dominant core constituent. For that mate-
rial, the Berkeley and Mainz data are in
partial agreement to 60 GPa but diverge at
higher pressure. For iron, the Berkeley data
(11) give a very high melting temperature,
whereas the Mainz data (12) suggest only a
modest increase in melting temperature
with pressure. Thus, melting is not always
measured at lower temperatures in Mainz,
and differences between the laboratories are
not systematically in the same direction.

Zerr and Boehler’s data imply a dramatic
decrease in the homologous temperature in
the lower mantle. Indeed, if they are right,
one could ask whether earthquakes might
occur in the deep mantle. None has yet
been observed. As noted by the authors,
high melting temperatures for perovskite
would preclude large-scale melting and
chemical differentiation in the lower man-
tle and would allow very high temperature
gradients near the core-mantle boundary.
On the other hand, the Sweeney and Heinz
data (8) suggest that the homologous tem-
perature of the lower mantle approaches or
exceeds 1. Such a high value also seems at
odds with conventional wisdom for the dy-
namics of the lower mantle. Geophysical
determinations (3) give lower mantle vis-
cosities 30 times higher than the viscosities
in the upper mantle.

In his incorrect estimates for Earth’s age,
Kelvin took bounds for the melting of the
mantle between 1300 and 4300 K—a range
nearly as wide as results of all recent experi-
mental data discussed here. Our ability to
accept a greater age for the Earth has not
been based on a refinement of measured
melting temperatures but rather is based on
a change in the theoretical framework of
interpretation. A lesson can be drawn from
Kelvin's overconfidence. It is quite con-
ceivable that some important bit of physics
has been overlooked in one or more of the
recent high-pressure experiments. Despite
best intentions, melting may not have been
accurately determined. But more impor-
tantly, efforts to understand dynamics in
the mantle are probably as limited by inad-
equate theory as by possibly inaccurate ex-
periments. If either Zerr and Boehler or (on
the opposite extreme) Sweeney and Heinz
are right, one or more of our current work-
ing concepts may require modification. Ho-
mologous temperature or conventional
views of deep-mantle convection may not
be correct theoretical concepts. Both im-
proved experiments (as exemplified by the
work of Zerr and Boehler) and better theo-
ries are needed to improve our understand-
ing. A consensus on high-pressure melting
may require further efforts to replicate
these very difficult experiments.
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The Future of DNA Sequencing

Lioyd M. Smith

The demand for improved DNA sequenc-
ing methodologies posed by the Human
Genome Project has spurred the develop-
ment of both conventional and unconven-
tional approaches (I). The conventional
approaches employ the same strategy as the
method developed by Sanger and co-work-
ers in the mid-1970s; nested sets of DNA
fragments are produced by enzymatic termi-
nation reactions and are separated by size
with denaturing polyacrylamide gel electro-
phoresis. The overall sequencing process
with this strategy is complex and multifac-
eted. For high-volume use, every aspect must
be streamlined and automated, and the in-
dividual steps need to be integrated to pro-
vide a seamless whole. Solution of these
problems comprises much of the sequenc-
ing technology development supported by
the Human Genome Project, and the re-
sultant systems for large-scale sequence
analysis are the most likely near-term can-
didates for performance of the sequencing.

The majority of the large-scale sequenc-
ing being done today employs a random se-
lection (shotgun) strategy and fluores-
cence-based automated sequencing instru-
ments. Large-scale sequencing is approach-
ing a throughput of 1 megabase (Mb) per
year of finished sequence at a cost in the vi-
cinity of a dollar per base (2). A further
four- to fivefold drop in cost will bring the
price into a range commensurate with the
budget and goals of the Human Genome
Project. The shortfall in throughput capa-
bility is more serious: An aggregate capabil-
ity of sequencing at least 500 Mb per year is
needed by the year 2000 for the minimal
three billion bases of the genome to be in
hand by 2006, the nominal target date for
the project. This is at least two orders of
magnitude from our present ability.

Two recent developments have the po-
tential to significantly increase the through-
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put of electrophoresis-based sequencing in-
struments: ultrathin gel electrophoresis and
replaceable “gels.” Performing electrophor-
esis in ultrathin (50 um) gels increases heat
transfer efficiency; this in turn permits
higher electric fields to be applied without
deleterious thermal effects. The higher
electric fields give correspondingly more
rapid separations; an increase in separation
speed of about an order of magnitude is
readily achieved. This gain is not achieved
without cost, however. Spacing between
the DNA fragments decreases at higher
electric field strengths, potentially decreas-
ing resolution and read length (3). None-
theless, in a properly designed system great-
ly increased separation speeds, and hence
throughput, may be obtained. Work is in
progress on such systems, both with arrays
of capillaries (4) and ultrathin slabs (5).
The significant increases in speed now
attainable in gel electrophoresis highlights
another limitation of today’s sequencing
systems: gel preparation. The cross-linked
polyacrylamide gels used in sequencing are
not generally reusable nor are they amena-
ble to commercial production due to their
chemical instability. Thus the burden of gel
preparation continues to rest with the user.
This requires significant labor as well as be-
ing an undesirable source of irreproducibil-
ity in the sequencing process. An electro-
phoretic system requiring only an hour for
the separation would require twenty-four
gels for continuous around-the-clock opera-
tion. Either manual gel replacement or a
cumbersome automated system would be
needed, both undesirable features. A possi-
ble alternative solution is DNA separation
in entangled polymer networks (6). These
are aqueous solutions of hydrophilic poly-
mers, typically linear polyacrylamide or mod-
ified celluloses. The polymer solutions form
interpenetrating networks similar to those
of cross-linked polyacrylamide gels and per-
mit comparable sieving type separations.
The big advantage is that these non—




cross-linked solutions are liquid, albeit vis-
cous, and thus may in principle be pumped
in and out of the electrophoresis cell as de-
sired. They offer for the first time the possi-
bility of a closed sequencing instrument
capable of unattended operation. The input
to such instruments would be sets of DNA
sequencing reactions, and the output streams
of raw sequence data; as automation of the
other aspects of sequencing progresses, mod-
ules could be interfaced to the instrument to
yield eventually a fully automated system.
Although shotgun methods dominate
large-scale sequencing efforts, other strate-
gies without the intrinsic redundancy and
gap closure problems of shotgun sequencing
continue to tantalize sequencing devotees.
Multiple short (five- to six-nucleotide) oli-
gonucleotides juxtaposed to form an effec-
tive primer (7) open the possibility of uti-
lizing presynthesized libraries of short oligo-
mers, from which appropriate sets may be
chosen to form primers in “walking” steps
along a sequencing target of interest. Cur-
rent efforts are directed toward determining
the best conditions and the rules for primer
selection and to developing compatibility
with fluorescence-based instrumentation (8).
Another approach to minimize redundancy
is to pre-order the clones to be sequenced;
deletion libraries continue to be useful in
small-scale sequencing projects, and trans-
poson-based mutagenesis for the insertion
of primer sequences, followed by clone or-
dering, is being actively pursued as a strat-
egy in several larger scale projects (9).
Unconventional approaches to sequenc-
ing vary in their degree of radical-
ism. Mass spectrometric approaches
range from simple replacement of
the fluorescence detector in gel
electrophoresis with a mass spec-
trometric detector to ambitious
approaches for sequence determi-
nation on a single large DNA
molecule in an ion trap. An inter-
mediate approach being pursued

Relative intensity

in several laboratories is the replacement of
the gel electrophoretic separation of Sanger
fragment sets with a mass spectral separa-
tion and detection. This possibility arises
because of the relatively new technique of
matrix-assisted laser desorption and ioniza-
tion (MALDI), which permits singly
charged ions from proteins as large as
300,000 daltons to be produced and mass
analyzed (10). Most MALDI work to date
has focused on the analysis of proteins; the
mass range and generality for proteins are
not yet available in the MALDI analysis of
nucleic acids. Whereas homopolymers of
deoxythymidine are readily analyzed, other
homopolymers and mixed sequence oligo-
mers are more recalcitrant (11). With the
best matrix for mixed sequence oligomers
found to date, 3-hydroxypicolinic acid, the
largest oligomer analyzed was 67 bases, with
about 10 pmol of each component analyzed
(12) (see figure). The key to the problem
appears to lie in as yet mysterious interac-
tions of the analyte with matrix crystals
that form during sample preparation. De-
velopment in this area continues to rely
primarily upon an empirical search for new
matrices, reflecting our limited understand-
ing of the underlying processes. The tech-
nique is at least an order of magnitude away
from practicality in both mass range and
sensitivity. The optimist will note, how-
ever, the rapid rate of progress in this field
over the last 3 to 4 years and project suc-
cessful further development. If this pro-
ceeds as hoped, separations of Sanger mix-
tures may be performed in seconds, compar-
ing well to the hour or so required even in
the ultrafast gel electrophoretic formats.
Another up-and-coming new technol-
ogy is sequencing by hybridization (SBH)
(13). Here sequence information is ob-
tained by hybridization of small (for ex-
ample, eight nucleotides) probes to a target
to be sequenced. Two formats have been
proposed for the method. In one, many tar-
gets are arranged on a support and hybrid-
ized successively with every possible oligo-
nucleotide probe: In the case of eight-
nucleotide probes, this could require as
many as 65,000 successive hybridizations, a
somewhat intimidating prospect. In the
other format, this scenario is inverted by
arraying the 65,000 probe oligomers on a
support and hybridizing the target sequence
to the array; the hybridization pattern then

M/Z

MALDI sequencing. Negative-ion MALDI mass spectra of synthetic oligonucleotides correspond-
ing to mock A, C, G, and T sequencing reactions. The order of the peaks corresponds to the se-
quence (A, purple; C, blue; G, green; T, red). [Adapted from M. C. Fitzgerald, L. Zhu, L. M. Smith,

Rapid Commun. Mass Spectrom., in press.]
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determines the sequence. Several technical
issues arise in practice: A particularly
thorny issue is the effect of repetitive DNA
upon sequence reconstruction. Because of
this, most practitioners of SBH agree that it
is unlikely to serve as a primary sequencing
tool for complex genomes. Much of the ap-
peal of SBH derives from its clear utility in
other areas. For example, probe arrays can
be custom designed for specific DNA diag-
nostic applications, such as mutation detec-
tion, HLA typing, and genetic identifica-
tion, or for repetitive sequencing of defined
regions or detection of genetic variations
within these regions. These arrays could be
very powerful for the sequence analysis of
short nonrepetitive DNA fragments and
used in conjunction with primary sequence
data derived by other methods to provide a
rapid means of confirming and correcting
sequence data. Support-bound oligonucle-
otide arrays of limited complexity can be
made manually by simply arranging suitably
derivatized oligonucleotides on a surface;
preparation of large combinatorial arrays
requires more sophisticated approaches in-
volving photolithography and microfabri-
cation (14). Such arrays will be available
for use in the not-too-distant future.

In this short perspective one can only
give a taste of the interesting and innova-
tive approaches to improved sequencing
underway around the world. The sequence
data in GenBank have grown exponen-
tially over the last decade (it presently con-
tains 150 Mb of sequence data). If this rate
of growth can be maintained over the next
decade, our capabilities will be sufficient to
meet the mandate of the Human Genome
Project, and the resultant information and
technological capability will radically
change much of the nature of biological
and medical research. The next 5 years are
crucial as we watch to see how many (and
which) of the seeds that have been sown
give rise to blooms.
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The Two-Component Pathway
Comes to Eukaryotes
Daniel E. Koshland Jr.

Two simplifying principles of biology are
what might be called “the principle of re-
dundancy” and “the principle of diversity.”
Mother Nature follows the principle of re-
dundancy by selecting a simple mechanism
or module as a building block for a complex
system and then using that module over
and over again in other systems. The prin-
ciple of diversity utilizes the concept that
there are many ways of achieving the same
goal, for example, creating a living organ-
ism or generating motility. Just as very dif-
ferent chemicals can be created by dif-
ferent permutations of
protons, neutrons, and
electrons, so can different
biological species be con-
structed from similar re-
ceptors, enzyme path-
ways, and membranes.

These principles are
admirably illustrated in
this issue of Science in
which two papers report
that a signal transduc-
tion system, the “two-
component”  pathway,
known to be widespread
in bacteria, also occurs
in eukaryotes (1, 2). This
pathway, as understood
from bacterial systems, is
shown in the figure: The
stimulus (S)—which can
be a nutrient that acti-
vates a chemotaxis path-
way, a condition such as osmotic pressure,
or low nitrogen concentrations—binds to
its receptor (R), inducing a conformational
change. This change causes the receptor to
interact with a kinase and, consequently,
the kinase autophosphorylates on a histi-
dine residue near its carboxyl-terminal end.
That phosphate is then transferred to a car-
boxyl side chain of aspartate in the amino-
terminal end of the response regulator. The
response regulator binds to an output pro-
tein, such as a flagellar motor or a tran-
scription factor.

ILLUSTRATION: KATHARINE SUTLIFF
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The two-component pathway.

The response regulator is a molecule
whose concentration controls an output re-
sponse. It was originally postulated to ex-
plain memory during chemotaxis in bacte-
ria (3) and has now been found to operate
in mammalian cells as well (4). That the
response regulator is a part of a two-compo-
nent phosphorylation cascade (the kinase
being the first component) was initially de-
scribed for the nitrogen fixation pathway
(5, 6), then found also in chemotaxis (7),

and now shown to operate in such varied
phenomena as sporulation, virulence, and
transformation  compe-
tence (8). Phosphoryl-
ation cascades are also
common in eukaryotes,
but in eukaryotes they
generally employ serine,
threonine, and tyrosine
phosphorylations (9). In
contrast, bacterial phos-
phorylation cascades usu-
ally use an internal phos-
photransfer reaction of
the kinase to phospho-
rylate a histidine, and
the response regulators
are phosphorylated on a
carboxyl group (7, 8,
10, 11). Indeed the se-
quences around the his-
tidine (~100 amino acid
residues) and around the
carboxyl residue (a three-
dimensional array of
carboxyl groups) are characteristic and oc-
cur in the proteins of each cascade (8, 12).

These characteristic sequence similari-
ties led Chang and co-workers from the
Meyerowitz group to identify the ethylene
response system in plants (which controls
growth and ripening) and Ota and
Varshavsky to identify the SLNI system in
yeast (also critical for growth) as two-com-
ponent systems. Indeed, the most impor-
tant technique in making these discoveries
was computerized sequence comparison,
now a pervasive tool in biological sciences.
The number of gene sequences now accu-
mulated in the data banks ensures that the
identification of a new gene sequence can
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in many cases immediately lead to an as-
signment of function by analogy. In this
week’s Science, the sequences of new genes
in a plant and yeast led to the deduction of
the identity of the pathways.

The eukaryotic two-component systems
have elaborated upon the most common
bacterial mechanism in that both the ki-
nase domain and the response regulator do-
main are parts of the primary structures of
the ETRI gene product of the ethylene sys-
tem (1) and the SLN1 protein of the yeast
growth response (2). Both ETR1 and SLN1
have characteristic hydrophobic transmem-
brane sequences, and so it appears that they
are receptors in which the two-component
system has been built into the carboxyl-ter-
minal cytoplasmic domain. Bacteria had
begun this consolidation process: In the
chemotaxis and nitrogen fixation systems,
the kinases are separate proteins, activated
or deactivated by a receptor with no cova-
lent ties to the kinase. But in osmolarity
regulation, for example, the kinase is a do-
main of the receptor protein primary struc-
ture, a part of the receptor itself. And in a
few bacterial systems all three functions—
receptor, kinase, and response regulator—
are combined in one polypeptide. The new
reports expand our horizons. It now seems
possible that all of the prokaryotic permu-
tations may be found in eukaryotes.

The principle of redundancy leads to
similar transduction schemes in markedly
different organisms, and the principle of di-
versity suggests that the new schemes are
tailored to the needs of the organism in
which they reside. Illuminating the details
will be tasks for the future. For instance, in
bacteria the response regulators generally
have labile carboxyl phosphates due to the
presence of phosphatases, and it will be in-
teresting to see whether this specific feature
is retained in the eukaryotic two-compo-
nent pathways. The findings that such di-
verse systems as plants and bacteria share
similar pathways should not be considered
denigrating to eukaryotes (even humans)
nor uplifting to bacteria. Rather, they are
further unifying examples of the general
principles of redundancy and diversity.
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