just the high score.  "It is a game that feeds into the actual scientific process," 

Sirenbrian says.  "We might be in the process of developing a new way of analyzing proteins and being 

of help to people." 

 

Thrianya -- a grandmother of three with a high school education -- says in her user profile: "I love 

pushing these little bits and pieces around and enjoy very much chatting with people from around the 

World who like the same sort of thing." 

 

Baker and his team learn from their users, continually on the lookout for moves that users rely on.  

The most successful routine manipulations will ultimately be codified into Rosetta@home to make the 

screensaver more effective. 

 

FoldIt's developers also fly top folders to Seattle to watch them work with the program.  Sirenbrian 

spent a day-and-a-half at FoldIt headquarters in early August.  "They interviewed me, videotaped me 

http://fold.it/portal/
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playing a little bit, and we talked about some of the new tools and features I would like to see added," he 

says.  Among his suggestions were a "squeeze" function to compress the entire structure (i.e., more 

compact proteins tend to have lower energy) and the ability to control the strength of the wiggle 

function. 

 

One of Sirenbrian's biggest complaints with FoldIt is that the game is short on instructions.  "It is 

like throwing a lot of tools into the pit," he says, "and seeing what we do with them." 

 

From Baker's perspective, however, that is precisely the point.  "We don't know a priori what the 

best strategies are for folding proteins.  So we create the tools and see what people do with them." 

 

Still, U.W.'s Popovi says user input has doubled the number of FoldIt tools since its initial release in 

May.  There's now an annotation tool which allows users to tag a structure with notes for others to view 

as well as a tool that rotates structural elements. 

 

Soon, the developers will rely on their users' wisdom to design totally new proteins which FoldIt has 

planned for the next release, scheduled to go live sometime in October or November.  The new version 

challenges users to design completely novel proteins that could become tomorrow's HIV vaccines and 

biofuels.  Baker plans to create the 10 best solutions for each challenge in his lab to see how they work. 

 

"We are hoping to define this whole new genre of games, that we would like to call 'scientific 

discovery games,'" Popovi says.  "The idea is to find many different places in Science where the human 

ability to problem solve can be directly applied without necessarily requiring somebody to get a PhD in 

a particular field first." 
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