
gen-bonding complementary strands of
base-pairing nucleotides wound around a
single axis.

Although the B-form DNA structure
that James D. Watson and Francis H. C.
Crick proposed in their April 25, 1953, let-
ter to Nature made only a limited splash at
the time, the subsequent ripples revolu-
tionized biology—particularly genetics—
turning it into a molecular science. People
pretty much agree about the impact that
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THE CHEMICAL SIDE
OF THE DOUBLE HELIX
The double helix has played a role in chemical research in the past 50
years, inspiring chemists to solve biological problems

MODEL COMPOUND Watson (left) and Crick pose with their model of DNA in 1953.
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T
he double helix. that two-word phrase is so

firmly planted in our scientific lexicon that even a
good number of nonscientists recognize the refer-
ence to the structure of DNA. Many of us can’t re-
member a time when DNA wasn’t recognized as

being the genetic material or as taking the form of two hydro-
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the double helix has had on biology, but
what about chemistry? How have chemists
been inspired by this structure?

For one, Watson and Crick’s model for
DNA structure demonstrated that
chemists could play a role in solving bio-
logical problems.

Before the a-helix model suggested
by Linus Pauling for proteins and the dou-
ble-helix model for DNA, the
view of the structure of biolog-
ical macromolecules was “blur-
ry,” says Albert Eschenmoser, a
chemistry professor at Scripps
Research Institute and emeri-
tus professor at the Swiss Fed-
eral Institute of Technology,
Zurich. “Pauling’s a-helix and
Watson-Crick’s double helix
were the first time that scien-
tists could look at the structure
of biopolymers as closely, as
sharply, as organic chemists had
done at the time with the small
molecules.”

FOR CHEMISTS, the adage
about a picture being worth a
thousand words is true. “Many
scientists, myself included, de-
sign and interpret their experi-
ments based on pictures they
carry around in their heads of
the molecules that are involved,”
says Thomas R. Cech, who re-
ceived the Chemistry Nobel
Prize in 1989 for his role in dis-
covering the catalytic properties
of RNA. Cech is president of
the Howard Hughes Medical In-
stitute, and professor of chem-
istry and biochemistry at the
University of Colorado, Boulder. 

“The better picture you have,
the better experiment you can
design to figure out how nature
works and the better you can in-
terpret your results,” Cech says. 

“Watson and Crick provided
the picture at just the right level of detail
that allowed this whole field to explode,”
he says. “Until a biological phenomenon is
defined at the chemical level, it’s very hard
for the chemist to get interested or in-
volved. But the moment you have a specific

structure of sugar, phosphate, and hetero-
cyclic base, all of a sudden you’re in the
world of chemistry.”

Eric T. Kool, a professor of chemistry
at Stanford University, agrees. “Chemists
often delve into biological problems once
they know enough chemical information
to get their foot in the door. That [DNA
structure] was the foot in the door for

chemists. I can speak for most organic
chemists. They love to look at pictures.
This was the picture that really said this is
a chemical problem.”

Interest in DNA chemistry predates
Watson and Crick’s structure. H. Gobind

Khorana, emeritus professor of chemistry
and biology at Massachusetts Institute of
Technology, was trained as an organic
chemist and was already working on ways
to synthesize dinucleotides and oligonu-
cleotides in the early 1950s.

“I began to think about nucleotide syn-
thesis and hooking two nucleotides to-
gether to make an internucleotide bond as

a starting point in dinucleotide
and oligonucleotide synthesis,”
Khorana recalls. “It was very
clear at this time that one had to
start this work to put nu-
cleotides in a specific sequence.”
He developed the first practi-
cal, but laborious, technique for
synthesizing nucleic acids,
known as the phosphodiester
method.

“All my time in the 1950s was
spent making oligos, methods
that we developed in Vancou-
ver, British Columbia, and later
in Madison” at the University of
Wisconsin, Khorana says. He
painstakingly combined his
chemical techniques with en-
zymatic methods developed by
Arthur Kornberg to synthesize
a 126-nucleotide transfer-RNA
gene. Khorana shared the 1968
Nobel Prize in Physiology or
Medicine with Robert W. Hol-
ley and Marshall W. Nirenberg
for their contributions to deci-
phering the genetic code. Later,
in the 1960s and early 1970s,
Robert L. Letsinger at North-
western University, Marvin H.
Caruthers at the University of
Colorado, and others developed
methods of solid-phase syn-
thesis of DNAthat are still used
in modern automated DNA
synthesizers.

“Chemical synthesis of DNA
is the fundamental technology
that has led the molecular biol-

ogy revolution,” Cech says. DNA synthe-
sis of probes and primers is a necessary first
step for DNA sequencing, genetic engi-
neering, and the polymerase chain reac-
tion. “All of a sudden, it was up to the
chemist to provide the essential tools to
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“Chemists often delve into biological problems once
they know enough chemical information to get their foot
in the door.”

RECOGNITION A polyamide dimer containing four pairs
of rings (Im/Py, Hp/Py, Py/Hp, and Py/Im, where Im =
imidazole, Py = pyrrole, and Hp = hydroxypyrrole) can read
the minor groove of the DNA double helix and distinguish
each of the Watson-Crick pairs, G-C, T-A, A-T, and C-G.
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allow the field to fly forward,” Cech says.
“Chemists provided not just little trinkets
for the biologists, but actually the core
technologies that enabled molecular biol-
ogy and biotechnology to go forward.”

Peter B. Dervan, a chemistry professor
at California Institute of Technology, be-
lieves that DNA research can reveal new
chemical principles. “We chemists are dif-
ferent from biologists and physicists in that
in addition to studying and trying to unravel
principles of how the natural world works,
we are also inventors. In the process of try-
ing to create new matter, new materials, we
come up against the limitations of our field.
It helps define the next chemical question
where our understanding may need to be
enriched,” Dervan says. “In the exercise of
trying to invent or discover new materials
that would mimic a biological system, we
get to phrase new questions and sometimes
arrive at unanticipated discoveries that are
inherently chemically interesting.”

DNA HAS INSPIRED Dervan to ask fun-
damental questions about molecular recog-
nition. His challenge was to invent a new
polymer code that could read the edges of
the Watson-Crick base pairs in either the
major or minor groove of the helix.

“Our first effort to create a language dif-
ferent from nature’s proteins was to use a
triple helix in the major groove. We could
not push beyond a two-letter code,” Der-
van says. His team was able to recognize the
purines—adenine (A) and guanine (G)—
but couldn’t recognize the pyrimidines cy-
tosine (C) and thymine (T). “It just showed
the limitations of our understanding of
molecular recognition,” Dervan says.

In parallel to the triple-helix work, Der-
van also investigated the minor groove as
a recognition site. “The breakthrough was
an unanticipated discovery. We discovered
that an unsymmetrical pair of imidazole
and pyrrole stacked side by side would dis-
tinguish GC from CG.” Dervan’s students
invented a new ring pair of hydroxypyr-
role and pyrrole that distinguishes TA
from AT.

Kool was drawn to DNAresearch in the
1980s by a talk given by Dervan that “to-
tally captivated” him. “I was fascinated by
the possibility that suddenly this is organ-
ic chemistry. It’s not just biology, but it is
organic chemistry,” Kool says. 

Kool is using DNAas a launching point
to design new base pairs that don’t hydro-
gen bond but retain some of the properties
of DNA. In natural DNAbases, the purine
adenine forms strong hydrogen bonds ex-
clusively with the pyrimidine thymine. In
a similar fashion, the bases guanine and cy-

tosine hydrogen bond with one another.
Kool mimics the shape but not the bond-
ing ability of DNA bases by keeping the
shape and size as close as possible to those
of the original base but removing the
strongly polarized atoms and functional
groups. Kool’s mimics are much less polar
than natural DNA bases.

The DNA mimics have revealed when
the Watson-Crick hydrogen bonds are im-
portant and when they are not. “In the ba-
sic double helix—the two strands binding
to one another in a specific way—we still

believe that Watson-Crick hydrogen bonds
are pretty important,” Kool says. “Our mol-
ecules make it fairly clear that Watson-Crick
hydrogen bonds are important for assem-
bling the helix and keeping it together.”

Surprisingly, however, the hydrogen
bonds turn out to be less important when
enzymes synthesize new DNA strands.
“It’s quite clear that a number of poly-
merase enzymes—the basic replicators of
nature—can copy DNA base pairs highly
accurately and quite efficiently without
any Watson-Crick hydrogen bonding in a
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given base pair,” Kool remarks. “You can’t
remove them all forever, but you can re-
move some of them in an isolated way and
it still works. Although the hydrogen bonds
are necessary to help hold the helix to-
gether, the enzymes that copy DNAdon’t
really care about them very much.”

The mimics do not easily pair with op-
posite natural bases. “Despite the fact it
looks like the natural base, a mimic of ade-
nine does not especially like to pair op-
posite thymine. When you pair them in
this way, it’s strongly destabilizing to the
DNA,” Kool says. “If you replace the part-
ner of one of those modified bases with

another modified base, it’s not as desta-
bilizing. We have a couple of cases where
those base pairs are as stable as a natural
base pair.”

Kool uses these new bases as structural

probes. Because the
bases don’t change the over-
all shape of the DNA, they can
be used to understand the en-
ergetics and mechanisms of a variety of in-

C E L E B R A T E D  D U O

Famous Pair Connects The Dots To Determine DNA Structure

T heir names are permanently
linked—to each other and to the
molecule whose structure they pro-

posed. They have become so tightly woven
into the fabric of biology that it hardly
seems possible that they proposed their
model only 50 years ago: James D. Watson
and Francis H. C. Crick published their
structure of B-form DNA in
a letter in the April 25,
1953, issue of Nature.

Biologists Watson and
Crick described a molecule
in which two strands of nu-
cleotides running in oppo-
site directions coil around a
central axis in a right-
handed helix. The bases on
one chain form hydrogen-
bonded pairs with the
bases on the other, but on-
ly in specific combinations.
The purine adenine always
pairs with the pyrimidine thymine; similar-
ly, guanine pairs with cytosine.

Watson and Crick deserve credit for fig-
uring out—some might say guessing—the
structure of DNA, but not for any of the ex-
perimental work. Instead, they gathered
information from a variety of sources and
made the leap to a model of DNA, follow-
ing the path that Caltech chemist 
Linus Pauling had taken in solving the
structure of the protein a-helix.

Watson and Crick weren’t supposed to
be working on the structure of DNA. That
distinction belonged to researchers at
King’s College London, most notably crys-
tallographer Rosalind E. Franklin and bio-
physicist Maurice Wilkins. After a first
failed attempt at a model of DNA, Sir
Lawrence Bragg, the director of the

Cavendish Laboratory at the University of
Cambridge, forbade Watson and Crick to
work on DNA, but they continued to con-
template the problem anyway.

They were able to figure out the struc-
ture by combining knowledge of the
chemical composition of the nucleosides
with X-ray diffraction patterns obtained by

Franklin. From Franklin’s work, Watson
and Crick knew that the vertical spacing
between the stacked base pairs was 3.4 Å
and that each turn of the helix was 34 Å
or 10 base pairs, with a helical slope of
about 40°.

They needed to figure out how many
strands were involved and where the
bases fit. A key step in figuring out the
structure was the recognition of the cor-
rect tautomeric form of the bases. Watson
and Crick had been working with models
of the enol forms of the bases. Jerry
Donohue, an American crystallographer
who shared an office with them, was able
to tell them that the bases would most
likely be in the keto form in water.

Once Watson started working with
models of the correct tautomers, he real-

ized that the base pairs of adenine-
thymine and guanine-cytosine could be
held together by at least two hydrogen
bonds (C-G was later found to be held to-
gether by three) and that the pairs were
identical in shape. This base pairing ex-
plained regularities of composition discov-
ered by Columbia University biochemist

Erwin Chargaff, in which the
ratios of adenine to thymine
and guanine to cytosine are
always approximately 1.

“To organic chemists at
the time, it was highly sur-
prising that it was possible at
all to get such a detailed pic-
ture of a biopolymer as pre-
sented in the double helix,”
says Albert Eschenmoser,
chemistry professor at
Scripps Research Institute
and emeritus professor at
the Swiss Federal Institute of

Technology, Zurich. “The view of Watson
and Crick of the structure of DNA was as
close and as detailed as the organic
chemists at that time had become able to
look at the conformations of their small
natural-product molecules.”

Watson, Crick, and Wilkins shared the
1962 Nobel Prize in Medicine or Physiolo-
gy for the discovery of the double helix.
Watson is now president of Cold Spring
Harbor Laboratory in Long Island, N.Y.;
Crick is a distinguished research profes-
sor at the Salk Institute for Biological
Studies, La Jolla, Calif.; and Wilkins is an
emeritus professor at King’s College.

“In retrospect, the impact of the advent
of the DNA double helix on science is so
enormous that contributions of others
who made Watson and Crick’s model pos-

UNNATURAL PAIR
Solution structure (measured
by high-resolution NMR)
of the nonpolar thymine
analog paired opposite
adenine in a DNA duplex. Such
analogs that don’t form Watson-Crick
hydrogen bonds have been useful in
the study of DNA replication and repair.

COURTESY OF
ERIC KOOL
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MATCHED SETS The bases in DNA form specific
hydrogen-bonding pairs, adenine with thymine and guanine
with cytosine.



teractions, such as enzyme recognition of
DNA or nucleotides, protein bending or
binding of DNA, or water interaction with
DNA. “We’re studying various DNApoly-
merase enzymes and various DNA repair
enzymes using these molecules as probes
of their mechanisms.”

On the more applied side, Kool is using
modified DNAto design diagnostic tools.
For example, he is designing molecules that
fluoresce in the presence of specific ge-
netic sequences. “We have DNA [mole-
cules] that can join themselves together to
create a longer DNA. When this bond is
formed, it releases a fluorescence quench-
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sible are often overlooked,” Eschenmoser
says. Some of those who are often left
standing in the shadows include Oswald T.
Avery, the Rockefeller Institute researcher
who determined in 1944 that DNA is the
genetic material; Chargaff, who determined
that the adenine:thymine and guanine:
cytosine ratios are 1; and Franklin, whose
X-ray diffraction data Watson and Crick
used without her knowledge or permission.
A name often forgotten is that of Rudolf
Signer, who provided the high-quality DNA
fibers for Franklin’s diffraction
experiments.

“What, then, do Jim Watson and I de-
serve credit for?” Crick asks in “What Mad
Pursuit,” his 1988 memoir. “The major
credit I think Jim and I deserve, considering
how early we were in our research careers,
is for selecting the right problem and stick-
ing to it. It’s true that by blundering about
we stumbled on gold, but the fact remains
that we were looking for gold.”

A. BARRINGTON BROWN/PHOTO RESEARCHERS INC.  

LUCKY PAIR Crick (left) and Watson
relax after the publication of their
letter to Nature.
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er and causes the molecules to light up
with a specific color. They can only join
together when the correct genetic se-
quence is in the cell.” He anticipates
that such assays could be used for
genetically typing bacteria or can-
cer mutations.

INORGANIC CHEMISTS have also
been drawn to DNA. For example,
Stephen J. Lippard, chemistry pro-
fessor at MIT, first became inter-
ested in DNAin the 1960s, when he
worked on methods to sequence
DNA using metal atoms and elec-
tron microscopy. “Let’s say we
wished to identify the position of
guanine nucleotide in DNA,” Lip-
pard explains. “The idea was to at-
tach a heavy atom label to every gua-
nine and then spread the DNAout
on an electron microscope grid and
use the electron microscope to read
where the heavy atoms were. The
process would be repeated for the
other nucleotides. The metal-DNAlabel-
ing chemistry was successful, but the elec-
tron-beam energy applied to the micro-

scope grids made the heavy atoms move
so that the picture was too fuzzy to ascer-
tain the sequence.

However, the experience with metal-
nucleic acid chemistry was valuable when
Lippard turned his attention to cisplatin,

an anticancer platinum compound that tar-
gets DNA. His group has been able to de-
termine the structure of the intrastrand

cross-linked adducts that form be-
tween DNA and platinum.

“The current model that we are
using to explain the anticancer ac-
tivity is that the formation of spe-
cific adducts blocks transcription
on DNA,” Lippard says. “When
the RNA polymerase gets stalled
at the platinum cross-link, it trig-
gers a variety of cellular responses
that lead to the death of the can-
cer cell.”

Lippard’s group is now working
on “groove-crossing” compounds.
“The platinum forms its major
adducts by binding to two guanines
in the DNAmajor groove,” he says.
“The proteins that bind to plati-
nated DNA tend to recognize the
widened shallow minor groove that
occurs as a consequence of the plat-
inum adduct formation.” Such pro-

tein binding inhibits repair of platinum
adducts and sensitizes cells to cisplatin.
Lippard would like to design a single

Scissile
phosphate
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U(-3)
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G26

U300
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(P3 Helix)

A304

TAKING SHAPE Double-helical elements in
RNA can be packed to make tertiary structures.
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molecule that could simultaneously form
guanine cross-links in the major groove
and fill the minor groove, thus interfering
with repair processes and still blocking
transcription.

Lippard is now studying the repair of
platinum adducts in larger, more compli-
cated DNA structures, such as nucleo-
somes, which consist of DNA wrapped
around a histone core. “These are very
complicated molecules to synthesize,” he
says. “We can’t use genetics to put plat-
inum in DNA. We have to make the
DNA, platinating it in a specific place as
part of the synthesis, and then reconstitute
it into higher order structures. By doing
that, we believe we’re getting closer to un-
derstanding how the cell really processes
DNA.”

Jacqueline K. Barton, a chemistry pro-
fessor at Caltech, was originally drawn to

DNA because of its structure. “When I
was starting graduate school, I was very in-
terested in beautiful structures. DNA has
an absolutely beautiful structure, and it has
this interesting characteristic of being a
polymer as well, a polymer of p-stacked
base pairs.”

BARTON IS AN EXAMPLE of a chemist
who was inspired by DNA’s structure to
ask chemical questions. “We started out
asking a fundamental chemistry question:
How are electrons or electron holes trans-
ported through a DNA helix? Is this mol-
ecule particularly facile for electron trans-
fer and transport chemistry? To the first
order, that question has nothing to do with
biology,” Barton points out. “What we
found is, in fact, because of the stacked
base pairs, that structure does indeed fa-

cilitate charge transport, and it’s really sen-
sitive to the structure. From that point,
we’ve come up with applications, such as
developing new DNA-based diagnostics
to look at mutations and lesions in DNA.
Now we’re trying to understand the bio-
logical consequences of that chemistry.”

A large part of Barton’s work involves
developing molecules that can recognize
various sequence-dependent conforma-
tions of DNA. An early example of such
work involved chiral metal complexes in
which right-handed metal complexes pref-

erentially bound to the right-handed DNA
helix, taking advantage of DNA’s simplest
recognition element, the handedness of its
helix.

“Now we’re interested in designing mol-
ecules that recognize specific sites. We’re
interested in seeing if we can target mis-
matches, mistakes in DNA, in different
kinds of ways,” Barton says. “We’re taking
advantage of the structural and thermo-
dynamic distortions that are associated
with mismatches to see if we can design
transition-metal complexes that allow us to
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STACKING UP The interactions of
the base pairs cause these five DNA
octamers with an intercalating metal
complex to stack end-to-end in a
noncovalently bonded structure,
shown in this crystal structure.
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target some sites on DNA with specifici-
ty. It turns out that analogs of these com-
plexes also carry out interesting electron-
transfer chemistry. We’ve exploited these
metal complexes as probes of that charge-
transport chemistry on DNA.”

With the metal complexes, Barton has
found that DNA is capable of long-range
charge transport. “I could bind a metal
complex to site A, use that metal complex
to inject a hole into the DNA, and oxida-
tively damage DNA at a
distant site,” she says.
“We’ve been able to dem-
onstrate this oxidative
damage at a distance as
long as 200 Å.”

A number of younger
chemists and biochemists
who cut their teeth on
DNA are now studying
RNA.

“Once a chemist gets
hold of a nucleic acid,
whether it starts as RNA
or DNA, it can end up
looking like something
halfway in between,”
Cech says. “After all, the
main difference between
the two is the 29 -hy-
droxyl group, and as soon as chemists get
their hands on DNAor RNA, they tend to
start mucking around with those 29 -hy-
droxyl groups,” he quips. “Those of us who
live in the RNAworld consider DNAto be
just a derivative of RNAanyway.”

Scott A. Strobel, a professor in the de-

partments of chemistry and molecular bio-
physics and biochemistry at Yale, got his
start as a graduate student in Dervan’s lab
working on triple-helix DNA structures.
“Part of the reason I moved from DNA
to RNA is that RNA doesn’t follow the
Watson-Crick rules,” Strobel says. “In
RNA, because one strand isn’t used to tem-
plate another, you can actually have a
molecule that folds back on itself. You
end up with all kinds of things that are ex-

ceptions to the Watson-
Crick rules of base pair-
ing and structure. We’re
interested in what those
pairings are and what
kinds of structural and
functional implications
there are as a result of
having things that aren’t
simple duplexes.”

Strobel uses a tech-
nique called nucleotide
analog interference map-
ping (NAIM) to deter-
mine what parts of RNA
catalytic structures are
important for their func-
tion. “We’re considering
a nucleic acid to be a
chemical. If it’s a chem-

ical, then it’s one that we can modify,”
he says.

Of course, the simplest way to modify
a nucleic acid is just to switch one base for
another. “The problem is that that’s too
sharp a sword on one side and too dull a
sword on the other,” he laments. “If you

B I R T H D A Y B A S H

Human Genome Project To Celebrate
DNA Anniversary

T he Human Genome Project has a
birthday present for DNA and an an-
niversary present for James D. Wat-

son and Francis H. C. Crick. Next month,
the public consortium of 16 labs in six
countries will celebrate the completion of
the “final draft” of the human genome. The
celebration will mark the successful at-
tainment of the original goals of the public
project, according to Francis S. Collins, di-
rector of the National Human Genome Re-
search Institute (NHGRI) at the National In-
stitutes of Health, Bethesda, Md. The
announcement will come in the same
month as the 50th anniversary of Watson
and Crick’s publication of DNA’s structure.

“I remember leading a meeting in Sep-

tember 1998 where we mapped out the
possible timetable for getting the job
done,” Collins recalls. “We realized that if
all went well, we might just make it in
2003 instead of 2005. We began to think,
‘Wouldn’t it be interesting if that fell in the
very month of Watson and Crick’s 50th
anniversary?’ ” 

Eric S. Lander, director of the Center
for Genome Research at the Whitehead
Institute, at Massachusetts Institute of
Technology, and one of the leaders of the
public sequencing effort, says, “I think it’s
wonderful to say that only 50 years after
the structure of DNA was conceived, we
have essentially finished the sequence of
the human genome.” 

“We chemists are
different from
biologists and
physicists in that
in addition to
studying and
trying to unravel
principles of how
the natural world
works, we are
also inventors.”
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mutate a G to a C, you’ve changed almost
everything about the base, but you’ve
changed almost nothing about the back-

bone. It’s still a ribose sugar; it’s still a phos-
phate. No matter what mutagenesis you
do with a nucleic acid, the changes are too

big on the base and too little on the sugar.”
Instead, Strobel makes more subtle

changes to the nucleotides. So far, he has

Despite being declared finished,
the human genome will still have some
holes. “There are still parts of the human
genome that we don’t know how to se-
quence with today’s technology,” Lander
says. “There are things like centromeres
and telomeres and a few unclonable
bits that we just don’t know what to do
with yet.”

According to Lander, the finished se-
quence contains about 300 gaps, compared
with 300,000 in the 2001 draft, and an error
rate of less than one base in 10,000, possi-
bly even less than one in 100,000. “We
thought we’d be able to get a finished se-
quence of 95% of the genome and 5%
would turn out to be unapproachable,”
Lander says. “It’s quite clear that it’s more
like 1or 2% that’s unapproachable. We’ve
got much further than we had hoped.”

On April 14 and 15, NIH will sponsor a
scientific symposium celebrating DNA and
the human genome. The first day will look

back at the past 50 years and what has
been learned so far from the human
genome. The second day will be a “futur-
istic glimpse of where this is going to take
us in medicine and public health and soci-
ety,” Collins says. “I hope that this is the
kind of symposium that a lot of people will
be affected by, particularly young scien-
tists who are looking for ideas of how they
want to spend their careers.”

On April 25, the anniversary of Watson
and Crick’s landmark publication, NIH is
sponsoring National DNA Day, which will
focus on high school education. Approxi-
mately 1,000 scientists have signed up to
be DNA Day mentors, who will visit class-
es to talk about what it’s like to work in
this field, Collins says. In addition, a video-
taped interview session with Collins, Wat-
son, high school students, and their
teachers will be broadcast via satellite. 

In April, NHGRI will also reveal its
plans for what’s next. “We are going to

unveil a new, bold, audacious plan for
where genomics research could now most
usefully go in order to reap the benefits—
particularly in the field of medicine—that
were the original motivation for doing this
in the first place. There will be a publica-
tion that lays out in eight to 10 pages a list
of what we think are the most exciting
next priorities for building on this founda-
tion,” Collins says. “It will include a broad
array of ideas and projects that we hope
the scientific community will embrace and
start to work on with great intensity.”

“Watson and Crick launched an entire
field, and they did it in one page. In that
sense, nothing holds a candle to the Wat-
son and Crick paper,” Lander says. “But
in another sense, the Watson and Crick
paper was a foundation for 50 years’
worth of work. I think, in that sense, the
Human Genome Project will prove the
foundation for the next 50 years of work.”



made about 70 or 75 different nu-
cleotides that are variations of the
original adenine, guanine, cytosine,
or uracil. The changes have includ-
ed deleting 29 - hydroxyl groups on
the ribose, substituting fluorine for
the hydroxyl, and changing func-
tional groups on the base. “We can
modify or manipulate almost every
functional group on the base and
most of them on the sugar. The
caveat is that not only do you have
to be able to make them as a
triphosphate, but they also have to
be incorporated by an RNA poly-
merase to be used in this assay.”

STROBEL HAS EXTENDED NAIM
so that not only can he identify
which functional groups are im-
portant in a particular RNAmole-
cule, but he can tell which nu-
cleotides interact with one another.
“We knock out a functional group
that we know is important, but we
knock it out in every molecule,” he says.
“If you repeat the original interference ex-
periment in this background where one

of the functional groups that you knew
was important was deleted, the outcome
is that its partner tends to no longer show

interference. You can actually de-
fine tertiary interaction partners.
Within the group I intron, we’ve
systematically found about a dozen
of these that effectively bring the
active site very tightly woven to-
gether with multiple layers—not
unlike an onion—to create an ac-
tive center.”

Strobel considers nucleic acid
interference suppression, as the sec-
ond technique is called, to be com-
plementary to such structural tech-
niques as X-ray crystallography and
nuclear magnetic resonance. “The
beauty of it is that it’s functional in-
formation that then has structural
implications.”

Anna Marie Pyle, another pro-
fessor in Yale’s department of mo-
lecular biophysics and biochem-
istry, is studying RNA structure.
She started out working on small-
molecule probes of DNAstructure
in Barton’s lab while Barton was at

Columbia University; Pyle moved to Yale
in 2002.

“I became very interested in the infor-
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DNA AS MATERIAL Seeman uses DNA to make
structures such as this cube.

C
O

U
R

T
E

S
Y

 O
F

 N
A

D
R

IA
N

 S
E

E
M

A
N



mation content on the surface of the DNA
major groove, which got me interested in
nucleic acid structure in general,” Pyle says.
“At the time, about 1990, it became very
clear through Tom Cech’s work that RNA
adopted a much more complex structure
than DNA. I decided to start studying
RNA. It has a very interesting tertiary ar-
chitecture that is superimposed on its du-
plex structure.”

At Yale, her research is focusing on the
group of ribozymes—RNA molecules
that catalyze reactions—known as group
II introns. “The discovery of ribozymes
underscored the complexity of RNA
structure in a way that nothing else ever
had,” Pyle says. “To make an active site for
chemistry, something has to have a pret-
ty interesting organization.” She realized
that ribozymes were an optimal way to
study nucleic acid structure because they
report on their structure through their
activity.

“We work on the folding pathway of
tertiary-structured RNA. We work on
how it gets to the folded state, and then
we also work on the architectural arrange-
ment of the folded molecule,” Pyle says.

“In the RNA field, we are just beginning
to understand the alphabet of tertiary in-
teractions in RNA. We are trying to iden-
tify new types of interaction, to charac-
terize their thermodynamic signatures,
and to understand how strong they are
and what kind of context they require for
formation.” 

OF COURSE, biological applications of nu-
cleic acids are important to chemists, but
DNAhas also become more than just a bi-
ological molecule.

“The DNA molecule today can be
viewed as a chemical reagent, quite apart
from its role in biology, although much of
the work is inspired by what might be the
positive consequences for medicine or drug
development or diagnosis of disease,” Lip-
pard says. “For even neglecting its biolog-
ical importance, there would still be a lot

of interest in DNAas a fundamental mol-
ecule for chemists to study and use as an
object for chemical building blocks, sens-
ing, polymer design, etcetera, without any
medical application whatsoever.”

For example, Nadrian C. Seeman, a
chemistry professor at New York Univer-
sity, is using DNA as a building block to
make nanometer-scale structures. “Al-
though I have interests in biology, mostly
I think about DNAas a chemical,” he says.
“It has properties that can be exploited,
particularly on the nanometer scale.” See-

man’s interest originally sprang from a de-
sire to characterize Holliday junctions,
four-armed DNAstructures that are a key
step in genetic recombination.

“I didn’t really feel that thinking about
the DNA structure, except in a biological
context, was a really useful thing until I
started up my own program somewhere
around 1980,” Seeman recalls. “At that
time, DNAwas biology—period. Many of
my early papers were rejected; occasional-
ly, it still happens when some referee says,
‘Where’s the biology?’ The first thing we
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“We are still just at
the beginning in
terms of
understanding the
driving forces for RNA
folding and tertiary-
structure formation.”



did that was of any prominence [was to
make] a DNA molecule that was con-
nected like a cube. We sent it to a promi-
nent journal that will remain nameless.
One referee said, ‘This is spectacular,’ and
the other referee said, ‘Where’s the biolo-
gy?’ People just could
not get away from the
idea that DNA had
to be associated with
biology.”

Seeman utilizes
“sticky ends,” single-
stranded overhang
at the ends of double-
stranded DNA, to di-
rect the assembly
of DNA objects. He
needs to keep several things in mind when
devising the sequences that he uses.

“I come from a crystallographic back-
ground, so I think of things in terms of
symmetry,” he says. “To a first approxima-
tion, we trash symmetry. We divide each
strand into a series of overlapping ele-
ments. A typical example is a 16-mer. We
break it up into a series of 13 overlapping
tetramers. We insist that each of those be

unique. We also insist that for any of the
tetramers going around the bend of the
branch point, there be no complement to
them, so they couldn’t form a double helix
if they wanted to.” Seeman has used these
methods to make a variety of structures, in-

cluding cubes, trun-
cated octahedrons,
and two- and three-
dimensional periodic
arrays.

Despite 50 years of
research since Wat-
son and Crick de-
scribed the double
helix, there are still
questions to be an-
swered about higher

order nucleic acid structures. “We are still
just at the beginning in terms of under-
standing the driving forces for RNA fold-
ing and tertiary-structure formation,” Pyle
says. “We’re still just at the beginning of
defining the tertiary building blocks by
which an RNAfolds, such that we can look
at the sequence and know what it’s going
to do.”

Kool has had three-dimensional models

of DNAsitting on his desk since 1988. “At
first I wondered, how much can you look
at this and continue to understand some-
thing new,” he muses. “I’m always amazed
at needing to come back to the structure
and look at some small nuance I had for-
gotten. Yes, we’re making modifications
to it and making new synthetic molecules,
but we come back to this structure a lot.”

Kool sees one of the great challenges as
being whether people can design new ge-
netic systems, information-encoding sys-
tems that work in organisms or perhaps
only in test tubes. “If we understand
enough about the structure and function
of DNA, we ought to be able to design our
own,” he notes.

Maybe we’ll have the answers to those
questions in time for the centennial of the
double helix. ■
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“Chemical synthesis
of DNA is the
fundamental
technology that has
led the molecular
biology revolution.”

MORE ONLINE

A list of various meetings and events cele-
brating the 50th anniversary of the discovery
of DNA’s double helical structure can be ac-
cessed online at http://www.cen-online.
org: Click on the March 10 cover story.


