and 15 edges, which Adleman used for his
experiments.

Despite these limitations, the compel-
ling aspect of this type of computational
system is that an entire result that describes
a complete solution is encoded in a single
molecule. This coding enables an informa-
tion representation density that is unheard
of in conventional computers and also per-
mits extremely energy-efficient computa-
tion; both of these issues are discussed by
Adleman (2).

Evolution and NP-complete problems
do not seem to have much in common with
one another. Or do they? In the case of
Adleman’s method, he observed that
adapter oligonucleotides could constrain a
random process toward a solution, even
though in a strict sense, constraints are not
necessary with adequate screening of solu-
tion candidates. Might similar processes be
at work in biological systems that evolve?
In such a scenario, genetic plasticity would
still be created by random events, but con-
straints might direct mutations to make de-
sired outcomes more probable. If such con-
straints exist, understanding them would
certainly be a major accomplishment.

A second lesson is that computation can
take on forms that are not immediately rec-

ognizable to us as computation. We have
seen how a process as ordinary as ligation
can yield solutions to a hard computational
problem. Possible computational applica-
tions of other common enzymatic reactions
have yet to be fully explored, and thus, it is
worthwhile keeping an open mind about
the nature of computation in a cell. Tran-
scriptional control and other gene regula-
tion mechanisms certainly play a para-
mount role in the programming of cell be-
havior, but there may be other computa-
tional mechanisms lurking behind seem-
ingly simple biological processes.

As shown in the figure, NP complete
problems are not the most powerful compu-
tational systems known. This honor is held
by so-called universal systems, which can
simulate any computation that can be per-
formed on a deterministic computer (3). If
we were able to construct a universal ma-
chine out of biological macromolecular
components, then we could perform any
computation by means of biological tech-
niques. There are certainly powerful practi-
cal motivations for this approach, including
the information-encoding density offered
by macromolecules and the high energy ef-
ficiency of enzyme systems.

At present, there is no known way of

creating a synthetic universal system based
on macromolecules. Universal systems re-
quire the ability to store and retrieve infor-
mation, and DNA is certainly up to the task
if one could design appropriate molecular
mechanisms to interpret and update the in-
formation in DNA. This ultimate goal re-
mains elusive, but once solved, it will revo-
lutionize the way we think about both
computer science and molecular biology.

A great hope is that as we begin to un-
derstand how biological systems compute,
we will identify a naturally occurring uni-
versal computational system. Understand-
ing such a system would give us unprec-
edented insight into complex biological
processes. Perhaps we will ultimately dis-
cover that developmental programs and
other intricate biological behaviors are
built from a common vocabulary of idioms
which may be of value to both computer
scientists and molecular biologists.
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Neuroscience on the Net

Peter T. Fox and Jack L. Lancaster

Sure, the Internet provides low-cost enter-
tainment: transcontinental trivia browsing
by information junkies; late-night, on-line
chat (Fig. 1); electronic junk mail; and
even pornography. But a large and growing
community of “wired” neuroscientists have
found loftier ways to use the Net.

No one will deny that conversation is
an important aspect of Net traffic. Discus-
sions with colleagues further away than
the next lab are usually by e-mail, instan-
taneous but buffered. Like traditional
mail, you reply in your own time. Person-
to-person data transmissions, once cumber-
some, are now commonplace. Manuscripts,
graphics, and massive data sets hurtle
around the world guided by point-and-click
interfaces, such as Mosaic, Gopher, and Fetch.
This ease of access is complemented by a simi-
lar ease of creation. Thousands of laboratories
have crafted WWW (World Wide Web)
“Home Pages,” which provide paths to re-
search program information, preprints, public
databases, software, and the like (1).
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Publication, too, is being revolutionized
by the Net. Submission by diskette,
yesterday’s leading edge, is being rendered
_obsolete by e-mail submission. Still more
avant garde are Internet journals. There are
now over 70 fully electronic, peer-re-
viewed, scholarly journals (2). Psycholoquy,
the most established electronic journal of
neuroscience, uses the Net for every aspect
of publication: submission, peer review, re-
vision, and distribution. Although rev-
olutionary, electronic publishing is prob-
ably not the Internet’s most far-reaching
restructuring of scientific communication.

Community databases open to all mem-
bers of a scientific discipline offer the great-
est potential for scientific exploitation of
the Net. It takes but a moment to under-
stand why. Envision this: On-line access to
all relevant results produced by any labora-
tory in the world, before designing your
next experiment. Alternatively, imagine
similar access to aid in interpreting an un-
expected result. Such is the goal. How do
we get there?

The genome community has databased
via the Net for roughly a decade. Before
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proceeding too far, prospective developers
of neuroscience databases should absorb the
collective wisdom of these network pio-
neers. There are dozens of public genetics
databases. Most begin as in-house compila-
tions and, when successful, evolve into
“collaborative” databases (that is, allowing
off-site access by formal agreement). The

MIKE HAS LOGGEDP INTO A
LATE NIGHT PARTY ON THE NET...

New Person:
do you come.
here often?

10-19
e

Fig. 1. The Internet as entertainment.
[Doonesbury © 1993 G. B. Trudeau. Reprinted
with permission of Universal Press Syndicate.
All rights reserved]




best among them emerge as “community”
databases. A community database is an
open collaboration. Via Internet, a scien-
tific community at-large both queries and
contributes. The accepted structure is cli-
ent-server. Ideally, the client application
program runs on a personal computer to
query a large, centralized database served
from a high-end workstation or super-
computer by a commercial database man-
agement system (DBMS). A sophisticated
client application will allow a scientist
with no knowledge of the DBMS query
language to create complex query state-
ments via a point-and-click interface.
Through the client, the scientist constructs
the unique view of the collective data that
best addresses his research question. Re-
mote entry is similarly streamlined. The
community database is the most highly
evolved form of scientific sharing ... so
far. The next step in the evolutionary pro-
cess—database federation—is envisioned
but not yet enacted (3).

Federation is the cooperative creation
of multiple, independent databases (for
example, each serving a scientific subcom-
munity) with sufficient commonality of
syntax and semantics so that any number
of databases can be viewed simultaneously.
Although one might naively suppose that
many syntactic frameworks might be ca-
pable of such interoperability, the genome
informatics community recommends only
one: the Structured Query Language or
SQL (3). While there are many SQL data-
base “engines” commercially available, all
use the same query-language and, hence,
are syntactically compatible. Object-oriented
databases offer only product-specific query
languages or none at all (3). “Built-from-
scratch” databases (that is, not using a
commercial DBMS) follow no standard, of-
fering little hope of federation. Thus, the
guidelines for syntactic compatibility are es-
tablished (3). They need only be followed.

Semantic compatibility is by far the
greater challenge. At the lowest level, this
means that terms must be used in precisely
the same way. The genome community
learned too late that casual semantics
plunge an emerging federation into civil
disorder. “Our inability to produce a single
definition for ‘gene’ has no adverse effect
upon bench research, but it poses real chal-
lenges for the development of federated da-
tabases” (3). Still more problematic are
fundamental differences in the data objects
(often differences in physical scale) studied
by different scientific subcommunities. Al-
though relationships between base pairs,
genes, proteins, and inherited traits are of
obvious interest, these data objects are
stored in different databases with few se-
mantic bridges. Analogously, in neuro-
science molecules, membranes, neurons, cir-

BrainMap BrainMap
entry Client search & view
interface
New
data

INTERNET

BrainMap
working DB

BrainMap
public DB

Fig. 2. A classic community database. In BrainMap (7), a centralized SQL (structured query lan-
guage) database is the server for clients who view and enter data via the Internet through a graphi-

cal user interface.

cuits, and systems each has a unique scien-
tific lexicon. If the genome community, de-
spite such a strong tradition of databasing,
has made so little progress in federation,
where does neuroscience stand?
Neuroscience databasing is in its in-
fancy. A few community databases are op-
erational. CHILDES, a database of speech
transcripts, has been sharing linguistic data
and analysis tools via the Net for better
than a decade (4). GENESIS, an environ-
ment for building neural simulations, is dis-
tributed via file transfer protocol (FTP) but
is not served on-line (5). GENESIS users
contribute experimentally derived model-
ing objects, which are then incorporated in
GENESIS and redistributed. BrainMap, a
database of human functional neuroana-
tomy (6), follows the idealized community
database model quite closely (Fig. 2). A
fully graphical client interface queries a
centralized SQL (Oracle) database running
on a high-speed UNIX
workstation (SUN Sparc
20). Users query a reposi-
tory of functional-ana-
tomical associations de-
rived from PET (positron
emission tomography),
fMRI (functional MRI),
ERPs (event-related po-
tentials), and ERFs (event-
related magnetic fields)
to create metanalyses that
transcend paper, labora-
tory, or imaging modality
(Fig. 3). Submissions are
similarly managed, with a
fully graphical applica-

brain-mapping experiments not only ex-
press results in BrainMap-compatible se-
mantics, they even output files already for-
matted for remote submission (7, 8). The
bottom line, however, is that these three
databases (CHILDES, GENESIS, and
BrainMap) could not be mutually feder-
ated. They operate on fundamentally differ-
ent data objects and have no common syn-
tax. The Human Brain Project (HBP) (9),
a multiagency funding initiative for neuro-
science informatics, is scarcely a year old
but already funds a family of databases
moving toward federation. For example, a
database of structural variability (SPMap),
designed with the explicit goal of federat-
ing with BrainMap, is being created by an
International Consortium for Brain Map-
ping (ICBM), led by John Mazziotta. Infor-
mation about connectivity patterns among
cortical areas in the macaque monkey, al-
ready in a local database (10), is being ex-

tion. The latest releases Fjg 3. Transcending paper, laboratory, and imaging modality.

of software tools for ana-
lyzing PET and fMRI
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BrainMap (7) creates metanalyses of multiple experiments. Two
studies (red and blue) of sensory somatotopy are plotted.



trapolated to humans and placed in an
SQL community database by David Van
Essen and colleagues. This will make it
suitable for federation with BrainMap,
SPMap, and other emerging community
databases. Further promoting interproject
coordination, developers of several neuro-
science and genetics databases sit on the
BrainMap Advisory Group. Similarly, the
developers of BrainMap (P.T.F. and J.L.L.)
collaborate on several emerging HBP-funded
neuroscience databases.

Thus, despite its youth, the neuro-
science informatics community can boast
a vision of federation, agreement on a
syntax that will support federation, and
well-advanced interproject coordination.
This is already in strong contrast to the
genome community, where no two of the
major community databases (Genome Data
Base, GenBank, PIR-International, PDB)
“are funded by the same program, advised

by the same advisors, or otherwise coordi-
nated” (3). Nevertheless, the greatest hur-
dle, that of semantic coordination, remains
before us. This is being addressed through a
series of annual workshops (11). The next
workshop, Database Development in Brain
and Behavior, will take place in San Anto-
nio, 4 and 5 December 1994. Federation
and plans to achieve it will be the order
of the day.
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Conversion of L- to b-Amino Acids:
A Posttranslational Reaction
Gunther Kreil

Living organisms synthesize proteins com-
posed of L-amino acids. But on page 1065
of this issue, Heck and colleagues describe
an enzymatic activity that converts an L-
amino acid to its D form in a peptide from
spider venom. Is this a bizarre exception?
Probably not. It now seems prudent to con-
sider that D-amino acids can be present in
the sequences of secreted peptides of di-
verse origin.

D-amino acids do occur in bacterial pep-
tides. More than 50 years ago, Lipmann—
who was then collaborating with Hotchkiss
and Dubos, two pioneers of the early anti-
biotic era—demonstrated that the small
peptides tyrocidine and gramicidine con-
tained D-amino acids (1). Many years later,
Lipmann and his co-workers investigated
the biosynthesis of these antibiotic peptides
and showed that they are assembled in a
stepwise fashion by multienzyme complexes
without the participation of messenger
RNAs and ribosomes (2, 3). The peptide
bonds are formed via intermediate amino-
acylthioesters.

A second group of D-amino acid—contain-
ing peptide antibiotics—the lantibiotics—
were first analyzed in the laboratory of E.
Gross in the 1970s (4). These contain
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many unusual amino acids, including
lanthionine. At least some of these pep-
tides are derived from larger precursors as-
sembled on ribosomes. A multitude of
modifications of the primary translation
product then yields the final products.
Some of the serine and threonine residues
are converted to the corresponding dehydro
amino acid and, upon subsequent addition
of thiol groups from cysteine residues in

the same sequence, the chirality of the a-
carbon changes from the L- to the D-con-
figuration (5).

The report by Heck et al. (6) in this is-
sue is the latest addition to a different story,
which began in 1981. At that time a group
of Italian scientists described the sequence
of an opioid peptide isolated from skin of a
South American tree frog, Phyllomedusa
sauvagei (7). This heptapeptide—dermor-
phin—has the amino-terminal sequence
Tyr-D-Ala-Phe. It has a high affinity and
selectivity for the p-type of opiate recep-
tors, and upon injection into the brains of
rats and mice acts about a thousand times
more effectively than morphine producing
long lasting, deep analgesia (7). The D-
amino acid is essential for the biological
activity of dermorphin. Several additional

COOH

peptides containing a D-
alanine, D-methionine, or
D-leucine as the second
amino acid have since been
isolated from the skin of
Phyllomedusa species (8, 9).
Some of these resemble der-
morphin in their biological
activity, while another
group of peptides, the del-
torphins, are highly selec-
tive agonists for & recep-
tors. More recently, a fam-
ily of antimicrobial pep-
tides termed bombinins H
(10) was isolated from the
skin of another frog species,
Bombina variegata. Some of
the members of this family
contain D-alloisoleucine in-
stead of isoleucine. Several

COOH

Schematic representation of two spider venom toxins. Peptide
IVB is generated from IVC by conversion of an L-serine to the D-isomer.
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peptides containing a D-
amino acid have also been





