
62



101026klu1400
Carolyn Brown:  

It's my great pleasure on behalf of the Librarian of Congress [James H. Billington] to welcome you to this wonderful event this afternoon.  I am Carolyn Brown.  I'm the director of the Office of Scholarly Programs and the John W. Kluge Center here at the Library [of Congress].  As I know you know, but this is -- I will say it again, because it's such a great pleasure to have with us two extremely distinguished scientists, John Mather and Craig Mello, both Nobel Prize winners for 2006.  This is really a great occasion for the Library [of Congress].  We welcome both of you and your families, and we're looking forward to a splendid afternoon.  Just a few words.  I know the room is hot.  This building was built in 1897, and in order to change the heat or air conditioning, you have to call the architect of the Capitol, who has to come and do some magical tweaking.  If we could simply turn -- what is it, up or down, the thermostat, and make it colder, we would.  But that is not possible on short--short notice.

You are also -- the room is packed.  We are sorry we couldn't get a larger room.  You're welcome to stand in the back, but we also have two overflow rooms downstairs, if you would like to take advantage of them.  And if you go out that door, you'll be directed to the overflow areas.  Today's program has three sponsors: the Kluge Center -- and I'll say something about in that a moment  -- the Library's Science, Business and Technology Division [Science, Technology, and Business Division] and we're happy to be joined by the American Association for the Advancement of Science.  You may have noticed all the cameras in the back.  This event is being cybercast live.  Plus we also are recording it, and it will be available on the Library's Web page.  So if you have friends, associates, colleagues who are sorry they're not here, they can watch it later, on the Web.

Let me say a word about the John W. Kluge Center here at the Library [of Congress].  We're a center for advanced research that promotes research in the collections of the Library of Congress.  We don't have a faculty, which most research libraries do.  And so we're very interested in encouraging the scholarly use of the collections and the kind of feedback that we get from scholars.  We bring to the Library [of Congress], with compensation, some of the world's most senior scholars, as well as the -- some of the most promising rising fellows who will be the scholars of the future.  We also sponsor lectures, such as this, seminars and small conferences.  You can find out more about the center by going to the Library's Web page, and if you would like to know more about the programs as they come up, we do have RSS feeds, and you can sign up for those.

The Science, Technology, and Business Division of the Library of Congress provides reference and bibliographic services, and also helps develop the general collections in all areas of science except for clinical medicine and agriculture.  And there are other national libraries that serve those fields.  The division also maintains its own specialized collection of technical reports, standards, and international gray literature.  So for the scientists, you would be actually surprised what you can find there in support of your own research, if you are a scientist.  

We are also pleased that this event is being co-sponsored with the American Association for the Advancement of Science (AAAS). Triple-AS, as, I think, many of you know, is the world's largest general scientific society, and the publisher of the journal “Science.”  Triple-AS was founded in 1848 -- goes back quite a ways -- has 262 affiliated societies and academies of science, serves ten million individuals.  “Science” has the largest paid circulation -- this is very interesting for me to learn more about this -- of any peer review general science journal in the world, with an estimated readership of one million.  And you can certainly find more information about triple-AS on their Web page, which is most unimaginatively called -- you can find it, that means  at <www.aaas.org>. Here to say a few words on behalf of triple-AS is Alan Leshner, chief executive officer and executive publisher of “Science.”  Alan?

[applause]

Alan Leshner:

Thank you.  I'm going to be very brief -- you're welcome -- because I, like you, am very excited to hear today's speakers.  This really is a very special event, and frankly, an honor for us at triple-AS to be co-sponsors of it.  Our mantra is “advancing science, serving society,” and we are tremendously interested in the relationship between science and society, particularly ways in which science can contribute to the betterment of humankind.  

Well, if you think about those kinds of things, you think about the issues of the day, and among the most important issues of today's day, are those that concern the origins of the universe and the origins of life, and I can't think of more timely, more important topics than those we're going to hear about.  And so on behalf of triple-AS, thank you for allowing us to be co-sponsors of the event.  It's a great honor and a pleasure, and I'm going to be quiet, because I want to hear the talks.  Thank you.

[applause]

Carolyn Brown:

We’re living in a [loud noise in audience] oops.  Nobody’s hurt?  Okay.  We can deal with noise, we can't deal too well with injury here.  We don't like to deal with injury.  We're living in a period of astonishing breakthroughs in science.  Our understanding of the universe has exploded as we have been able to free ourselves from the confines of the Earth's atmosphere, and peep out, really, with tiny eyes, into the cosmos outside.  And yet even as we are training our eyes outward, we're also in a time when we're able to look inward into some of the tiniest, most infinitesimal elements of our own world, and to begin to see, in some specificity, the wonders of life processes as they're unfolding.  Today we have really a discussion of what I think of almost as the bookends of science; the immensely large, on one hand, and the immensely small on the other: cosmology and genetics.

Our first speaker will be Dr. John Mather, who is part of that cosmological explosion and exploration, and in some ways I think we can compare this period in time to the beginnings of modern science, when the likes of Copernicus and Brahe and Kepler were opening up new worlds with a giant leap in understanding of the nature of the universe.  I think we may be seeing something comparable today.   Dr. Mather, who was just recently named chief scientist at NASA [National Aeronautics and Space Administration], is an astrophysicist in the Observational Cosmology Laboratory at Goddard Space Flight Center.  And he also leads the James Webb Space Telescope team.   Mather was awarded the Nobel Prize in 2006 for his work in quantitative measurements of microwave and infrared light from the early universe.  

He and his colleagues achieved results from the observations of the Cosmic Background Explorer, probably known to most of you as the COBE satellite, for which he was project scientist.  He was able to detail flux variations observed by COBE, and see that they provide key tests of certain predictions of cosmological models.  And some of the implications for this work are really quite stunning.  His talk today has a wonderful title.  For someone like me, who is a humanist, it kind of tickles the fancy: “From the Big Bang to the Nobel Prize.”  And he will be looking at the history of the universe in a nutshell; how it began, how it produced our Earth, how we, small earthlings, are discovering our own history through the process.  He will also be talking about NASA's plans for the next great telescope, to spy even more deeply into the cosmos.   Dr. Mather?

[applause]

 John Mather:

Well, my goodness.  Thank you for that lovely introduction, and thank you to the Library of Congress and the Kluge Center and the triple-AS for sponsoring this series of projects and programs.  I'm delighted to be here in a building named after Thomas Jefferson, and I'm thinking, you know, this great nation of ours was started by at least two scientists who signed the Declaration of Independence -- Jefferson and Franklin.  Now, people don't think of Jefferson as a scientist, but he was one of the great sponsors of early science.  He was very curious.  He had his own collections of natural things.  He kept track of all kinds of things, just like a scientist would, and he ensured that scientists went off to -- and scientifically trained people went off to explore the Louisiana Purchase.  And if you think back 200 years, people had no clue in those days that it would ever take less than several months to get across the country.  And here we are, and our words are going around the world within less than a second.  

And I'm just thinking about what they would think of what has been accomplished by the mission that they started, I think they would be overwhelmed and thrilled to see it.  Anyway, I am telling you about work that was sponsored by this country, by NASA in particular, and now I want to show you some of the charts.  We'll try this little magic thing that's in my pocket.  I just wanted to give you some hint about how I got into this world.  

[laughter]  

This is the research station, Rutgers University in northern New Jersey, where I was a child.  And I was not a product of the research station, but the one thing -- this was  -- you might not think of that barn that you see there as a scientific research establishment, but this was where the genetics research and breeding and feeding research were done on dairy cattle.  And so I had a growing up in a scientific place; my father's office was three yards from the front door.  And I loved science.  I always did.  

So anyway, I got a good start, and curiously enough, when I was about eight, I guess, the international geophysical year came along, and this country decided that it would follow its curiosity, and like the Russians, or the Soviets at the time, we would launch rockets into space.  And this was reported, and, of course, in October we'll celebrate the fact that the Russians beat us.  But the space age began this fall, 50 years ago.  The response of this nation was, “You didn't tell us that.  We better get going.”  And so there was a tremendous outpouring of support for scientific and engineering research.  And I think when we look around at what we have now, that astonishing competition has driven a lot of what we have, and that's the basis of our modern prosperity here.  So we've come a long way.

Astronomers are busy trying to tell us how we got here, but we can only tell part of the story.  We have an idea that there was a big bang 13.7 billion years ago, and we have its picture now from inside, in a curious sort of way, which I'll explain.  We have a story about how galaxies and stars were made, and how they have moved along through time to produce the conditions where a planet like ours could occur, and even life could occur.  And this is a, I believe, concrete dinosaur down here on the [National] Mall.  So this is something that we didn't know; your chin and everything you see around you was actually made out of atoms that came through the insides of previous generations of stars.  And this is a pretty shocking thing.  Astronomers found this out only about 40 or 50 years ago, and so before that, we just didn't have a clue.  Now we do know that this is a very amazing story.  And I will try to show you how it is that we know some of these things.

Number one, astronomers can look back in time.  We don't -- we only do time travel forwards.  People want to know, can you do time travel?  Well, you know, wait a minute; we will have done one minute of time travel.  But we can look at things as they used to be.  We can see back in time by looking at things that are very far away.  And when you look at your hand, it's only three nanoseconds ago, but when you look at the middle of our galaxy it’s as it was 25,000 years ago, and if you can look far enough away, you can see almost all the way back to the big bang, which in this old chart of mine was 15 billion -- now we know it was 13.7 billion years.

So, how do we know how big is the universe?  Well, in high school or grade school, you learned how to draw triangles and calculate shapes, and if you know the angles of the triangle and you know one side of it, you can know the other sides.  So, surveying techniques have been applied to astronomy for many centuries.  In fact, the Greeks already knew how to estimate the size of the Earth, and they got it about right.  They even, a few of them, had made an estimate of the distance to the moon, which wasn't so far off.  The sun was too far away for them to estimate, so as far as they were concerned, everything else in the sky was infinitely far away, or on what they called a crystalline sphere.  Now we know a little differently.

The other way that we have is similar but different. And basically we say if something is very faint, it's probably far away. And there is a quantitative measure of this, what we call the inverse square law, that says if you have two things that are intrinsically the same, and one of them is four times as faint as the other, then it's twice as far away.  So that's what that one is.  It's very simple, but difficult to apply, because who knows if those candles are the same?  You know, I drew them similar, but who knows if they really were the same?  So, this is how we can tell how far away stuff is.

This next thing we want to know is, how fast are things moving?  And very few things move across the sky fast enough that you can tell.  A few stars have moved since the star catalogs were first made by the Egyptians and the Greeks.  The star Sirius, I think, has moved about a degree.  The rest of them have moved so little that you could hardly tell.  But we can actually measure the rate at which things are going away from us or coming towards us, because it changes the shape -- or, sorry, the spectrum -- of light that we receive.  And nature has given us markers called spectrum lines that are produced by certain atoms or molecules in stars or planets, and so we can tell the chemistry of those places from those spectrum lines.  But now you can also tell the speed or velocity of something.  And if it's going away from us, the light we receive is redder than it would have been if it was sitting next to us and in front of us.  So we can tell the speeds of things by the colors.  And we have been doing this now for a century.

So in 1929 when the worldwide economy collapsed and the great economic Depression began here, Edwin Hubble make a shocking discovery.  He said, “Guess what?  Not only is the universe made out of galaxies, and those galaxies are made out of stars--” which had only been known for maybe 10 or 15 years at the time -- “the farther away, the faster they're going.”  And this is modern data shown on this chart, but the -- and it wasn't nearly as convincing when he first got the information.  But he said, “Well, you know, you divide the distance by the speed, you get an age of the universe.”  And it's a few billion years.  He had wrong numbers, and so it was a little difficult to accept at the time, but nevertheless, he made this completely amazing and shocking discovery with the Mount Wilson telescope, a hundred-inch telescope, out there.

So now I want to show you some of the people that had anticipated this, and argued about it in advance, and then interpreted it later.  What we see in the upper left picture is Albert Einstein.  You probably recognize him with a mustache.  You may not know the gentleman on the left who is Georges Lemaitre, a Belgian priest and scholar, who was a mathematician, and he studied Einstein's equations of general relativity, which are basically gravity for the universe.  And he said, “You know what?  This universe you've described to us, Albert, is not what you say.”  Einstein was quite sure that the universe would not be expanding or contracting; it would just be sitting there.  And, of course, that was consistent with all the data.  So this was in 1927.

So Georges Lemaitre, however, said, “You know, if you put this calculation together, this universe is going to be unstable.  It is not going to sit there.  It is going to collapse or it's going to expand, and so I think there was a “primeval atom” is what he called it. Primeval original material that came before what we see now. And Einstein was very mean to him.  He said “You're a terrible scientist, you're a bad physicist, and surely that's incorrect.”  Well, it was only two years later when the big bang was discovered by Edwin Hubble, who was not exactly looking for it, but did find it in the data, and so, of course, Einstein had to eat his words.  And he did apologize, and was a proper gentleman.

The gentleman on the upper right in these pictures is George Gamow, who was a theorist and a émigré from Odessa in, I guess -- is that Ukraine?  He was here working at George Washington University in Washington, D.C., and thinking about -- just after the war, World War II -- what would that primeval atom have been like.  And the question number one was, well, could you have made the carbon and oxygen and nitrogen that we see around us in that great explosion?  Because we were beginning to understand, at that point, about nuclear physics. We had blown up an atom bomb by then.  So we knew nuclear reaction cross-sections; we could start to calculate all of this stuff.  

And he, with his colleagues, Robert Herman, who was a post-doc with him, and Ralph Alpher, who was a graduate student, I believe, in the lower left picture -- they were working with him. And they concluded, number one, the carbon and oxygen and nitrogen did not come from that primordial atom, which immediately gave us a clue that it was something else, which is why I was able to draw you a picture that said your nose is made out of exploded stars, or your chin.  The other thing they concluded is that the universe was hot. And , of course, being so compressed in those early times -- and the heat radiation should still be here.  And people at the time thought about, could they measure it, and they concluded that it was impossible to measure with the techniques that they had at that time.  If they had known that there were a Nobel Prize waiting for them, they might have tried harder.  

[laughter]  

But that's a very funny kind of hindsight.  Anyway, in the lower right pictures I have a Soviet colleague and an American, Jim Peebles up at Princeton, who are modern authorities on the subject, and are now busy writing up the history of the universe and how it was all found.  Now, I want to come back to the science of this all, and tell you that there is no middle to this explosion that we have discovered, as far as we can tell.  If you have our three astronomers here, the person, the tortoise and the hare, the person will look out and say, “Okay, this pattern is consistent.  Divide the distance by the speed, we were all together one hour ago.”  If you imagine what the tortoise would say: “Well, I see that hare is one kilometer ahead of me, and he or she would measure a relative speed of one kilometer per hour,” and would conclude, “Okay, we all started together an hour ago.  But, you know, I'm in the middle.”  The tortoise astronomer would say, “I'm in the middle.”  

So the conclusion is, you cannot tell if you're in the middle from looking at this expansion.  It looks like everything is escaping from us, but we do not just have bad breath.  We are not in the middle any more than anybody else is.  So this is also a shocking conclusion, and is immediately the result of Hubble's law, that I showed you before.  

People argue with me. They say this is unreasonable.  Surely there must be a center.  And maybe there is, but it's so far away that we can't tell.  If there is an edge, it's so far away that we can't tell either.   So in truth, we don't know.  It's possible, mathematically, that the universe is infinite in dimension.  It's also possible that it's just extremely large and we would never know.  So we'll have to find that out some other day.

Okay.  So I would like to draw you a picture, but I can't really, because we are inside the explosion.  And so, maybe the explosion happened in four dimensions; three dimensions of space, and one of time.  Maybe it happened in 11 dimensions, as some string theorists would say.  But at any rate, we cannot really draw a picture, because we are not looking at it from the outside.  We are inside it.  So our particular material, whatever it was, would have been inside a ball about this big.  How would you know?  The entire observable universe, if you run the movie backwards, could have been stuffed into a ball as big as a golf ball.  And that's kind of shocking, too.  But, well, you know, if you're talking about the universe, it's going to be shocking, whatever it is.  So, push the button here.  Okay.  So how did this whole observable universe fit into that little bitty ball?

Well, number one, space is almost completely empty.  The stars are extremely far apart. We cannot imagine any way currently available to get to the nearest one, besides the sun.  Even getting to the sun from here is a very hard project.  The next thing after that is, atoms are almost completely empty.  The atomic nuclei are tiny compared to the size of an atom.  And if you really squeeze hard on the particles that are inside the atomic nucleus, they can come apart, too, and they're made out of even smaller things called quarks.  And so you can imagine that taking this current universe we have, running the movie backwards, squeezing and squeezing and squeezing until it all mushes together into a golf ball. And then at some point, when it's about the size of a golf ball, we do not have any clue what it should do, because the laws of nature that we think we know of would no longer apply.  And we think we know that much that it wouldn't work.  So we will expect to get a surprise sometime when we can guess better about those laws of nature at that time.  So, anyway, this is a great mystery, and we will not answer it today.  

So then the next question is, well, how did you get from that humungous explosion of an entire little ball blowing up to make the size of the universe, and then have the complex structures of stars and galaxies come to be?  Well, number one, gravity is unique among the forces of nature, that it is attractive.  And all kinds of matter attract each other.  That means that if it's just sitting there, it doesn't want to stay apart.  It wants to fall together.  So if for any reason there is a little more mass over here than there is over here, the place with more mass is going to pull stuff in, and the place with less mass is going to lose.  

So this is a way in which the universe is unstable after it's been produced, or started of. So because gravity attracts, it means that material can fall together to make stars and galaxies.  So this is the number one thing that makes it possible for us to be here.  Nature, I suppose, might have been made differently.  If gravity were not an attractive force, why would the universe separate?  Maybe it would just be an expanding gas and would just start off hot and get cold, and that would be it.  So -- but it isn't.  We have turned up because gravitation is attractive.  

Then the next thing that is because gravity enables stars to form, stars are then able to burn the atomic nuclei and produce heat and light, which can then come out and support complexity here.  So we watch the sun boiling with its sunspots because heat is flowing.  We -- the weather flows here because heat is flowing on the equator and flowing out at the poles.  And then, obviously, we are supporting photosynthesis because of the sunshine.  So all of that is because the universe is as it is, and the laws of nature are as they are, but the meaning of that is yet to be explained.  

So let me now talk about how it might have happened.  Here we have our computers.  We have basically what we think are the laws of nature that should apply, and here is a computer simulation of a box of material, of the primordial material, turning into galaxies.  And you'll see now, as the simulation runs along -- oops.  I wish I could go back.  Maybe it will go back.  I wanted  to show it to you again.  You'll see that this is more or less how uniform initial material forms itself into clouds of galaxies.  They're strung out in great strings across the sky.  It's not an even slightly uniform material, and it is totally amazing, but it is roughly what we see in the sky.  So our computer says we know how it works, sort of.

Now, here is a surprise coming.  I'll show you what we thought happened.  Everyone was quite sure -- maybe I should say almost everyone -- that the universe must surely be slowing down, because gravities are pulling -- is an attractive force, as I explained, and galaxies are pulling on each other.  Obviously that must slow down the expansion.  In fact, we built the Palomar telescope.  One of the great purposes of that amazing telescope was to tell how fast is the universe slowing down, by measuring more and more distant objects.  So we will come back to this subject.  

Now, here -- this is my promised universe in a nutshell chart.  I have everything that's happened from the beginning to the end on this one chart.  So in the upper left, we have a picture of the big bang, as seen by the COBE satellite and the W-map that came later.  And I will explain more about that picture later.  We have the computer simulations that say we think we know how galaxies were made and how stars were made.  

In the lower left you see a picture of the Andromeda Nebula, which is the nearest big galaxy to us.  And you see there are two little blobs there with that nebula.  There are satellite galaxies, and those little satellite galaxies are orbiting around the Andromeda Nebula.  And over the course of time they will orbit it and they will be destroyed and swallowed up and merged into that great nebula.  So on the right side I have words that go with this.  “The Horrendous Space Kablooie” is the name given to this situation by Calvin and Hobbes in their cartoon strip.  

[laughter]  

And, well, you know, disaster sometimes is good for you, right?  We wouldn't be here if we hadn't had that, what other people might consider to be a disaster.  At any rate, in the earliest moments, we had an exponential expansion.  The universe -- within a small fraction of a second it multiplied in size, many fold. And it set up the conditions that would lend -- later as the universe started to just coast and slow down -- that would set up our existence.  

There were some hot and cold spots.  There were nonuniformities in that big bang, which we have now measured.  There was antimatter in immense quantities, all of which is gone, almost. It disappeared very shortly after that explosion.  There was something called dark matter and dark energy, which I'll come back to, which have changed our picture completely in the last decade.  Anyway, it was 13.7 billion years ago, which we have now measured.  So, skipping some of these steps, when the universe was three minutes old, the primordial neutrons latched on to the primordial protons and made atomic nuclei for helium.  And that was the end of the nuclear reaction that happened at that time.  So we have, from the big bang, hydrogen and helium.  And that's what the stars are primarily made of.   So this is what Alpher and Herman were able to conclude.  That's the end of the nuclear reaction series, and so this happened when the universe was about three minutes old.

There is a little book by Steven Weinberg which was a lovely one some years ago; it was called “The First Three Minutes.”  If you want to get a lovely summary of knowledge as it was, say, 25 years ago, it's a fabulous book.  At any rate, then the universe went on and expanded, and it cooled for another 389,000 years, which is now a measured number.  And at that point it was cool enough that the primordial electrons found atomic nuclei to grab onto, and they became ordinary gaseous hydrogen and helium.  And that's important for us, in the measuring process, to say, because that's when the universal -- when the gas became transparent, and you can see through it.  The light and the heat radiation that was there in the very beginning was released, and was able to go through the whole universe until it reached us, or whoever else is looking.  So we see the universe as it was at that particular time.  

Then strange things happened; the first stars were born.  We call them population three, because we named them in backwards order.  The first stars would last for about 3 million years and then blow up.  So our objective now is, well, can we see some sign of that first generation of stars that came before us?  Then galaxies were formed. Galaxies merged together, and after two-thirds of the age of the universe had passed, the Earth and the sun were formed only 4 and a half billion years ago.  So then many amazing things happened in the history of the Earth; continents were formed, continents moved around.  The Earth was pelted from overhead by debris from the early solar system.  It was a pretty nasty place to live.  The last big quack that we got was about a hundred million years ago, and a giant meteorite hit the -- probably the Yucatan Peninsula, and wiped out many of the life forms that existed then.  So another disaster for them was part of the essential part of our history.  We wouldn't be here without that disaster, either.  

So it took a lot longer after that, but mammals became dominant about 55 million years ago.  And our own particular kind of mammals, and the ones that we like to see in the zoos, turned up, say, one or two million years ago.  So that's an amazing history for the geologists and the biologists to tell us about, and I think Craig will tell you a little bit about how that all works.  

So anyway, almost 400 years ago Galileo perfected the telescope, and was able to discover that we are no longer even in the middle of our own   -- well, it became very clear we are not the middle of everything, because he saw that Jupiter was a miniature solar system and had four little satellites going around it every few days.  We get to celebrate this with the “International Year of Astronomy” in two years.  Curiously enough, the man who invented the telescope was a spectacle maker in the Netherlands, and his patent application we still have.  And curiously enough also, it was denied.  

[laughter]

I don't know why it was denied, but it was.  

Anyway, I think he was a great man, but Galileo was the man who perfected the technology so it was good enough to see those satellites of Jupiter.  So we celebrate in two years.  Anyway, 102 years ago Einstein gave us this special theory of relativity, and shocked everyone that space and time are not what we thought.  People often ask me, “Well, what was the theory before the big bang?”  And this is only a part of the story, but space and time are mixed together in a way that people found extraordinarily upsetting in 1905.  Many of us now grew up with it, everyone knows, and relativity is right, but not quite.  It's still not the way people think.  So almost 50 years ago NASA was founded, in 1958.  It may not be that far away until we find signs of life on other planets.  And now in the far future -- I have to give you a small warning: our sun will go out.  

We have several billion more years before it does this, but it will use up all of the nuclear fuel that it has.  First it will become larger, and it will become too hot for us here, and then it will go out.  Around the same time, the Andromeda Nebula that I showed you is coming at us. And it will -- as I said, it will collide with our galaxy, and it's just possible that our sun will be ejected and be wandering, lonely, between galaxies, or it may even transfer its allegiance to the Andromeda Nebula.  And then if things go as it seems to be, then also the universe will continue to expand even faster, and the distant galaxies will get farther away, and it will get darker and darker at night.  So in a few hundred billion years, it will be a very strange place.

Now, I want to step back and tell you about my particular work, and what it was like when I was a graduate student.  In 1965 this primordial heat radiation that we are so excited about was discovered by [Arno Allan] Penzias and [Robert Woodrow] Wilson, who had built a communications antenna.  And they were astronomers as well, and so their byproduct -- they were working for Bell Telephone Labs [Laboratories].  And so their byproduct of communications research was that they saw something was funny about the measurements.  There was a noise, a hiss, coming into their receivers that should not have been there.  

And they were good enough engineers as well as scientists to say, “We better figure this out.”  And so they did. And they discovered that the universe has a temperature of about three degrees above absolute zero. And they were very busy checking what it was, and proving that it was correct, when they learned that the idea that it was the big bang radiation had already been thought of, and, in fact, their buddies right down the street in Princeton, whose names are also here on the chart, were the people who knew what it was and were looking for it.  Anyway, it was an often-told story you can read about in many books, but this started off the era of modern cosmology, when we knew that there was really serious evidence about what was there at the beginning.  

Before this, we just were speculating. And although we had plenty of evidence, it didn't make complete sense.  And the age of the universe wasn't right. There were stars that were older than the universe seemed to be.  And so this was when it all started to come together.  However, when I was looking for a thesis project in 1970, our measurements were wrong about this heat radiation, and it looked like even a graduate student should be able to find out something better.  So I was at the University of California in Berkeley, and these folks here on the third line in this chart were all starting to work on measurements. And these were old, old days as far as technology.  We used vacuum tubes for measuring, and a very advanced laboratory computer that used paper tape to make a program.  And you made your detectors by hand, which is very unlike what we do today.  

Anyway, I worked on the thesis project, and got it not to work.  I learned that, well, it was really hard to do thesis projects, and I tried to escape from my fate and switch to a new subject.  But in 1974, the very year that I got out of graduate school, NASA issued an announcement of opportunity, and called for satellite missions to be proposed.  And they received about 150 proposals, including two that were for a small infrared observatory called Infrared Astronomical Satellite, and three that were for measuring the cosmic background radiation.  Now, one was a team that I had organized with my colleagues at NASA and at MIT [Massachusetts Institute of Technology] and at Princeton, and a couple of years later, NASA decided that they would form a new team composed of members of our team and the other two.  

So in 1976 we started working with the Goddard Space Flight Center in Greenbelt, where I now work -- have worked all this time -- to figure out how to do this.  It took about three years to decide that we would do this in-house, which means working with engineers at Goddard Space Flight Center; another three years to get approved to construct it.  And then four years after that, the Challenger space shuttle exploded shortly after launch, and we were going to use the space shuttle for a launch, and so we just had to find another way.  So it took another three and a half years to completely redesign it and rebuild it for launch on a delta rocket, which took it up on Nov. 18,1989.

So this is what it looks like.  Here we see a picture of the observatory in space, and you see a picture with a conical sun shield, and inside that conical sun shield are the instruments.  There is a helium tank -- liquid helium is our coldest liquid, and it's at a temperature of 1.5 degrees above absolute zero on the Kelvin scale.  And it carried two instruments that were cooled to that very low temperature to measure the big bang radiation and look for infrared from the first galaxies.  Around the outside of that cylinder, in the very middle, you see three other boxes that contain microwave receivers, and the little call out says "DMR antennas" there on the picture.  So that was also a very important set of instruments, and I'll show you the results.

This observatory spins around its spin axis every 72 seconds. And it is put in an orbit where the sun is always shining on the side of the observatory and the Earth is always underneath.  So that means the instruments are always protected.  This is a unique choice of orbit, which is only possible because the Earth spins at the speed that it does.  So there are many lucky things about our observatory.  But at any rate, now I'll show you what we got.  Well, first I'll show you the instrument that was basically my thesis project on steroids, made much larger and much more precise.  This is what's called a Michelson interferometer.  It's used to measure the spectra or the intensity of radiation at each different wavelength.  The critical thing for this one is to see if [coughs]-- excuse me, to see if the sky has the radiation that should come from the big bang, if the big bang theory is correct.  

And the calculation says that this thing that's drawn up here, that's called the movable block calibrator, if we set it for exactly the right temperature, it will have exactly the same radiation as we're receiving from the big bang.  So that's the big question.  So we carry our own big bang simulator right there on that little black thing.  It looks like a trumpet mute, and in fact, the antenna that we show here was -- we tried to buy it from an instrument manufacturer, but he couldn't use aluminum, he could only make brass.  So we had to cut this with a lathe.  But at any rate, the concept was, receive [coughs] light from the sky, see if it matches up with the radiation from this black calibrating object.  And this is the result that we got: the theoretical curve is a smooth curve there, and the measurements are the little black boxes, and this was what we got after we had only the first nine good minutes of data.  And you see that the little boxes all sit right on the curve.  And this was not a surprise to us.  I think we would have been surprised if anything else had happened.

However, when I showed this to the [American] Astronomical Society, people stood up and cheered. And it took me a while to realize why they were cheering, because I had just gotten what I expected.  But I should tell you why they were cheering.  We had had decades of wrong measurements, and the wrong measurements had been explained by radically different kinds of theories, which said basically, well, maybe the big bang isn't right.  But it was very hard to swallow these strange theories. And  so the general scientific community was quite worried that maybe we would find something else.  So that's -- not only is it a good measurement, but it also ends generations of serious worry about where are we, and will we ever understand what's happening?  So this curve is now in many textbooks, I'm very proud to say.

So, now let me move on to the next experiment that we did.  Oh.  One of our colleagues is here -- Eli Dwek is a member of our science team.  He's also a brilliant cartoonist, and he drew this summary of our result.  Okay.  Now, let me move on to the next experiment that got scientific results.  This is called the differential microwave radiometers, and the purpose of this instrument is to see if the sky is equally bright in all directions, or if not, please make us a map of how much different it is.  So this is the way we would do this 25 years ago.  There is a microwave receiver which is composed of a frequency converter, an amplifier, and a detector, and then there is also a little switch that we put at the beginning, which switches the input back and forth between two antennas that are pointing in different directions.  And if the intensity of signal coming out of the receiver at the end changes when you move the switch, then you know you're looking at two pieces of the sky that are a different brightness.  

So this is the basic measurement that's made, and we made hundreds of millions of measurements of this type.  And when we did that, and calculated with the computer, we were able to make these maps of the sky that are shown here.  So anyway, the top picture is what we got as raw data, or almost raw data, correcting for the fact that we know that we're moving through the universe at a certain speed, and that we live in our own galaxy.  We get the picture on the bottom, which is a map of the sky, and almost all of those pink and blue blobs are thought to be remnants of the big bang itself.  So that picture on the bottom is the one that was vitally important for scientists to interpret our place in the universe and how we got here.

And what we saw was that there are places in the sky that are about apart in 100,000 brighter or less bright than others.  And that's not very much.  And it was almost impossible to measure, but we did measure it, and we have gone on to write thousands of scientific papers about those numbers.  So, including getting recognized in the end for the Nobel Prize in Sweden this fall, last fall, this is what the Nobel committee said about the discovery of the blackbody form and the anisotropy of the cosmic microwave background radiation.  Anisotropy, I guess, comes from the Greek, and it means “not the same in every direction.”  So I shared the prize with George Smoot, a colleague at Berkeley.  

And -- but it represents the work of a tremendously coherent scientific and engineering team of about 1,500 people all together, and if you want to know the story of how that worked, there is a book.  It's called, “The Very First Light,” which I wrote with a colleague, co-writer John Boslough, and we hope to reissue that now.  We're working on that.  At any rate, this is what I looked like in Sweden.  Craig, I'm sure, has a picture almost the same as this.  So yes, it really did happen.  Coming on from this, we got the next project that was flown by NASA after.  That made an even better measurement.  This is a map of teeny tiny speckles of the big bang radiation, and the measurement is so much better than the one we got with COBE that number one, we believe the COBE result, and number two, we can interpret this to find some big surprises.  

And I will show you the next surprise.  This cartoonist has captured the essence of our subject.  We love that we get surprises in science.  And this is not a new caption; this is exactly what “The New Yorker” cartoon showed -- “Scientists confirm today that everything we know about the structure of the universe is wrongedy-wrong-wrong.”  So now, what was it that was wrong?  Well, the statistics of those little speckles on that map I just showed you are explained by this chart, which has three pieces in it.  This is a chart about how much stuff is there in the universe.  And us -- that's the atoms there -- we are 4 percent of the total mass and energy in the universe.  There is something called darkened matter, which makes most of those speckles that I showed you.  They are left over from the big bang, and it is approximately six times as abundant as atoms are.  And then there is the dark energy.  

And this was an even bigger surprise.  This is something -- both the dark matter and the dark energy are something that only astronomers can detect.  And we don't see it either, but it has its effect on things, and makes those speckles on those maps and makes strange things happen.  So we look around and we say, “Well, okay.  We're real important, but, you know, we are not the big thing here.”  And so we have a big mystery in front of us.  Whoever figures out what either of these is has certainly got a brilliant discovery.  There is some chance that I suppose one of these years we'll actually make a particle of dark matter in the lab, and we'll know it.  And then we'll understand a little more.  There is also a possibility that we'll never be able to do it, and we will not know for a while.  We haven't given up.  

Anyway, the dark energy is causing the inner earth to accelerate, and that's the biggest surprise in the last decade, I think.  Dark matter had been anticipated for 50 years. The dark energy was not, really, and so it was a stunning discovery.  It was the front page of “Science” magazine, what, 1996, was it?  Roughly?  And as the discovery of the year. So this is the great mystery -- why should the universe continue to accelerate?  Well, why not?  But we don't know.  

Okay.  Now, I want to talk briefly about the project that I'm working on now, which is a follow up to the Hubble space telescope.  And with this chart I just wanted to illustrate that we're studying infrared light for a particular reason.  The universe is expanding; we want to see things that are far away.  The light that comes to us from the distant universe has got longer wavelengths than it did when it was emitted.  So if we want to see the ultraviolet and visible light from a distant star, we have to have an infrared telescope.  So that's number one.  

The second one is there are things that are roughly at room temperature that emit infrared, but they do not emit very much visible light. and if you want to know about them -- if you want to know about planets, for instance, around other stars, it would be a very good idea to study infrared.  So here is the telescope we are in the process of building.  In the upper right picture, you see the strange looking thing. It doesn't look even remotely like Galileo's telescope.  What you see there is a big golden hexagon, and that is a parabolic mirror, made out of 18 smaller hexagons, and they are adjusted to function as a single parabolic mirror, and they focus the light from the distant universe down on to the little mirror    I can't point the pointer at it, but there is a dark blob in the left hand side, and then it reflects down into the instrument package, which is behind the golden mirror.  

Now, what's also different about this observatory is that it's being put out in deep space, far away from the Earth, a million miles from here, and that means that we're able to put up a single-sided umbrella.  This thing which is called, in the picture, a sun shield, is a five-layer sun shield.  It has a sun protection factor of a million, and that means that our telescope will get cold.  And it's essential for our purpose that it should be cold, otherwise it will emit its own infrared radiation.  So this project is being done in partnership with European and Canadian space agencies; our prime contractor is Northrop Grumman Space Technology, near LA [Los Angeles] airport.  We have four instruments on board, coming from the University of Arizona, from the European Space Agency, from Jet Propulsion Lab, in collaboration with Europeans, and even from the Canadian Space Agency.  

So this will be operated like the Hubble space telescope from Baltimore, and I guess that's the key description.  I forgot to tell you how big this telescope is.  And the chart says six and a half meters, which is 20 feet.  It's the size of that big hexagon.  It's about two and a half times the size of the Hubble, so it's immensely powerful.  And the pictures that take Hubble some weeks to accumulate could be done within hours, with this new observatory.  So -- also, it's supposed to be launched in 2013 on a rocket which is being provided by our European partners.  It's an Ariane 5 rocket, and it will be operated for five -- at least -- years.  I hope for more; probably 10.  

So, anyway, now I want to tell you a little bit about how we do this, and I'll show you, first off, where it is.  This is what we call the Lagrange point L2 orbit.  And you see the sun in the middle of this picture, and the five Lagrange points, L1 through L5, are named because these are places where you could put something and it would continue to go around the sun with the Earth every year.  And the little circle around the Earth, that's the moon, to illustrate that the Lagrange point that we're going to is four times as far away as the moon is.  So anyway, we put this pretty far away; this is not easily accessible.  In case we would need to fix it, well, we're kind of out of luck right now, so we better get it right.  Naturally, we're trying pretty hard to do that.  Anyway, so this will be over headed at night, and every night.  But, of course, we don't look through it with an eyepiece; we get our data back by radio.  So here is how big the telescope is -- here is a full-scale model of it out at Goddard Space Flight Center.

Last spring we had it on the [National] Mall down here in town in front of the museum, and it was very popular.  Lots of people came by.  But this gives you a sense of how huge this is.  That sun shield, itself, is as big as a tennis court.  And the team is large, also.  It takes a village to put together a telescope [laughs].  This is maybe about a fifth of the team, here on this chart.  Most of the rest of them are spread around the country in different places, but especially in Los Angeles.  So anyway, it's a huge project; it's the proper successor for the Hubble space telescope.  There are some amazing technologies that it takes to accomplish this, 10 serious inventions we had to complete.  I can report that they were all completed very nicely and passed our review process this January.  So I don't think I'm going to explain in detail what they are, but people – I want to skip this, too.  I'm going to show you the science.  

Number one science is how galaxies are formed.  And the picture in the top middle shows you a real picture of two galaxies that have collided.  The little movie in the bottom is a computer simulation, and there was a moment when they looked exactly the same.  So we are beginning to understand how galaxies are made, how they collide with each other.  And naturally, we want to see this happen with our observatory.  

Another thing we'd like to do is to see as far away as possible.  This is a picture that's taken with the Hubble space telescope that took two weeks to do it.  We can do a lot better than this, and see much farther.

Here is probably one of NASA's most famous pictures -- at least from Hubble, it's one of our most famous.  This is called “the pillars of creation” by many people, and this shows a place where stars have recently been born.  Some very bright ones are shining on these dust clouds.  By the way, the dust wasn't there in the big bang; this is debris is from previous generations of stars that exploded.  So those dust clouds are places where stars are being made, probably.  And we would surely like to look inside, so we have -- this is a picture of the same place, made with an infrared telescope on the ground, and you can begin to see that it's quite different in the infrared we can see inside.  I'm getting a signal that I should -- time to close up, which I will. There are a few places in Orion where you can see stars that have just been formed, and see them in silhouette against the cloud behind.  So these are places to look, to see how stars are made.  

We have a simulation of how a planetary system might have been made, and this computer movie will show you how this might have been.  This is an artist concept; this is clearly not a movie of the real one, yet.  But here we've even zoomed in to shows pictures of rocks flying around in orbit around the central star.  Eventually these rocks collide with each other, join together to make bigger bodies, make planets, and we sure would like to see this happening somewhere.

We have many ways to do this with this new observatory, and in particular, we have a few places where we already know that we should see planets.  There is a planet in the southern hemisphere called Formalhaut, which is quite bright, and we calculate because there is a ring of dust orbiting around this star, that there is a planet, and we can calculate where it is, how big it is, and then we ought to be able to see it.  It’s a big one. It's a bigger-than-Jupiter type of planet, but it will be one of the first that we can observe directly as a separate image.  

There is another way we have to go at this; once in a while a distant planet will go in front of its star.  And this is a planet going in front of our star.  An actual movie made with our stereo observatory -- that was our moon going in front of our sun.  So this is a very cool picture.  I'd like to see it again, if I can here.  There we go.  Will that do that?  

Yeah, there goes the moon in front of the sun, as seen from our remote observatory.  We didn't do this just to see the moon, we did this to learn about the sun.  But this is a very important technique which we now have for learning about distant planets, and here is a simulation of a planet going in front of a distant star and showing that it blocks out some of the light from that process. 

 We can learn about the chemistry of the atmosphere of that planet from the way that it absorbs starlight from behind.  Sometimes, also, as we see in the right hand simulation, the planet itself will go behind the star, and then the total light that we see will also be dimmed a little bit, and from this you can determine what is the light that came from the planet.  So we have also done this one.  We have a small infrared telescope in space already called the Spitzer, and it has proven this technique works quite nicely.  So with a big telescope, we have many candidates, and we should learn a lot about planets around other stars, and their particular situations.

Now, I wanted to wrap up with a picture of a nearby, very strange object.  This is one of the satellites Galileo discovered orbiting Jupiter.  He had no way of guessing at that time that it would be a very interesting place.  We would have guessed 50 years ago that it was a rock, but it's not.  It has an ocean, and the ocean is covered with ice.  And so there is a reasonable likelihood, if you are an optimist, I suppose, as I am, that there is some kind of life going on, probably supported by chemical energy in that ocean under that ice.  So clearly, it's a candidate for the next place to go to look for life.  Everyone is running off as fast as possible to study Mars, because we know it was wet, and we know -- we have had observatories on the surface who are watching overhead for now 10 straight years, and so we're making a lot of progress about Mars.  

But here is a place which is currently wet, and so, you never know.  We should eventually find out about this one, too.  And it's a long story about how to do that.  

So I think -- oh, this is my next and last chart.  This is how we would look -- one of many ideas about how we would look for life on the planet around another star.  And the optical system that's drawn here is complicated, but the main point of it is to see whether the distant planet would have the chemistry of our own planet, which would have the signature of water, ozone which comes from oxygen, and carbon dioxide.  So this little curve here is something we might see on an Earth-like planet around another star.  

If we saw that, we would say, “Aha, it's got photosynthesis,” because that's the only way we've thought of whereby that combination of three kinds of molecules would be there at the same time.  So we do have a chance to tell if the universe is alive, besides here.  

So we have a few questions that we will tackle over the next centuries; some of them will probably take that long.  But anyway, I will be happy to take your questions now.  And I hope they're not as hard as these. 

[laughter]

 Thank you very much for coming.

[applause] 

So I think we have time for -- we have a few questions before we go on to Craig.  Question, there’s a question.

Male Speaker:

[inaudible] I kept looking at your tie.  I couldn't help myself, is there a connection between your tie and the --?

 John Mather:  

Well, this is one of my favorite ties.  It's a Smithsonian Institution tie, as it turns out, but it's no longer in print, so you can't have one.  No, it's just my favorite tie.  Thanks.  Question? 

Male Speaker:  

It's obvious that astronomy and technology go together.  And you're focusing a lot on bigger and better telescopes.  Is there any other technology that you would like to have that doesn't exist now, that you feel would be useful for learning more and more about the kinds of things you focus on?

 John Mather:  

That's an interesting and lovely question.  And you know, what I wish for the most would be computer intelligence.  One of these days they say -- some people say -- that the computers will get smarter enough that it matters -- that it's not just annoying when your computer doesn't work.  The computer will actually say, “Well, you know, I think maybe I could get you to Mars.  Would you like to go to Mars?”  And we would say, “Yeah.  We'll get you what you need, Mr. Computer.”  That could happen.  And it's going to be a long trip before we can get our boots on Mars.  It's a hard project, but I think that the computer revolution will continue long enough to make a big difference in that.  So that's what I'm hoping for.  Right now it's really hard.  Maybe it will only be hard for another 25 or 30 years.  Thanks.  Question way over there?

Male Speaker:

Do you have any kind of idea about what the definition of the universe is, or if there is only one?

 John Mather:

Okay, the question is, what is the universe really?  What's the definition?  And the definition that we use currently is everything that you could potentially observe.  But that, of course, doesn't mean that's everything there is.  So it's quite possible, in my opinion, that there is lots of stuff beyond what we call the horizon.  We'll have to wait longer for a light to come to us from farther away.  It's also quite possible that there are, at least according to theory, many other things that look like our universe that are somehow separated.  

And my picture of this is, well, imagine a mushroom garden with little mushrooms erupting here and there from some kind of primordial substrate, and the different mushrooms might not know each other exist.  It's also possible that when our universe is done with its expansion, it will collapse back down and bounce again, and it will start over and erase most of the information.  So you would not know.  Maybe our universe is on a bounce and has been here before, and there were previous generations of people here at the Library of Congress.  

[laughter]  

But this is a hard question.  Maybe one more, two more questions. 

Male Speaker:  

You say you're not ready to answer the first question, what happened before the big bang, and that's understandable, but apparently there was a moment or two before the big bang when something was going on.  Could you comment on that relative to your question there?

 John Mather: 

Okay, well, I think the question really is, could I answer the first question, what happened before the big bang?  We actually are in a puzzle right now, because we have lots of ways to extrapolate backwards in time.  We can take our big universe and run the movie backwards as well as we can, and we compress and we compress and we compress, and we get down to the universe is the size of a golf ball.  And then we say we don't know what happened, because the laws of nature that we know about don't apply, or at least we think they wouldn't apply.  And I'll tell you what our big problem is.  We've got four known forces of nature, which are called electromagnetic force, the weak nuclear force, the strong nuclear force, and gravity.  And we've got something called quantum mechanics that applies quite neatly for the first three, and we don't know how to do it for the fourth one.  

We run through the mathematics.  We get answers that, in the end, are not consistent.  So we have a lot of approaches to this.  One of the most popular approaches is called string theory.  Our -- there is another version called super symmetry, and at any rate, they do not give us clear guidance yet as to what should have been there before.  And so we await future generations of Stephen Hawkings to finish this job, and maybe we'll guess right.  It may still be that we'll never know, because the data may never tell us which one of those guesses is correct.  So it may be that we'll never answer this first question correctly, but it might be we'll have a pretty good opinion.  So we'll see.  Okay.  Maybe one more question.  Wait for the mic [microphone].

Female Speaker:

For an experiment as accurate as yours, it is sometimes difficult to remove some noise.  And is it true that our solar system somehow shows up the noise so that some [unintelligible] omission overlays to yours [unintelligible]?

 John Mather:

So your question is basically, those pictures that I showed you, those maps and so forth, is there any significant piece of that due to our solar system?  And we certainly worked hard to find out, and we think not.  But it is, on the other hand, an interesting coincidence that the universe is lined up the way that it is.  As it happens, the sun happens to pass right across the front of -- the middle of our own galaxy every December.  Well, is that a coincidence?  Probably.  So it means that among other things, it's hard to tell the difference between our solar system’s effects and the galactic effect.  Things are lined up that way.  

Anyway, it's a difficult question to really be sure, but some of these you can't measure well; you just have to calculate.  So the question, for instance, would be, what if there is dust in the solar system?  And indeed there is.  At some shorter wavelengths it's very important, and I didn't show you the maps that we made with the shorter wavelengths, but they're brilliant and beautiful, and the solar system prevents you from seeing the early universe at those wavelengths.  So we did our very best, and in fact, Eli Dwek, our colleague here, did many of the calculations to tell you what we really saw.  But that's a much harder problem, because our local neighborhood is so bright.  So I think we should stop here, Carolyn, and go on to our next speaker.

[applause] 

Carolyn Brown:  

Some of you have been sitting for almost an hour in a warm room, but there is no way we can take a break because you'd never get in and out.  So I'm going to suggest if you would like to stand in place -- don't move, stand in place, just for about 30 seconds -- you can wiggle your shoulders and arms and stretch a little bit.  If you're already standing, there is not much we can do to help you.  Okay.  I think that's all you get, 30 seconds.  I don't know if that helped at all, but it's what we could offer at this point.  We will now move from the infinitely large to -- I guess it's not quite the infinitely small, but the very, very small.  

As I noted earlier, a second contemporary revolution in science lies in understanding the fundamental processes of life.  Studies in genetics have held out the tantalizing prospect of penetrating some of the mysteries of life.  I wouldn't dare say all of the mysteries of life, I don't know whether we'll ever get there, but certainly some of what we thought were great mysteries of life.  And here to give us some insight into a part of that great puzzle of complexity is  Craig Mello, winner of the 2006 Nobel Prize in physiology or medicine.  He is the Blais Professor of Molecular Medicine, and investigator with the Howard Hughes Medical Institute at the University of Massachusetts Medical School.

His research is focused on gene regulation during development, and the mechanism of RNA interference.  If you read the press release, you might have gone to Google and tried to figure out, what is RNA interference?  But you will find out shortly.  

Along with his colleague, Andrew Fire, and other colleagues,  Mello found that double stranded RNA can induce sequence-specific gene silencing in animals.  I understand that at one point we didn't think RNA did much, but nature doesn't seem to like to waste things, and now we know that it actually does quite a bit.  Along with researchers from around the world,  Mello and some of his colleagues went on to show that the underlying mechanism can be observed in numerous organisms including humans, but not just humans.  His lecture -- also he's generously titled for humanists; it's called “Life on a Cosmic Scale: From Primordial Soup to a Nobel Prize-Winning-Worm.”  And he will tell us, in a few short minutes, what worms, petunias, and humans have in common, and what this means for prospects of life on Earth and beyond.  He'll also give us some insight into how RNA interference works, along with human genome sequence, and what it promises, possibly, to do in revolutionizing medicine.  So please welcome Dr. Mello.

[applause]

 Craig Mello:

Thank you.  Pleasure to be here.  And what a wonderful talk that was to have as an introduction.  I like the big picture, and you couldn't ask for a better description of where we came from than what John gave us.  I'm going to start with a slide that when I give it, I usually get laughs for this.  This is my boat slide.  

[laughter]

This is me with Dick Cheney, but there is another reason for putting it up here.  When your -- when voting doesn't work, you can always try to educate.  We went to the White House and wanted to tell the Bush administration how exciting it is to have not only the genome sequence, but RNA interference and other great tools that allow us to explore that sequence, and understand disease at a genetic level.  And I think we still have some work to do.  I'm willing to go back there and educate some more.  But this was discovered under the Bush administration, so no other president has ever had an opportunity to act on this.  

So I think it's important to get the message to Washington that this is an important discovery that along with the genome sequence is allowing scientists and doctors to begin to understand and intervene in disease at the genetic level.  And here I am on Capitol Hill with Ted Kennedy, and as you can see, I'm standing a little bit closer.

[laughter].  

Now, students always ask, you know, “How do you win a Nobel Prize?”  These are some of the things I like to tell them: “Make your vocation and your avocation as nearly the same thing as possible,” as it's been said.  Or as Mark Twain said, “Make your vocation your vacation.”  And everyone thinks you have to be persistent.  Now, that's really important, but it's not good enough.  You have to start new projects as often as you can, because as John pointed out, almost always, your ideas and your hypothesis, even your experimental approach, will turn out to be wrongedy-wrong-wrong.  I love that.  

So you have to start new things, otherwise you'll have nothing to fall back on.  So, start it as soon as you can, and work hard at it.  And that's what's so fun about science, is discovering that you were wrong.  Now, here I'm up on the stage there with Andrew Fire, who shared the prize in physiology or medicine this past December, and I like to show this slide for a couple of reasons.  First of all, I wouldn't be here today, and I certainly wouldn't have been there, if it wasn't for a wonderful colleague like Andrew Fire.  The other reason I like to show this slide is because of what we're not doing up there on the stage. We're not talking to each other.  We shared the prize for collaboration, and I have to tell you, that's probably one of the most important things that scientists do, is they talk to each other.  They share ideas.  

You have to go out there on a limb, tell people what you think, what you think is your favorite idea, you know. Don't be afraid of getting scooped, and hope that, you know, by working together, you can test those ideas and get a little bit closer to the truth.  And that's the kind of relationship that Andy and I had for many years.  We worked together on things that were really hard to do, developing tools that had never been developed before for injecting into a tiny little organism the size of a comma on a printed page.  And you had to do these injections under a microscope, and it had never been done before.  Like almost anything that's hard to do, you just don't know -- and it's never been done before -- you just don't know how close you are to succeeding.  Every time you try something new and it doesn't work -- well, you know, nothing has ever worked before; it's never been done.  

So it's one of those really frustrating, hard things to do in science, and Andy and I worked together to solve this in different locations, different laboratories.  But we talked to each other about the work that we were doing, because we knew it was hard, and we knew it was worth doing.  What we were trying to do is develop a tool for putting DNA -- that's the stuff your genes are made out of -- back into the organism, so that we could study the function of the DNA.  The genes are on the DNA.  And you've heard of gene therapy.  That's when you take a human who has a genetic defect, and you put back a good copy of the gene into their cell and you try to treat their disease that way.  Well, you can do the same experiment with worms.  And that's what Andy and I were working on back in the ’80s and early ’90s, to develop a technique for that.

Now, here's the worm.  This is the real Nobel Prize-winning animal.  And it's magnified here, of course, many times, and you're watching it swim back and forth on the Petri dish in the laboratory.  And this animal was brought into sort of the modern molecular biology era by Sydney Brenner, back in 1971 or 2, when he wanted to have a metazoan animal -- an animal that was complicated like us, but relatively simple to study.  And he chose this one for many reasons, but you can see some of the reasons, as it’s crawling back and forth.  If you're close enough to the screen, you're actually seeing inside the animal's body.  You can see individual cells inside the animal, because it's essentially transparent.  The animal has a nervous system very much like ours, it has muscles that are structured very much like ours, it has an intestine.  It goes through the reproductive cycle, it makes sperm, and eggs.  And yet it has only about 1,000 cells, whereas humans have trillions, tens of trillions of cells.  

And so this is an animal that has cellular simplicity that was really staggering, and that's why it was called caenorhabditis elegans.  And, in fact, it's already been recognized by a previous -- for work on the cell lineage, understanding how the cells divide during development to make all the different parts of the body.  It was recognized a few years ago with a Nobel Prize for Sidney Brenner, John Sulston and Bob Horvitz.  

Now, this slide should look familiar.  I took this from John's talk.  And this is the cosmic background radiation.  And as John told you, measuring this put an age on the universe of about 13.7 billion years.  And one of the things that was kind of fun about being in Stockholm with John and George was that they were asking us to put our discoveries together. “What does your discovery have to do with their discovery?  Try to make a connection.”  And as John already pointed out, there is a really cool connection, because every carbon atom in all of our bodies came from stars exploding.  

And it goes even deeper than that.  It goes -- the connection, I think, is really interesting.  It goes back to the next slide, which is shown here, and on the left hand side there is what we call a phylogenetic tree of all the animals, and the animals that give rise to -- the branch of the tree of life that gave rise to humans is on the left, and the worms are over here on the right.  And the common ancestor of worms and humans existed about five or 600 million years ago.  And I show on this graph two horizontal lines that go all the way across, and those horizontal lines are glaciation events that certainly froze the whole planet right down to the equator.  We call those “snowball Earth events.”  And there is geological evidence in the rocks from those times that the Earth basically was -- looked like the North Pole, all the way down to the equator.  

Now, what's interesting about that for biologists is we have, for many years -- really the past several years -- have been discovering that living things are remarkably similar to each other.  When you get down into that inside of the cell, and you look at how the genes work, we are remarkably, remarkably similar.  Plants and animals are similar to each other.  Bacteria can read the human genetic code.  What's going on?  And what we're learning about living things is that life, itself, exists on a cosmic time scale; that living things and the mechanisms inside our cells are more constant and more stable than the positions of the continents on the face of the planet.  That you can take a gene from a human and put it into a bacterial cell, and it can make a functional human protein like insulin.  And Victoria, my seven-year-old, is getting insulin pumped into her right now that's made by bacteria for us.  It's making bacteria cells -- bacterial cells making the human proteins.

And so when you look at this, you see that the ancestor -- the common ancestor of worms and humans existed below these glaciation events, and there was no place for big animals to live on the planet.  These guys were really sophisticated little animals, these ancestors of ours.  But they had big problems.  They had no place to live, no land, no land plants; basically a very harsh environment.  

And so when those glaciers melted, there is evidence of a flowering of life. A diversification as life expanded to adapt to the shallow intercontinental shelf-like areas where sunlight was abundant.  And, of course, there were two of these events, and they were two mass distinctions that occurred following each of the glaciation events.  But after the second glaciation event you have the Cambrian explosion, when the diversification of animals occurred and all the major groups of modern animals came into existence.  And what we believe is that the common ancestor of those animals was already a very sophisticated creature, and it just didn't have any place to live.  And so the inner workings of cells are really very sophisticated.  

Now, another way to put this on a cosmic time scale is RNA interference -- which I'm going to tell you about -- arose not in the common ancestor of worms in humans, but in the common ancestor of plants,  fungi and humans.  And the mechanism is so similar that when we discovered one of the key components of the RNAi mechanism in the worm, we could -- and I'll tell you about this -- pick out the human gene that was similar to the worm gene and the plant gene and the fungal gene.  And there are actually multiple genes in all those organisms that mediate this process.  

In fact, RNA interference -- the recognizable biochemical mechanism arose in a common ancestor of all those organisms that was alive about a billion years at least ago, if not older.  And life itself on the planet arose three and a half million years ago, just a few hundred million years after the Earth cooled sufficiently for the oceans to give rise to life.  So the thing is here, we can't even conceive of the depth of that time.  And one way to put it in perspective is that RNA interference has been around, literally around, as the galaxy that we're in has rotated on its axis about four or five times.  Okay?  That's something that I think biologists don't even appreciate enough. 

Okay.  Now -- whoops.  Went too far.  This is getting back to the little worm.  I showed you how nice its life was there in the laboratory.  In fact, I like to show this slide, because we, as humans, always tend to underestimate the diversity and the complexity of life.  There are actually hundreds of different types of fungi that prey on these little animals, and this is a photograph taken by George Barron, showing a worm that's been captured by one of these fungi in the soil.  And you can see the lasso is trapping the worm.  These fungi will then send a hyphe into the animal and digest it from the inside.  And in case you don't believe me, a scientist at UMass [University of Massachusetts], Mark Alkema took these pictures.  

Watch the worm going through that loop.  And if you're in the front row, you might have just seen that that lariat just snapped shut on that worm.  So a fungus can sense the worm moving into its trap, and close the trap on the animal.  And there are billions of worms in the soil, and you're walking to work every day.  You don't realize, as you're walking around, that this drama is playing out.  Here is another one about to get caught – there -- squeezed him.  So when the worm bumps into that, he's triggering this.  So the diversity of life is astonishing, and really, really incredible.  

All right.  Now, I'm going to explain RNAi eventually, but I thought I would start with some explanations that were provided by CBS News, NOVA, and then one from “Nature” magazine.  I don't know if “Science” has one.  But we're going to start with the one that was designed for the person who has the remote control in their hand, so they have to get right to the punch line.  Okay?  

[laughter]

So this is what CBS News came up with to explain RNAi.  Now you'll see in a moment the double stranded RNA, which I'll explain to you a little bit later, will come in here.  Here's double stranded RNA; this is what triggers RNAi.  And these are defective genes flying into the mouth, and the RNA is chewing it up.  Now, there are a few things they glossed over when they made this.  

[laughter]  

Defective genes don't look like cheese curls, you know, and RNA can't chew.

[laughter]

  In fact, DNA looks a lot like RNA; they are very similar chemically.  There are just a few minor chemical differences.  And in fact, the DNA, of course, forms a double helical structure, and the RNA can form a double helical structure that's a little bit different.  And, you know, there are a lot of complexities here that were glossed over.  

But this does get across one element that's right, and that is that RNA interference is an active process; there is something active happening.  It's not RNA chewing, but something is happening when the double stranded RNA goes into the cell and triggers the silencing.  This is NOVA: 

[audio clip]

"So the theory is that long ago, cells developed  that we would call--

 Craig Mello:

And I'll let it speak for itself.  This is Robert Krulwich.  

[audio clip]

"--the cop.  What the cop does is, when viruses invade and create showers of murderous recipes, the cop looks and thinks, ‘Hmmm, some of these have a very fishy shape.’  It's a chemical difference which comes down to, some of the viral recipes are two pages instead of one, and one side is a mirror image of the other.  But the point is, to the cop, there is something not right about this shape.  

So when they see it in that shape, they say ‘virus.’  They say, ‘Uh oh,’ and the cop destroys the recipe.  When you say destroys, should we think like a kung fu kind of thing?  Sort of, yeah [Craig Mello talking simultaneously] enzymatic kung fu maybe, yeah.  The cop destroys not only the oddly shaped version.  Whenever he sees that recipe, oddly shaped, regular shaped, that recipe in any form must be destroyed to defeat the virus.  And the interesting thing is, until 1998, nobody knew that cells had this defense mechanism."

 Craig Mello:

Now, in this little segment, which actually goes on for about 15 minutes -- and Victoria really likes it -- it's actually very good.  It's a nice, simple analogy, because most people won't believe that there is actually a policeman inside of every cell.  But what we have here is the analogy of an immune system, or an antiviral system, because viruses often have a double stranded RNA genome.  When a virus infects a cell, and it has that double stranded RNA structure, which is, as I said, similar to DNA but a little bit different, that's how their genetic information is stored. Iit's stored in an RNA molecule instead of a double helical DNA molecule.  The cell has sensors that recognize that double stranded RNA, and go, “Uh oh, virus,” and start trying to attack the virus to silence it.  And there is a -- the RNA interference mechanism is related to a mechanism definitely involved in silencing nucleic acids that are infecting the cell, whether they be RNA or DNA viruses.  

We're learning a lot more about how RNA interference can play a role in functioning as a immune system that attacks the genetic material of the invading virus.  But there is more, and I'll tell you about that in a moment.  

First, let me go to the “Nature” animation, and this is going to take you -- like the “Star Wars” version, we're flying into the cell.  This is the nucleus.  We're flying along the DNA, which is all coiled up into these structures, called nucleosomes.  They're unwound.  You can see the double helix there.  Now, this is the polymerase jumping onto the DNA and making an RNA copy.  And as you can see from this animation, the RNA copy looks a lot like the DNA.  All right?  So they're very -- atomically, they are very similar.  Now, that's the message coming off of that; this is how your genes are expressed.  This is what we call the messenger RNA, and it leaves the nucleus with the information for how to make one particular protein -- comes out into the cytoplasm.  

Now it's leaving the nucleus, and it will encounter these amazing things called ribosomes that can read the genetic code and make the protein, put the amino acids in the correct order.  Here comes another ribosome along.  They're making a protein that's specified by that one gene.  Now, here is the scientist injecting double stranded RNA.  This would have been Andy and I, back in 1990s, injecting.  That's an enzyme we call dicer, processing the double stranded RNA into these little bits that are only 25 or so, 21 nucleotides long.  That's not going to chew; that goes away.  Now, this enzyme, which we call the cop, or slicer, will cleave target RNAs that match the sequence information that it's holding on to.  So you take a double stranded RNA, goes into the cell, gets processed into small pieces.  

The small pieces have enough genetic information to go out, search the cell for similar information, and then you just saw an enzyme completely destroy part of the remaining genetic information after it cut the RNA in two.  Once the RNA is cut in two, it's very unstable.  The messenger RNA gets turned over, the gene becomes silenced.  So that sort of animates some of the steps in gene expression that you kind of have to know about.  You start with the DNA.  The DNA makes a copy, an RNA.  The RNA goes out into the cell, and the ribosome reads the RNA to make the proteins.  It's a fascinating process.  And RNA interference can intervene in that process to destroy the messenger RNA, and it can do other things, too.  We'll get to that in a moment.  

But what it really -- what the analogy I like to make about RNAi is that it really is a lot like Google.  Right?  It's a lot like Googling something, because you start with this huge repository of information.  You’ve got the genome sequence literally in every cell, and you want to find one little piece of information.  Imagine you have the Internet, but you have to way to search it.  Well, how do you search it?  You don't have to type in the Declaration of Independence to find it.  You just type in "We the people," or something like that, and it will come back with your text, your information.  That's what RNAi does for the cell.  It is a way for the cell to search rapidly through tons of information, literally millions of transcripts, billions of nucleotides of sequence, and find matching sequences.  If the cell – you know, and it's amazing that we can now tap into that, because we've learned the cell had this all along.  The cell invented this, as I said, a billion years ago.  

Now we can tap into that mechanism for searching and finding. And what's even more interesting, the cell can not only can search and find, but turn a gene off using that information, using this system.  So it's a really amazing regulatory system.  

Now, when we were first working on it, what we noticed was that when we injected RNA into the animal, some really amazing things happened.  And I'll just -- it's illustrated in this slide, which shows an animal with an injection occurring, and then progeny being made by that animal.  These guys are self-fertile hermaphrodites, so they can make progeny by self-crossing.  And some of the progeny they make were carrying the silencing effect.  So when we were first working on this injection technique, we were injecting RNA, and we noticed that the silencing effect was transmitted to progeny; it was heritable.  And that was mind-boggling.  And we actually did some crosses, and the crosses are illustrated.  

I won't go through it, but we were able to show these crosses; that the silencing agent could be transferred in the sperm or the egg, and that sufficient silencing information was transmitted along with the sperm to silence the gene in the next generation, or along with the egg.  And furthermore, there were some other really surprising properties of this.  We found that to get silencing in the germ line, we didn't have to inject the RNA into the germ line.  We could inject it into the intestine, or just into the -- below the skin, the hypodermis of the animal, and get silencing that would spread throughout the animal.  There was an active -- like the CBS News guys had, there was something really incredible going on, something -- the animal was responding to the RNA that we were injecting.  And by inference, because of the long lasting effect, we realized that the silencing effect was amplified in some way inside the animal.  And I'll come back to those in a moment.

When you have these kinds of biological responses and mechanisms, you can study them using an approach called genetics.  Using genetics, you can basically ask the organism, how does it do this?  What are the genes required for doing this?  And the things highlighted in blue, foreign double stranded RNA recognition, transport of the RNA, the silencing mechanism itself, and then the amplification and inheritance mechanism are all things that the worms were doing when we gave them the RNA.  And we wanted to know, how do you do those things?  What is it that's happening?

In order to do that, Hiroaki Tabara, in the lab, set up what we call a genetic screen.  He set up a simple screen where we mutagenize the animals, then we wait two generations for the mutations that we introduced with the mutagen to become homozygous.  That means both copies of the gene are defective in these animals at that point.  And then we search for animals that are resistant to RNAi.  It was very simple in this case to do the screen, because what Hiroaki did was feed the animals double stranded RNA.  They can actually -- feeding the animals bacteria, especially the double stranded RNA, is sufficient to induce the silencing; they're remarkably sensitive to double stranded RNA. But we would -- what he did is he targeted a gene that was essential for the embryos to develop.  So the worms need this gene to make viable embryos.  

Hiroaki made the bacteria make RNA targeting that essential gene.  Wild-type animals would eat that RNA up.  They would start a silencing reaction that would silence the gene that they need to make their own embryos, and they would make all dead eggs.  Amazing, amazing technique.  Amazing response from the animal.  So, normal healthy animals eat the bacteria, and they make embryos that are all defective.  And a mutant that's defective in any of the steps in the RNAi pathway would be able to grow upon eating that bacteria.  So that's what Hiroaki did.  The screen was very successful, and we're still analyzing many of the mutants that he found.  

The mutants defined the genes involved in the mechanism.  And so before this, we published our first paper in 1998, and we knew that it was something really, really, really interesting.  But we didn't know anything about it in terms of molecular mechanism. We didn't know if it was conserved.  We didn't know if humans had it.  We didn't know if other organisms had it.  But we patented it anyway [laughs].  And that patent did issue. But the thing is, we didn't know whether the mechanism was conserved for sure.  But it turns out that it is.  And this is showing you a picture of the cop.  This is a crystal structure of an enzyme which is encoded by the gene, RDE1.  The first RNAi deficient gene that we identified -- Hiroaki identified in his screen, and he cloned it.  And what this enzyme does is it holds on to -- it's like the query window on your browser when you're going to do a search.  It holds on to the small search element that you want to find.  The short RNA here, shown in purple, is held at both ends, and the center is available for base pairing.  

Base pairing is a very precise chemical reaction that allows the sequence of the short RNA to identify very precisely a matching sequence in the cell -- in this case, a messenger RNA. And then at the catalytic center where that black arrow is pointing, there is a metal atom that catalyzes the cleavage, the breaking of the chemical chain of the messenger RNA that leads to its destruction.  So I already told you about dicer earlier in the movie; that's the one that chops the double stranded RNA into little pieces.  Now, this enzyme was called slicer, sort of nicknamed slicer because it's the one that slices the messenger RNA.  So it dices and it slices.  And I'd like to say that scientists watch a little too much late-night TV, and we see all those commercials for the Ginsu knife, but that is what it's been like to work on RNAi.  It has been incredibly, incredibly fun.  

It's just like those commercials, because they say it dices, it slices, and you're ready to buy the thing.  You’ve got the credit card out and everything, and they always say, “But there's more.”  And there is a lot more.  It's really cool.  So when you clone a gene nowadays, with the genome projects the way they are, you get that gene that you cloned, but in this case with the worm, but you also get every gene related to it.  And when I say related to it, you can look at the nucleotide sequence, the order of the nucleotides in the DNA that encode that gene, and you can use that information to find all the genes that are similar to that one, that could encode the same kind of protein.  And this little tree here shows you all the -- sort of many of the members of the RD1 family.  RD1, I'm showing you there in the middle, is that enzyme I just told you about, the slicer enzyme.  And what's really cool about it is, of course, that it has homologues in humans.  Some of those are over here in the black; they're on the black end.  There is a group of them.  

There’s four human genes on the black side.  There’s four human genes in the green group.  These are all genes that are related to RDE1, and as you can see by how far apart they are in the tree, that tells you how similar they are to each other.  There are human genes that are similar to other C. elegans genes here, boxed in red, that are actually more similar to those human genes than RDE1 is.  Similarly, over on the green branch of the tree there are human genes designated with an HS in front of each one, that are more similar to – there’s two worm genes shown in blue.  So the worm has actually 26 members of this family; the human has eight.  Plants have about a dozen.  So we wanted to know, well, what do these other genes do in the worm, especially the ones that are closely related to human genes?  We wanted to knock them out in the worm and see if it would give us an insight into what other members of this gene family might do.  All right.  

So we had an idea that RDE1 was involved; it was actually absolutely required for RNAi.  What do these other things do?  Are they involved in other kinds of gene silencing mechanisms?  So Alla Grishok, shown here, graduate student in the lab, knocked out these two genes closely related to these four human genes over here on this tree, in the worm, and she got a really, really exciting result.  And to explain what that is, I have to tell you a little bit about Victor Ambros.  Victor, back in 1993, was my mentor in graduate school, but he was also working on a really peculiar little gene called lin-4.  It was a peculiar and difficult gene in that it was hard to clone.  It took a long time.  He actually finally cloned it in ’93, three years after I left the lab, and it turned out that it was encoding -- not a protein encoding messenger RNA, but a little RNA that can fold into this hairpin structure shown here.  

It’s a single stranded RNA that's self-complimentary.  That means it can form those hydrogen bonds with itself, and it can make a double helical structure in this stem area here.  And this was -- in 1993, it was like “Ho hum, another weird thing that worms do.”  And in fact, in 1993, Victor got denied tenure in Harvard, despite the fact that he was just nominated at the National Academy of Science for what he discovered, because the significance has now been brought out.  

But in 2000, after the Human Genome Project was almost complete, Victor's colleague Gary Ruvkun identified another member of this family of genes from the worm.  This gene, called let-7, had the same basic structure, but the genome sequence was done, and the let-7 gene from the worm was identical at every nucleotide to a human gene, a human let-7 gene.  And that was extremely exciting.  So immediately everyone began to wonder, well, how many of these tiny genes are there?  

And the thing that's really cool about them is what they do. It’s not just that they’re hairpin and they're cute structurally, but they actually have that hairpin. It gets processed into a 21-nucleotide short RNA, and that RNA regulates target genes that have complimentary sequence by base pairing with them, much the way RNAi works.  So it was very intriguing that the worm had this natural gene regulatory mechanism, which we now call the micro RNA silencing mechanism.  We discovered that when all are knocked out, those two worm genes related to RDE1, we got a phenotype that was very similar to the loss of the let-7 gene.  And, in fact, in the block shown on the right, what you're looking at are wild-type animals marked with a WT, and you can see the two forms -- this is a gel that separates things according to size.  You can see at the top, the 70-nucleotide hairpin, which is barely detectable in wild type, and the mature form, which is the short RNA, running at 21 nucleotides down near the bottom.  

In the mutants that are defective in dicer or ALG1 and 2, these RDE1 homologues, the precursor form accumulates in the small -- the mature short form doesn't accumulate, and the phenotype is the same as knocking out these small, regulatory RNAs.  So at that point, we had shown that RNAi was not just an immune response, not just an antiviral mechanism, but a mechanism that the organism uses to regulate its own genes.  

And there are now hundreds of human genes that are known to encode these kinds of hairpin RNAs.  And they're turning out to be very important in a whole spectrum of developmental mechanisms as well as disease, and including cancer.  And this is just a block here from Carlo Croce’s lab that was at a recent conference that I attended.  He talked about this work, and what -- you can't really see it from here, on my monitor.  You see the different colors on this profile on the left.  

What you have on the vertical axis are tissue samples from different tumors from patients.  And on the top of these little diagrams, you have different micro RNAs.  And the colors -- red, green, or black -- indicate whether that micro RNA is up regulated or down regulated in that particular tumor.  And so, what people have begun to see is that the expression profiled, the micro RNAs that are present in a tumor cell, are diagnostic of the potential or the outcome of those -- for that patient.  So they're becoming useful as a diagnostic.  And it's turning out that some of the micro RNAs seem to be involved, actually, in inducing the cancerous state, or in suppressing it.  So there is a correlation.  If you over express a certain micro RNA, you might have an aggressive tumor cell, or if one particularly good micro RNA is missing, the cell might be an aggressive tumor cell.  

And this is just an example of that, where in this case, we're looking at human brain tumor cells injected into a mouse, and what we're looking at here is the whole body of the mouse, using a whole body fluorescent imagining technique that's, again, really fascinating, great technology.  You can actually inject fluorescent labeled cells into the animal, and then without cutting them open, image what happens to those cells inside the animal.  This is work from Anna Krichevsky and Khalid Shah, MGH [Massachusetts General Hospital and Brigham  [and] Women's [Hospital].  And what they did in the control animal -- they injected tumor cells into a mouse, and in the experimental animal on the right they injected the tumor cells and an inhibitor of the micro RNA.  

And what you can see here is that when they injected an inhibitor of the micro RNA, the tumor cells fail to grow, and they die, and they don't engraft, and the animal survives. Whereas when there is no inhibitor, the tumor continues to survive and grow inside the animal. So, again, indicating that the micro RNA is actually involved in the cancer.  Now, that's amazing.  

Micro RNAs are turning out to be very important.  We didn't even know about them a few years ago, and now they're turning out to be very important players in diseases as bad as cancer.  But there is more.  And something really interesting is going on, because if you look, now, down at the bottom of one of these gels where we look at RNA molecules, you can actually see RNA that's in this size category for being these small regulatory RNAs.  And they're not micro RNAs; they're other things.  There are micro RNAs there, too, but there are things that are not micro RNAs that are very, very interesting.  

And we still don't know for sure what all of these do.  And this block, where the big arrow is pointing, just shows you one of these micro RNAs running down at the bottom of the gel.  You can see a wild type is present; it's also present in the dicer mutant animals.  But that particular size RNA is missing in these mutants here.  Okay?  But it's present in wild typing and the dicer mutant.  Now, these small RNAs are very interesting, and we're just beginning to understand what they are, let alone what they do.  That's one of the things that we're still working on in the lab.  And there are at least two flavors of these here that have different modifications; I won't go into that.  But here is an example of what they seem to be doing.  The blot on the top shows what we call the messenger RNA level, as seen in a wild-type animal, this lane marked WT.  You can see that there are relatively low levels of this K02 messenger RNA.  

When you knock out the RNAi pathway that leads to the production of those small RNAs, the message level goes way up.  Now, these are not micro RNAs.  These are a different kind of regulatory, small RNA.  And the -- siRNAs are present in wild type as the small RNA, but they're absent in these mutants with the funny names, the NE named, mutants -- the mutants we found in the lab that are defective in producing these.  And these mutants are actually sterile mutants, so they fail to make a germ line that's viable.  And here is an example of where they come from: this is a gene that has siRNAs that just cover the whole gene.  And there’s -- this gene is silenced by these siRNAs.

And lest you think, “Oh, just another weird worm thing --” like the micro RNAs, these tiny RNAs are abundant in mammals.  This is showing a mouse, and the worm -- you can barely actually see the worm version of the sequence over here.  The mouse has a little bit bigger version called the PIE RNA that's 30 nucleotides long.  Again, these are brand new.  They just were discovered a couple of years ago, and we are still trying to figure out what they do.  

Now, here is the DNA, and I'll just show you this, because I want to help -- use it to help explain what these small RNAs might be doing.  Now, the DNA is actually this beautiful helical staircase structure, but that's not how it looks inside the cell.  Inside the cell, the DNA is wrapped up around these nucleosomes that you saw briefly in the “Nature” animation when we flew into the nucleus.  You were flying along this big fiber of DNA wrapped up into these balls called nucleosomes, which are, then, wrapped up into these bigger fibers.  

And if you blow that up, and you look at the molecular structure shown in the panel on the right, you can see that there is a core of proteins around which the DNA is wrapped.  And each of these cores will hold two full spools of DNA wrapped around it twice, and there are these little tails that stick out called histone tails that can be sites of regulation, that determine whether the DNA is wrapped tightly, or whether the DNA is in a looser confirmation.  It's more conducive to gene expression.  Here is just another view, and you can see these tails sticking out into space.  Well, what's really cool about this is that we’ve recently -- and I say “we” loosely -- other scientists working on RNAi have recently begun to link the small RNAs that I was telling you about to regulations on these tails that determine whether the DNA is open or closed.  So the DNA itself can be regulated by these small RNAs, and those regulatory events can be inherited long-term.  

Remember, I told you early on, we became very excited about RNAi because it was inherited in C. elegans.  We wanted to understand how that could happen.  Now, if you look back before DNA was discovered at what scientists thought about inheritance, before [Gregor] Mendel came along, before we discovered even the structure of DNA -- which was only very recently -- there were lots of interesting ideas.  And [August] Weismann's idea was to call the inherited agent a biophore.  Instead of a gene, he called it a biophore.  Darwin called -- named something else gemmules.  But the thing that is really interesting, if you read these old descriptions of the biophore, and, you know, everyone for years and years has been saying, “Well, that's totally wrong.  It doesn't work that way.  This is baloney, you know, genes don't work that way.” If you instead put siRNA everywhere that Weismann put biophores, it works perfectly.  All right?  

So the genetic information in the form of these small RNAs works as a way of helping to understand the genetic complexity of living things.  Gemmules were Darwin's idea of an agent that could be transmitted from the somatic tissue into the germ line, and alter the development of the organism by changing the genetic content essentially through an inheritance -- almost a Lamarckian-like mechanism.  And, of course, he was ridiculed for that, and with Mendel and the further understanding of the gene, we basically discounted that kind of idea, at least as a significant explanation of genetic inheritance.  But now, with the understanding that these mechanisms do occur at least in worms and plants, there are systemic examples of this kind of information transfer. I think we need to really take another look at these possibilities for the human, as well.  So, RNA interference -- you might say, RNA information as genetic information in the cell.  So, how is RNAi changing medicine?  Well, there are several ways that it's doing that.  One way -- and this is, I think, probably right now the most important -- is it's improving our understanding of gene regulation.  I already told you about the example of the micro RNAs in cancer.  We now have a better understanding of how cancer works because we know about the micro RNAs.  We can use RNAi experimentally just like you use Google.  We can literally type in the sequence of a particular molecule we would like to order, an RNA sequence, and a company will ship it to us, and we can inject that RNA that we've ordered, synthetic RNA, into a worm or a human cell, or even into a mouse, and achieve silencing in the mouse.  

This is a very quick way of gaining insight into how a gene normally functions in that animal, in those cells or in the whole organism.   And that's really speeding the research on how disease pathways work.  And, of course, RNAi can also be used as a platform.  I've got a couple of minutes left; I'm almost done.  I think I only have 30 more slides.  

[laughter]

You laugh.  But I'll go through these quickly.  I just described this; you can actually order the RNAs.  You can screen cells in a Petri dish or in a multiwell dish like this.  And you can knock down hundreds of genes.  You can even do the whole genome, if you can afford it.  And you can find genes like this one where the arrow is pointing, that when you knock it down, activate metabolism.  So this would be a great target.  If you could knock it down, it would be like exercise in a bottle.  So lots of big pharma are interested in that kind of gene.

Another way of screening is to make little artificial micro RNA genes.  We call them short hairpin genes.  These will express a segment of the genetic code targeting any gene, and there are whole libraries now through the human genome. So you can basically screen by transfecting or transforming these into cells, using a virus.  The virus will carry them into cells in the laboratory.  And you can search for genes involved in a particular pathway.  And an example of that is shown here, where you can see this -- knocking down this gene activates number 36 here, activates this reporter construct at the bottom tremendously.  So you get this really bright fluorescence, because this is a reporter that's responsive to a transcription factor that will turn on the luciferase gene, the firefly luciferase gene, in those cells when the NF-kappa B and transcription factor is activated.  

So, knocking down this number 36 gene called CYLD activates the NF-kappa pathway, turning on the luciferase gene.  And this is work that led to a very interesting discovery, because it put the CYLD gene, which is a tumor gene -- an aquagene in humans and in certain families that causes disfiguring tumors of the sweat glands.  It put the CYLD gene -- which had been identified as a gene in a family, but not linked to any pathway -- it put it into a genetic pathway, and the pathway is shown on the right.  The CYLD gene is in the middle of this pathway; it's not important.  The important point is that in the same pathway as the CYLD gene -- and this all leads to activation of NF-kappa B down at the bottom.  Remember, I told you it was found as a repressor of NF-kappa B activation of that luciferase.  

We now know that the CYLD defect is linked to these other genes shown here in this colorful diagrams, and there are drugs, including aspirin and prostaglandins, that can target this pathway.  And those drugs -- aspirin is now in trials to treat the CYLD tumors – and are successfully treating those tumors in some patients.  So that's very exciting.  

I'm going to skip along.  These are being developed into therapeutics now.  This is just sort of an idea of how you can carry these into cells.  This is showing the small RNAs tethered on the outside of a particle.  The particle is then taken up inside of the cell, across the membrane.  And the cell, then, responds by silencing the corresponding gene. 

And I'll just end with a few pictures from Stockholm.   This is Hans Jornvall, on the right.  He's the guy who makes the phone call.  If he calls, answer the phone.  He's a nice guy. And there is my wife, Edit, and I, and Andy and his wife, Rachel, in Stockholm.  And here's the whole gang with John there on the left, and George Smoot on the right.  And I won't go through the names, because I'm short on time.  Just a family photo on the stage.  

Here is my wife getting advice on economics from Ed Phelps, the prizewinner.  Here she is giving some advice to Ed Phelps on economics.  It turns out during that elegant dinner, he accused her of being a communist.  

[laughter]  

But I think he did it playfully.  Here is George explaining the big bang, and you can see my eyes are glazing over there.  

[laughter]  

I still want to know what all that dark energy -- it sounds sort of like Darth Vader or something is going on there.  That's really neat stuff.  Here’s Vicky collecting prizes of her own.  These are really nice ones, because they're filled with chocolate.  And there she is dancing, a very expressive dancer.  

Now, here's the big danger of getting one of these prizes.  You can see here that my head has disproportionately grown with respect to my body.  

[laughter]  

There we are, for some reason, signing the bottom of a chair at the Nobel Museum.  And that is a big danger.  But I'll tell you, it is something that is cured immediately when you start reading my e-mails and answering the phone, because RNAi brings a lot of hope to so many people who are sick.  And one of the things that you realize is how many people are out there who have loved ones who are ill, and who know a great deal about their disease.  The genetics of the diseases are becoming more and more well understood.  And the idea that you can intervene in disease using an approach like RNAi is now sort of out there.  And people are contacting me almost daily to ask, can RNAi work on this.  

And this last slide is of Tara Bean, who in 1998 was the same year we were -- treated -- we were publishing our paper that was recognized by the prize.  She was diagnosed with a brain tumor, and it's one of these very aggressive brain tumors.  We’ve made very little progress in treating these, and unfortunately, Tara died, I think, in 2000.  So we have a lot of work to do.  And, you know, the thing is, the pace and discovery really is picking up in biomedical research, and I would urge all of you to support further funding for the NIH [National Institute of Health] and for all the scientists, because we really have a lot of work to do.  And I'll stop there, and take your questions.

[applause]

Male Speaker:  

How soon will we be able to live forever?  

[laughter]

 Craig Mello:

Well, you already can.  You can live forever through your germ cells, but beyond that, no.  I don't know.  I mean, there’s a lot of progress in understanding aging, but it's -- we're a long ways from some miracle cure for aging, unfortunately.  And, you know, so I'd have to say honestly that there will be improvement, but it's a long ways away before there is really any great extension of life span.  But we're living healthier lives, thanks to medicine, of course.

Male Speaker:

I always considered the Lamarckian evolution in terms of [inaudible]. Buy its fascinating to hear that something is happening at this level. If you were to let your mind wander and think to what extent could the Lamarckian evolution could actually be feasible and relevant what would you hypothesize? 

 Craig Mello:

Well, that's a great question, and I think there are a lot of ways that these small ironies could play a role in evolution that would not really be Lamarckian.  They're not -- one easy way, for example, thinking of a Lamarckian-type of inheritance, would be to imagine that the mother or the father is infected with a virus.  And develops resistance to the virus by virtue of making the small RNA silencing machinery that works really well, can keep that off.  You can pass that silencing activity to the progeny, and have these --I didn't really explain this, because it would take a while – a feedback mechanism, where the silencing at a locus that stimulates the production of more small RNA.  

So there is like a feedback loop that can be turned on when you initiate silencing at a locus -- the silent chromatin can recruit enzymes that express more RNA and can silence it.  So that would be an example of a very sort of easy to understand inheritance of resistance to an infection that could be transmitted, almost like mothers transmit resistance in the milk to their progeny antibodies.  This is a very different way of thinking about that.  Whether or not there is a real -- you know, other types of Lamarckian character that could be transmitted, I'm not sure.  It's a hard one to imagine.  Other questions?

Male Speaker:

[Inaudible].

 Craig Mello:

The question is about, could there be forms of life without DNA.  Is that right?

Male Speaker:

Yes.

 Craig Mello:

There is a hypothesis called the RNA World Hypothesis, which is living things on the Earth may have originated with a nucleic acid.  Other than DNA, the RNA really did the work initially, not only of encoding the genetic information, but catalyzing reactions, the enzymatic reactions.  In essence, copying itself, rearranging itself -- all of those things can be done by RNA.  And, in fact, that sort of spurred this notion that RNA was more versatile chemically, and, therefore, capable of functioning as that primordial molecular organism that preceded all life on the planet.  And that makes sense.  

But whether or not, you know -- it's hard -- there is no fossil record for those molecules, unfortunately.  Maybe it would be something that could be experimented with in the laboratory.  It would be very interesting to go to Europa or Mars and drill down and find some water, and maybe some little organisms that are alive there, and figure out what they use for their genetic information.  That would be very, very interesting.  Hopefully we'll see it in our lifetimes.  Any other questions?  Oh, I can't see.  Go ahead.  Shout it out.

Female Speaker:

[Inaudible] some Nobel scientists    I'll start over.  I think it's encouraging to see a standing room-only crowd show up to listen, in person, to Nobel scientists on a hot day in Washington.  You've alluded to issues having to do with funding and support for scientific research, and could you elaborate on that more, because we do seem to be going through a period where there is almost backlash against science, and reduction of funding in many areas.  Thank you.

 Craig Mello:

I can say a few more words about that.  What happened was, we recently doubled the NIH budget.  At the same time, we completed the human genome sequence, and discoveries like RNAi and other great technologies have been developing.  So we did increase the budget.  But then the budget became stagnant under the Bush administration for the last several years.  And, in fact, now we're back after inflation to where we would have been if we had just continued increasing it more at an incremental rate.  So it's a very complicated issue.  What is enough funding for science?  How do you gauge what is enough?  And I like to think of it as, you know, how do you decide how much money to invest, you know, or where to put your investments?  

You look at opportunities and you look at problems -- you know, potential problems.  And I think in both of those categories, there’s a lot of reasons this government in this country needs to continue to invest.  First of all, the genome sequence is up on the computers in China, India, everywhere.  So we paid for it.  Why aren’t we taking advantage of what we paid for by developing the new, you know, big blockbuster drugs and therapies here in the U.S.?  We're -- we really are, from a competitive standpoint, potentially losing out on a great opportunity.  So there is an opportunity now to invest in biomedical research.  There are also, of course, lots of problems that we face.  There are lots of diseases that could be encroaching on us.  We are so populous that we are a huge reservoir for diseases.  

And because of poor health care, uninsured people in most of the world, you end up with diseases incubating and evolving that are going to spread and have an impact, unfortunately, that will kill many, many people.  So there are a lot of dangers out there.  And, of course, you know, in the sciences in general, what we are trying to do is win that horse race between all the problems we're creating and the solutions we're trying to solve, as quickly as we can.  I think there are a lot of arguments why we should be investing a lot more money into all the sciences right now.  But we need to pace ourselves and do it at a steady rate.  “These two doubling,” and then, “Oh, we doubled your budget -- forget about it for a while.”  That doesn't work.  You've got to -- in order to keep people in their jobs and have, you know, a steady increase in funding, a steady increment is important so that people can know what's coming.

It's really -- it's very sad right now that we have this tremendous opportunity to make great progress with molecular medicine, and yet we have a funding climate that is so bad that only about 10 or 11 percent of grants are getting funded, when there are very, very good grants out there.  So anyway, I think we need to do more, and it's just, you know, one of those things.  I hope there is some congressman here or staff members who will go back there and lobby some more for getting this done.  It's not an easy job that you guys are doing here on Capitol Hill, but -- one left?  Okay?

Female Speaker:

[Inaudible].

 Craig Mello:

Privately?

Female Speaker:

[Inaudible] the government in responding to corporations or whatever?

 Craig Mello:

Yeah, private foundations are helping, but they're not nearly as -- you know, there's not as much money there.  They’re just unable to really keep the engine going full steam.  But people can make a huge difference by contributing.  You know, in a way, philanthropy works well to help keep things on the radar screen.  There are a lot of diseases that need an advocacy, almost, because there are so many diseases out there, that in order to get funding – and, you know, in a way we're dividing, fighting against each other a little bit on -- you know, here on Capitol Hill. Fund diabetes cure, fund, you know, cancer, whatever.  But a lot of these small philanthropic groups are doing a really good job of raising awareness of diseases that need more support.  

But I would say, you know, it's very important that all of those organizations support basic research like the work that Andy and I were doing, because without our -- without support for that kind of very basic work on a worm, of all things, you wouldn't have these great discoveries being made, at least not as rapidly, because it's really hard to discover these kinds of things working in a human.  If you try to cure -- if all you study is cancer, you may never cure cancer.  You have to study all living things --  plants, fungi, animals.  

So anyway, that's one way of looking at it.  Philanthropy can help, so definitely give --  

Female Speaker:

[Inaudible].

 Craig Mello:

Media awareness?  Well, CBS News is doing a --

Female Speaker:

[Inaudible].

 Craig Mello:

Yeah.  Well, everything helps, you know, in terms of getting the message out.  I think that's why John and I are here today.  We love the opportunity to talk to the lay audience, like the one we have here today, and just explain how exciting science is right now, and how much we're learning, and, you know, what a -- you know, it's something that we need to try to get our young people excited about, because, you know, they're going to be the ones stuck with all the problems.  They better have the wherewithal to try to come up with some of the solutions.  So I think I better stop there.  Thank you.

[applause]

Carolyn Brown: 

Our deep thanks to both of our speakers -- Dr. John Mather, Dr. Craig Mello, and we have a small reception in the back.  You're invited to join them for informal conversation, and conversation among yourselves.  Thank you so very much.

[applause] 

[end of transcript]


