NED SEEMAN – crystals at the edge of life
I’ve always regarded the DNA sequence as a very long four letter word.It’s a one-dimensional object and I’m not a one-dimensional guy.
 – Ned Seeman
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Ned Seeman began his research career as a crystallographer – someone who tries to understand molecular structures through x-ray diffraction.. Structure can be destiny at the atomic scale. For example, in the 1880s, Pierre and Jacques Curie showed that deforming crystals could give rise to an electrical potential, the size of the effect depending on the type and quality of the crystal. Modern semi-conductors require crystals of increasingly excruciating perfection. In biology, crystallographers and their data have led to the understanding of the structure of fundamental components. In the 1950s, Rosalind Franklin’s X ray diffraction data of DNA helped guide Watson and Crick’s inference of the double helix. 

No longer a pure crystallographer, Seeman and his students spend most of their time devising and following chemical protocols to induce DNA to form molecular sculptures.. These  sculptures could help assemble nano-electronic devices. Or they could form the geometrical backbone of such devices and could morph into tiny robots. There are now about  35  labs around the world working on DNA nanotechnology. Seeman started the whole thing in the 1980s in large part because of an extreme reaction to what he calls “the tedium and stupidity of the crystallization experiment.”
Seeman was born in Chicago in 1945. His mother coined his first name  “Nadrian.”
I was named for her father, Nathan, who hated his name, so she made up a name I could hate.

In high school in Highland Park, a suburb of Chicago, Seeman liked biology, because the teacher related it to chemistry and physics.  

We did a section on genetics. The teacher knew the words DNA and RNA, but it really hadn’t filtered down to the high schools as to how any of that stuff really worked.  But from then on, my interest was in that real boundary between living and non-living systems—the edge of life.  

Seeman’s father, a furrier, wanted Ned to become a physician, so that’s what he planned when he went off to the University of Chicago. But because of the long suffering of his dying grandmother, the young  Seeman realized that medicine wasn’t for him..

I hated being around a sick person for whom I could do absolutely nothing. They were doing the best they could but she was going to die—it was as simple as that. I really didn’t want to spend my life maybe adding a year or two to somebody else’s life. At the time, doctors were pretty powerless. I wanted to do something that would have a more lasting contribution. 

Seeman decided to study biochemistry. At the University of Chicago, in the mid-1960s, this meant studying and measuring metabolic reactions.

UNBELIEVABLY boring!!  I preferred stuff that had a little more math in it. Ultimately I ended up going into a crystallography program because they would accept me.  I wasn’t a terrific student as an undergraduate. With crystallography, everything clicked. There was computing and 3D in crystallography and a certain amount of math and physics that was easy for me to understand. And it turned out I was pretty good at it.

Seeman went on to get a doctorate at the University of Pittsburgh in crystallography/biochemistry in 1970. Then he had a disappointing postdoc  in molecular graphics at Columbia from 1970-1972, although he solved his first nucleic acid structure there, on weekends.  This was followed by a far more  productive postdoc in Alex  Rich’s lab at MIT, where Seeman continued working on the crystallography of nucleic acid components—DNA is a nucleic acid.

,

The first major recognition I got for anything was when we solved this crystal structure [constructed a model consistent with the data] that showed the first Watson Crick A-T base pairing-- (actually A-U base pairing, since it was RNA) –that had ever been seen in high resolution. It was a hard crystal structure, the ideal project for me. 

Box: Solving a crystal structure basics

X-ray crystallography makes use of the fact that X-rays will be diffracted by the electron clouds in crystals. The pattern of diffraction gives information about the density of electrons. Mathematically, X-ray data yields the amplitudes of the complex Fourier components of the crystal structure. But it doesn’t include the phases. ”Solving a crystal structure” means working out the phases.  With both the amplitudes and the phases, one can reconstruct the crystal structure. That is, one can figure out the positions of all the atoms.  
When Seeman started, a hard structure was one  that had a lot of roughly equal atoms.  This structure had 95 (including solvent) non-hydrogen atoms (hydrogen is virtually invisible to the X-rays), of which two were phosphorus (15 electrons), and the rest were first-row atoms (10 or fewer electrons).  If there are one or two very heavy atoms, such as iodine (53 electrons), it was pretty easy to figure out where they are, because an atomic signal is proportional to the number of electrons squared. From there it is easy to work out the rest of the structure.  

The sequence Seeman crystallized was ApU.  There were two molecules in the asymmetric unit, and the coordinates of every atom in each had to be determined.  One phosphate backbone between two sugar base-units.  There were thus, two A-U base pairs in the system.  This was the largest unit that had been studied crystallographically at the time.  About 20 previous attempts with just bases, or bases + sugars had all failed.

End Box

When Seeman applied to be an assistant professor, the job market was poor.
The problem at the time was that crystallography was seen as expensive, and no school wanted more than one [crystallographer].  Thus, all my friends who had already obtained positions were actually blocking me from getting a job at their universities.  This was in contrast to molecular biologists at the time, whose friends could advocate for them within their departments.

There were a 100 of us looking and about six of us got jobs. I got what was arguably one of the better ones. But it was a scientific death sentence. That was at SUNY Albany where I spent 3,983 days which I usually round off to 4000. 

The idea at the time was that every crystallographer would choose a protein and work on it for years and years; that was the kind of commitment required with the state of the technology. Seeman didn’t like proteins as much as DNA and RNA – nucleic acids. But even though nucleic acids had some logic to them, Seeman couldn’t do the “voodoo” part of crystallography – grow a good-sized crystal.
It looked like I was going to wind up down in New York City as a taxi driver. 

Then one day, his luck changed. Bruce Robinson, a post-doc down the hall, whose boss was Leonard Lerman, told Seeman that Lerman  wanted him to  look at a DNA structure called a Holliday junction. Seeman respected Lerman for his discovery  of DNA intercalation, a process by which non-DNA molecules can wrap up into DNA, so he was ready to help. 
A Holliday junction is a four stranded structure, resembling a four- way road intersection, as opposed to the normal linear topology of DNA. The post doc asked Seeman for help in building a model to explain how the position of the intersection moves around.  The collaboration went well, but Seeman was interested in more than just observing that the Holliday junction goes from one configuration to the other due to the symmetry in the structure. 

[Holliday_junction.tif. Caption: Two possible configurations of a four-way DNA intersection. In one case the top right and the bottom right helices are attached. In the second case, the top left and the top right are linked.]

One day, I was talking with Kathy McDonough, one of my undergraduate students –I didn’t have any graduate students, that was the other death sentence part of it—I realized we might be able to test some of the hypotheses we had generated by the modeling because if you had synthetic DNA, you could get rid of that symmetry. You could actually get something stable that you could work with. That was the beginning of it. 

Seeman realized that four-our armed branch structures were just the start. If they could make a stable branch structure, they could extend the number of arms. In September of 1980, he went to the campus pub to think about six-arm junctions.

That’s when I thought about Escher [Escher’s drawing, Depth]. I realized that those things [the flying fish] were just like six arm junctions.  The important thing was not just that the fish in the Escher picture are topologically six arm junctions, but that the fish are arranged like the molecules in a molecular crystal. There is periodicity front to back, top to bottom, left to right. So I said, gee, maybe I could use some notion like that to organize DNA into crystals. 

In 1980, synthesizing DNA was laborious, but Seeman decided the goal – rational crystallization --  was worth it..

The thing I hate about the crystallization experiment, the reason that I was so unsuccessful at it, was that you don’t know what you are doing. You have a molecule, and you don’t know which interactions will hold the crystal together.  Even once it’s done, you don’t even know why the thing has crystallized the way it has and not some other way. Without the structure, you can’t rationally say, okay, I’ve got hydrophobic interactions over here, I’ve got salt bridges over there, so what I want to do is make these things insoluble and promote hydrophobic interactions or I want to promote electrostatic interactions. 

Rationally-designed DNA crystallization seemed possible to Seeman because the main interaction is “Watson-Crick pairing”: nucleotide A wants to pair with T and G wants to pair with C. As a result, it is possible in principle to design a molecule and know what it is likely to look like when you turn the x-rays onto it. Then there is practice. 

[Seeman.Branch.Migration.tif. Caption: Some of the ways strands of DNA may escape linearity. Watson-Crick pairing (A binds with T and C binds with G) can create lots of different shapes. Credit: Ned Seeman]
First he had to learn to synthesize DNA in sufficient quantity  (which took him three years in the early 1980s). Next he wanted to build a rigid platform, which could act as a host for potentially interesting “guest” molecules such as nano-electronic components or tiny little robots. A rigid platform is critical because this floppy system cannot be used for DNA scaffolding. 

Eventually we found that a motif that we had been using for the other part of the lab which was studying recombinational intermediates. We had built these double cross over molecules that wound up actually being a rigid motif.  The motif consists of two double helices joined twice, with the two joining points pretty close together.  Sort of like two logs lashed together twice instead of once.
[seemanDouble_cross.tif. Two forms of the double-cross over motifs that Seeman developed as stable platforms for DNA constructions.]
Seeman made this discovery in 1994. The next year, his grant program director suggested that he should go to the first meeting of DNA computing at Princeton.

When your program director says you should do something, you do it. 

At the meeting, Seeman met Len Adleman, who had recently used DNA to solve a seven  city Traveling Salesman Problem (as a proof of principle) [see box on page xx], and two young Cal Tech students --Erik Winfree and Paul Rothemund (See chapter xx) 

Erik was talking about using our stuff. He said “There’s this guy Seeman out there and he’s doing this stuff with branched DNA. I want to use these things as cellular automata.” After his talk, I went up to him and said we’ve got better stuff than that now.. 

Seeman and Winfree collaborated to extend the double cross-over to a two- dimensional array that contained programmably spaced stripes. Next, Seeman’s lab built a two-state nanomechanical device.  More recently he has made a little robot arm that flips back and forth in the array. Putting two of these together yields a double-armed robot that might pick up things. 
Once the fundamental components work, all kinds of possibilities open up. One possibility is for drug design --to test how well different drugs interact with potential drug receptors, both to test effectiveness and side effects. That requires high resolution crystals and the laboratory issues remain challenging. Seeman is also interested in putting DNA to work through movement.

We’re trying to do automatic weaving—getting DNA to actually weave things.  You make chain mail effectively when you make DNA constructs in 2D and we’re talking even 3D. I’m not looking to make a better bullet proof vest, but it would be nice to make something light not so heavy.

So far we’ve only translated DNA into DNA. Now we’re trying to translate DNA into polymers. In much the same way as the cell does, but we’re going make more interesting polymers. We want to be able to program them based on what’s going on within the local environment. Whether we’ll get there I don’t know. It’s a hard problem.

This  kind of work takes patience and a long-term vision. Seeman has had students nearly crack from the repetitiveness of the lab work. Others of course have thrived. Meantime a strong public undercurrent has elevated  nano-technologists to celebrities.

There is a nanocult out there.  My first nano meeting was in Seattle. My colleague Bruce Robinson and I had proposed a DNA-scaffolded nanoelectronic system. Eric Drexler [author of Engines of Creation] was there. We were the only three scientists there if you count Eric. I give him credit—he does have a degree. And he’s not a stupid guy.  The rest were social scientists, science fiction writers and software people. And they were all culty people. There was a party one night and I’m sitting there talking up some girl and she says, “Isn’t it a pity that we’re the last generation to die?” and I said “Huh?”

One of the problems that I have with those people is they don’t live in the laboratory that I live in. One of my jobs is to train graduate students. I train them in technical ways, dealing with science, dealing with research, how to troubleshoot. But the main thing I train a student to do is to deal with the daily routine of coming in and failing.  To deal with it psychologically.  Because you walk into the lab and the odds are everything screws up. 

Seeman thinks it’s different for computing people, because if a programmer knows the problem, eventually he or she will figure it out. In a chemistry lab, by contrast, what you want to do might just not be possible, at least with your approach.  So many things can go wrong. On the other hand, the impact can still be huge. Seeman proposes a rather morbid test of long-term accomplishment.

Every scientist somewhere along the line has to take what I call the abortion test. I say a good age to take it is in your middle 50s. Let’ s say you’re 55. The idea is to go back 55.5 years. We abort you. What don’t we know and do we care?  Ultimately this is about what is going to be written on your figurative tombstone. What did you do with your life and what is the point of it? And did you do anything that ultimately has any impact?
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